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ABSTRACT

Chemostratigraphic analyses (87Sr/86Sr, d13Ccarb) of limestones from two

Jurassic platform-carbonate sequences in Italy (Trento and Campania–

Lucania Platforms) illustrate previously established trends found in pelagic

sediments and skeletal carbonates from biostratigraphically well-calibrated

sections elsewhere in Europe. Chemostratigraphic correlations between the

platform-carbonate successions and appropriate intervals from well-dated

reference sections allow the application of high-resolution stratigraphy to

these shallow-water peritidal carbonates and, furthermore, elucidate the facies

response to the Early Toarcian Oceanic Anoxic Event (OAE). Lower Jurassic

(Toarcian) levels of the western Trento Platform (Southern Alps, Northern

Italy) contain spiculitic cherts that appear where rising carbon-isotope values

characterize the onset of the OAE: a palaeoceanographic phenomenon

interpreted as driven by increased nutrient levels in near-surface waters.

There is a facies change to more clay-rich facies at the level of the abrupt

negative carbon-isotope excursion, also characteristic of the OAE, higher in the

section. The Campania–Lucania Platform (Southern Apennines, Southern

Italy) records a change to more clay-rich facies where carbon-isotope values

begin to rise at the beginning of the OAE but the negative excursion, higher in

the section, occurs within oolitic facies. Although, in both examples, the Early

Toarcian OAE can be recognized by a change to more clay-rich lithologies, this

facies development is diachronous and in neither case did the platform drown.

Although the Trento Platform, in the south-west sector studied here, was

adversely affected by the OAE, it did not drown definitively until Late

Aalenian time; the Campania–Lucania Platform persisted throughout the

Jurassic and Cretaceous. Differential subsidence rates, which can be calculated

using comparative chemostratigraphy, are identified as a crucial factor in the

divergent behaviour of these two carbonate platforms: relatively fast in the case

of the Trento Platform; relatively slow in the case of the Campania–Lucania

Platform. It is proposed that where water depths remained as shallow as a few

metres during the OAE (Campania–Lucania Platform), dissolved oxygen levels

remained high, nutrient levels relatively low and conditions for carbonate

secretion and precipitation remained relatively favourable, whereas more

poorly ventilated and/or more nutrient-rich waters (Trento Platform) adversely
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influenced platform growth where depths were in the tens of metres range. The

stage was thus set for drowning on the more rapidly subsiding western margin

of the Trento Plateau and a pulse of oolite deposition post-dating the OAE was

insufficient to revitalize the carbonate factory.

Keywords Carbonate platform, Italy, OAE, Toarcian.

INTRODUCTION

This study primarily investigates the impact of
global environmental change on two Tethyan
carbonate platforms during the Early Toarcian
Oceanic Anoxic Event (OAE). Initial recognition
of this major palaeoceanographic phenomenon
was based on the global distribution of apparently
coeval lower Toarcian organic-rich shales from
epicontinental and deep-marine settings, with
examples known from northern and southern
Europe, North Africa, Madagascar, North and
South America, Australia and across Asia
(Jenkyns, 1985, 1988; Jenkyns et al., 2002).
Because burial of excess relatively 12C-enriched
organic carbon would have caused an increase in
the d13C value of global sea water, the accompa-
nying positive excursion documented in pelagic
and epicontinental carbonates is as predicted
(Jenkyns & Clayton, 1986, 1997). However, as
initially noted by Küspert (1982), within the black
shales themselves an abrupt negative excursion
can be recognized that subsequent studies have
shown to take place in several distinct steps
(Jenkyns et al., 2001, 2002; Jenkyns, 2003; Kemp
et al., 2005; Hesselbo et al., 2007). This negative

excursion, locally registered in organic-poor
pelagic carbonate and terrestrial wood, as well
as marine organic matter, is commonly inter-
preted as being due to an influx of isotopically
light methane from dissociation of gas hydrates
and/or metamorphism of Gondwanan coals,
although some authors have viewed it as a local
oceanographic phenomenon (Hesselbo et al.,
2000a; McElwain et al., 2005; van de Schoot-
brugge et al., 2005a). The level of abrupt fall in
carbon-isotope ratios essentially divides the
broad positive excursion into lower and upper
segments. In complete sedimentary sequences,
there is thus a very diagnostic carbon-isotope
signature for recognition of the lower ammonite
zones of the Toarcian stage (Fig. 1). In terms of
global environmental change, the beginning of the
OAE is clearly registered by an increase in
regional sedimentary organic-carbon values and
an accompanying rise in d13C values in the boreal
tenuicostatum Zone; the acme of the OAE – as
identified by regional total organic carbon (TOC)
maxima – lay in the boreal mid-exaratum Sub-
zone in the core of the negative d13C excursion
(Jenkyns et al., 2001, 2002; Jenkyns, 2003). The
level corresponding to the end of the OAE may be
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Fig. 1. Carbon-isotope data (d13Corg)
across the Pliensbachian/Toarcian
boundary from the Mochras Bore-
hole, Gwynedd, Wales (Jenkyns
et al., 2002), taken here as a refer-
ence section. The biostratigraphy is
well-constrained by ammonites.
Note the broad positive excursion
interrupted by an abrupt negative
shift. This pattern is also seen in
terrestrial organic matter and car-
bonate (Hesselbo et al., 2000a,
2007). Data are unsmoothed.
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fixed by the maximum carbon-isotope values
achieved at the level of the stratigraphically
higher positive excursion, essentially at the exa-
ratum–falciferum Subzone boundary (Fig. 1).

Other geochemical and palaeontological anom-
alies characterizing the Early Toarcian OAE
include a nitrogen-isotope (d15N) positive excur-
sion, a shift in strontium-isotope (87Sr/86Sr) and
osmium-isotope (187Os/188Os) ratios to more
radiogenic values and globally significant mass
extinction (Hallam, 1986; Little & Benton, 1995;
Aberhan & Fürsich, 1996; McArthur et al., 2000;
Jenkyns et al., 2001, 2002; Jones & Jenkyns, 2001;
Aberhan & Baumiller, 2003; Cohen et al., 2004).
In this study, the strontium-isotope profile is
used, in conjunction with carbon-isotope curves,
as a tool for correlation and dating between
reference sections and Tethyan platform carbon-
ates. These distinctive sedimentary and geochem-
ical signatures allow accurate chemostratigraphic
correlation between well-dated reference sections
and carbonate-platform sequences that generally
lack biostratigraphically useful fossils. Conse-
quently, the impact of the Early Toarcian OAE
on shallow-water carbonate systems can be inves-
tigated.

GEOLOGICAL SETTING

The Southern Alps of Northern Italy (Fig. 2) have
been interpreted as part of a passive Tethyan
continental margin subjected to major extensional
movements in the Early Jurassic, the result of
which was an east–west-trending half-graben
submarine topography formed as the Ligurian
Ocean was created to the west (Winterer &
Bosellini, 1981; Sarti et al., 1992). The Trento
Platform is generally interpreted as an offshore,
Bahamian-type platform bordered to the east and
west by the pelagic Belluno Trough and Lombar-
dian Basin, respectively. Typical facies include
micritic limestones, skeletal sparites (remains of
calcareous algae, benthonic foraminifera, brachio-
pods, corals, gastropods, echinoids and sponges),
oolites and beds rich in the thick-shelled bivalve
Lithiotis: inferred environments include tidal
flats, oolitic sand bars and tidally aligned Lithiotis
banks (Bosellini, 1972; Gaetani, 1975; Clari &
Marelli, 1983; Barbujani et al., 1986; Krautter,
1987; Masetti, 1998). Regional flooding of the
platform, dated as Tethyan tenuicostatum Zone,
Early Toarcian by nannoflora and ammonite
biostratigraphy (Geyer et al., 1986; Picotti &
Cobianchi, 1996), is associated with a deposi-

tional transition from typical peritidal shallow-
water carbonate facies to calcareous shales with
spiculitic cherts (Castellarin, 1972; Barbujani
et al., 1986). However, the western sector of the
Trento Platform survived this flooding event and
persisted, with the development of crinoid-rich
oolitic sediments, until it underwent definitive
drowning in the Aalenian. At this stage, the
platform became a pelagic plateau that was
covered locally with cross-bedded ammonite–
brachiopod–crinoid lenses (Posidonia alpina
Beds) and subsequently with stratigraphically
condensed red nodular limestones, the Rosso
Ammonitico (Sturani, 1964, 1971; Zempolich,
1993).

The sections studied on the Trento Platform are
found close to the western margin of the structure
(now along the eastern margin of Lake Garda), and
are called Madonna della Corona (MDC), Colma di
Malcesine (CDM) and Sega d’Ala (SDA) (Figs 2
and 3). The MDC section is over 730 m thick and
is the most complete and extensive section
through the platform carbonates (Fig. 4). Samples
from MDC, taken along the pilgrim’s path, that
leads to the sanctuary from points both above and
below, were analysed for bulk-rock carbon-iso-
tope and strontium-isotope ratios; carbon-isotope
data only are presented from the other two
sections. Both the CDM and SDA sections clearly
expose the more clay-rich facies, locally (at the
former locality) overlain by chert-bearing lime-
stone, all interpreted as deposited during the
Early Toarcian flooding event on the Trento
Platform. These clay-rich intervals, being more
easily weathered, do not crop out in the MDC
section, although cherty facies are well-developed
in strata above and below the unexposed interval
(Barbujani et al., 1986; Picotti & Cobianchi, 1996).

The Southern Apennines Platform is depicted
as two units separated by the Lagonegro Basin
(remnants of which are now found in the south-
ern Southern Apennines region: Wood, 1981): the
internal Campania–Lucania Platform (sometimes
referred to as the Latium–Campania–Lucania Plat-
form) and the more external Abruzzi–Campania
Platform (Fig. 2). The Campania–Lucania Plat-
form is described as a Bahamian-type epioceanic
carbonate platform that persisted throughout the
Jurassic and Cretaceous (D’Argenio et al., 1971,
D’Argenio, 1974). The Molise Basin (remnants of
which are now found in the northern Southern
Apennines region) developed during the intense
rifting characteristic of the Tethyan Jurassic and
eventually completely separated the Abruzzi–
Campania Platform from the Apulia Platform
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further to the east (Fig. 2; Catalano et al., 1976;
Channell et al., 1979; Buonocunto et al., 2002).
Because this elongate zone of carbonate plat-
forms, separated by relatively deeper-water bas-
ins, has also been recognized in Bahamian facies
of the same age, it has been suggested that a semi-
continuous carbonate belt stretched thousands of
kilometres along the Atlantic–Tethyan margins
(D’Argenio, 1974; D’Argenio et al., 1975; Jenkyns,
1991). The Adriatic Plate has since been rotated
and compressed by Alpine tectonics, whereas the
Bahamas were pulled away from Europe by sea
floor spreading in the Atlantic (Bosellini, 1989).

There is relatively little information in the
literature regarding the Jurassic shallow-water
carbonates of the Campania–Lucania Platform.
Generally speaking, however, the Campania–Luc-
ania Platform made the transition from a Triassic
intra-continental carbonate platform with wide-
spread supratidal facies to a Jurassic epioceanic
carbonate platform (Channell et al., 1979), with
deposition of a more varied facies dominated by
skeletal calcite (algae, benthonic foraminifera,
gastropods, brachiopods, echinoids, sponges and
solitary corals). This change followed a transition
from aragonite-favouring to calcite-favouring
deposition at the Triassic–Jurassic boundary
(Sandberg, 1983; Stanley & Hardie, 1998). These
Lower Jurassic facies and faunal assemblages
have been interpreted as representing deposits
of sub-tidal back-reef lagoons (Channell et al.,
1979; Violante, 2000). As in the Southern Alps,
there is a distinctive Lithiotis-rich interval (Cal-
cari a Lithiotis) believed to be Late Liassic in age
(Palaeodasycladus mediterraneous Zone) based
on the available biostratigraphy (Sartoni & Cres-
centi, 1962; Bosellini & Broglio Loriga, 1971;
Channell et al., 1979; Damiani et al., 1991/2a,
1991/2b; Violante, 2000). Overlying the Lithiotis
beds, Violante (2000) documents deposition of
the Calcari Oolitici and the Calcari Maculati
Formations (up to Lower Bajocian in age –
Selliporella donzellii Zone). These formations
have been interpreted as reflecting restricted to
open lagoonal environments with no evidence of
peritidal influence on deposition. Upper Jurassic
and Lower Cretaceous deposits on the Campania–
Lucania Platform represent restricted-shelf set-
tings resulting in the accumulation of sub-tidal
lagoonal facies with associated ooid and/or gas-
tropod sand shoals (D’Argenio et al., 1971; Dami-
ani et al., 1991/2b). Cessation of shallow-water
carbonate sedimentation finally occurred at
approximately Cretaceous/Tertiary boundary
time and, as with many Tethyan carbonate plat-

forms, the Campania–Lucania Platform eventu-
ally succumbed to the influx of orogenically
derived flysch (Bosellini, 1989).

Lower Jurassic levels of the Campania–Lucania
Platform were studied from exposures in the
Monte Sorgenza (MS) section, located in the
Aurunci Mountains immediately north-east of
Formia (Figs 2 and 5). There are very few details
of this section to be found in the literature,
although Violante (2000) has performed litho-
stratigraphic correlations in an attempt to con-
strain approximately the age of the section.

METHODS

Powdered bulk-carbonate samples were reacted
with orthophosphoric acid at 90 �C. The resulting
CO2 was analysed by a VG Isogas Series II Prism
mass spectrometer [Vacuum Generators (VG),
Winsford, Cheshire] and results are reported in
per mil (&) deviation from the Pee Dee Belemnite
standard (PDB). Analytical reproducibility of
replicate standards (Carrara Marble) for the above
process was less than 0Æ1& for both carbon-
isotope and oxygen-isotope analyses. Strontium
was separated from bulk-carbonate samples using
standard procedures (Jones et al., 1994) and then
loaded into a VG Isomass 54E solid-state thermal
ionization mass spectrometer (TIMS). Results
were normalized to an NIST SRM 987 standard
value of 0Æ710250. The average of 54 analyses of
the standard over the period of analysis was
0Æ710248 with a 95% confidence interval (2r) of
2Æ6 · 10)6.

COMPLICATING FACTORS: LOCAL
WATERMASS CHEMISTRY AND
DIAGENESIS

Because chemostratigraphic curves are used in
this account to suggest high-resolution biostrati-
graphic ages of carbonate-platform successions,
the limitations of this methodology need to be
examined. On modern carbonate platforms, water
masses may become restricted in certain lagoonal
environments and undergo a general depletion in
13C because local effects of organic-matter oxida-
tion dominate sea water chemistry (Patterson &
Walter, 1994). Such water masses will not, there-
fore, necessarily match global trends in terms of
their isotopic evolution (Immenhauser et al.,
2003). In the Cretaceous platform carbonates of
Barremian–Albian age exposed in the Gavrovo
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Zone of western Greece, isotope trends show a
�1& negative offset with respect to coeval pelagic
sediments but the isotopic profile is very similar
(Grötsch et al., 1998). Cenomanian–Turonian
platform carbonates in Croatia and Southern Italy
evince the same phenomenon (Davey & Jenkyns,
1999; Parente et al., 2007). There is now a wealth
of studies that show that long d13C time series in
Cretaceous platform carbonates from the Tethyan
and Pacific regions may be correlated readily with
biostratigraphically well-calibrated carbon-iso-
tope curves from pelagic sediments and that
major excursions provide key intervals of corre-
lation (Jenkyns, 1995; Vahrenkamp, 1996; Ferreri
et al., 1997; Grötsch et al., 1998; Wilson et al.,
1998; Davey & Jenkyns, 1999; Jenkyns & Wilson,
1999; Masse et al., 1999; Wissler et al., 2003).

Diagenesis is another significant factor. As far
as strontium isotopes are concerned, relatively
Sr-rich fluids may be released from the break-
down products of non-carbonate minerals and
these may release relatively radiogenic or, more
rarely, non-radiogenic strontium into the diage-
netic environment (Emery et al., 1987; Banner,
1995; Gröcke et al., 2007). It was to adjust for the
problem of diagenetically increased Sr-isotope
ratios that Burke et al. (1982) constructed their
‘best-estimate’ curve along the lower limits of
their data set. Mesozoic platform carbonates,
however, are relatively poor in non-carbonate
detrital minerals and long time series of 87Sr/86Sr
values show trends and absolute values that
conform well to global curves generated from
well-preserved skeletal carbonate deriving from
belemnites and foraminifera (Jenkyns et al. 1995;
Bralower et al., 1997; Jenkyns & Wilson, 1999).

The diagenetic behaviour of carbon and oxygen
isotopes in shallow-water carbonates is more
problematic because such materials are particu-
larly susceptible to meteoric-water diagenesis.
Such facies accumulate close to sea-level, small
changes in which can lead to periodic emergence.
The resultant ‘Caribbean-style’ diagenesis would
typically introduce fluids with relatively low
d18O and d13C values derived from rain water
after its interaction with atmospheric carbon
dioxide and humus-rich soils (e.g Hudson, 1977;
Marshall, 1992; Swart & Eberli, 2005). Typically,
horizons affected by such processes would have
scattered and relatively low carbon-isotope and
oxygen-isotope ratios compared with typical
marine values and, if plotted against each other,
would exhibit a clear ‘mixing line’ (Allan &
Matthews, 1982; Grötsch et al., 1998). However,
in the Jurassic and Cretaceous ‘greenhouse’

world, for which the evidence of significant ice-
caps is ambiguous at best (Crowell, 1982; Schl-
anger, 1986; Frakes et al., 1992; Hallam, 1992;
Jenkyns et al., 2004; Immenhauser, 2005; Moriya
et al., 2007), eustatic sea-level change would have
been of lesser amplitude than that caused by
Tertiary glaciation–deglaciation cycles (Schlager,
1981; Dewey & Pitman, 1998): intensive meteoric-
water diagenesis should hence have been less
significant. Other possible causes for deviation of
isotopic values from primary signals include the
effect of skeletal grains that may exhibit non-
equilibrium isotopic fractionation, the presence
of void-filling secondary calcite (for example in
inter/supratidal facies such as birdseye lime-
stones), or diagenetic alteration of originally
aragonitic material (Grötsch et al., 1998; Davey
& Jenkyns, 1999).

When used in conjunction with available bio-
stratigraphy (chiefly calcareous algae and ben-
thonic foraminifera in Jurassic–Cretaceous
platform carbonates), strontium-isotope and car-
bon-isotope curves provide an invaluable means
of high-resolution correlation in sequences that
are otherwise difficult to date accurately but
which were deposited in a water depth shallow
enough to be affected by sea-level change but
locally deep enough to feel the impact of major
oceanographic perturbations.

CHEMOSTRATIGRAPHY OF THE
CARBONATE-PLATFORM SECTIONS

The carbon-isotope profiles from the three sec-
tions on the western Trento Platform – MDC,
CDM and SDA – are broadly comparable (Fig. 3),
with the caveat that the pronounced negative
excursion is not displayed at MDC because of
exposure failure. Where developed, the negative
shift is abrupt with a more gradual return to
higher values passing up-section, an apparently
characteristic feature of this excursion in all
sequences examined to date (Jenkyns et al.,
2001, 2002; Jenkyns, 2003; Kemp et al., 2005;
Hesselbo et al., 2007). The data from CDM and
SDA are combined with those from MDC by
taking the higher positive excursion as a series of
common reference points, allowing assembly of a
composite chemostratigraphic section for the
Trento Platform (Fig. 4). Correlation may be
inexact, close to the level of the lower positive
excursion and complicated by the fact that a
small-scale negative excursion is known to be
present immediately above the Pliensbachian/
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Toarcian boundary in some European sections
(Jenkyns & Clayton, 1997; Hesselbo et al., 2007).

In the lower part of the section (MDC), carbon-
isotope values increase from approximately
+1Æ5& to +3& between )700 and )300 m, with
the exception of a negative excursion at approx-
imately )630 m where they fall to less than unity.
This negative excursion is tentatively assigned to
the Sinemurian–Pliensbachian boundary because
a comparable feature is recorded in belemnite
calcite from well-dated sequences in England
(Jenkyns et al., 2002) and in bulk pelagic sedi-
ments from Marche–Umbria, central Italy (Moret-
tini et al., 2002). The more pronounced increase
in d13Ccarb values from approximately )350 m,
with some scattered lower values and an addi-
tional clear positive shift in the SDA section
(Figs 3 and 4), is followed by the distinctive
negative and subsequent positive shift in isotope
values characteristic of the Early Toarcian OAE.
In the MDC section, the negative shift in d13Ccarb

is followed by an increase in values resulting in a
profile maximum of over +4& at approximately
)175 m. This positive d13Ccarb excursion is asso-
ciated with a gradual change in facies from the
clay-rich Basal Tenno Formation through rhyth-
mically bedded limestone with clay interbeds and
increasingly abundant spiculitic cherts (Upper
Tenno Formation) to clean-washed oolite with
echinodermal debris (San Vigilio Oolite; Castell-
arin, 1972; Barbujani et al., 1986). At this level in
the platform section (approximately )100 m),
carbon-isotope data have returned to background
values of +2Æ5& following the d13Ccarb maximum.

The strontium-isotope profile of MDC is
also shown in Fig. 4. Strontium-isotope values
range between 0Æ707100 and 0Æ707523 and, on a
broad scale, show a distinctive trough in values,
reaching a minimum between )250 and )300 m.
Both the decline in strontium-isotope values
below this minimum and the subsequent rise are
characterized by a series of steps. The data are
relatively coherent and the curve conforms closely
to that established for the Jurassic, based on
belemnite skeletal calcite, both in terms of shape
and absolute values (Jones et al., 1994). For
example, an 87Sr/86Sr value of �0Æ7074 character-
izes the Sinemurian/Pliensbachian contact in
England (Hesselbo et al., 2000b) and a similar
value is recorded from bulk carbonate at MDC at
the level picked as the stage boundary on the basis
of the negative carbon-isotope excursion.

The isotopic values of the MS section (Camp-
ania–Lucania Platform) are shown in Fig. 5. Car-
bon-isotope data illustrate a rise in values from

approximately +1Æ5 to +3Æ5& between 0 and
+170 m where the lower positive excursion is
recognized, followed by a sharp decrease in
values (negative excursion). Somewhat higher, a
fault in the section, with an estimated vertical
offset of approximately 15 m, signifies the loss of
some of the section. Data from immediately above
the fault register maximum values in the d13Ccarb

profile of over +4& at +200 m (higher positive
excursion), before they gradually decrease to
background values (of +2&) at about +270 m,
following which there is another distinct and
well-defined negative excursion. This negative
excursion is taken to define the Aalenian/Bajo-
cian boundary because a similar feature is dis-
cernable in d13C belemnite records and terrestrial
wood from England (Jenkyns et al., 2002; Hes-
selbo et al., 2003) and is particularly well-
displayed in pelagic carbonates from Italy and
Spain (Morettini et al., 2002; O’Dogherty et al.,
2006). Strontium-isotope values range from
0Æ707140 to 0Æ707360 and display a similar trend
to that of the Trento Platform, in general con-
forming to the reference curve based on belemnite
calcite, but are considerably more scattered: there
is a gradual decrease toward less radiogenic
values resulting in a minimum at approximately
+175 m before an increasing trend to more radio-
genic values over the remainder of the section.

The intervals characterized by distinctive neg-
ative and positive d13Ccarb excursions associated
with the OAE from both the Trento and Campa-
nia–Lucania Platforms can be readily correlated,
potentially to zonal level, with reference isotope
profiles from northern and southern Europe that
have been biostratigraphically dated using
ammonites aided by similarly calibrated stron-
tium-isotope values. The minimum in strontium-
isotope values is characteristic of the Upper
Pliensbachian and Lower Toarcian (Jones et al.,
1994; McArthur et al., 2000) and the trough of the
negative d13C excursion between the two positive
excursions corresponds with the Toarcian Lower
exaratum Subzone in England (Fig. 1) and the
Toarcian Lower levisoni Zone in Portugal
(Jenkyns et al., 2002; Hesselbo et al., 2007). On
the basis of rare ammonite finds and nannofossils,
the basal Tenno Formation has been assigned
to the Tethyan tenuicostatum Zone (Geyer et al.,
1986; Picotti & Cobianchi, 1996): an interval that
has been taken to correspond, in part, with the
Lower exaratum Subzone in England (Jenkyns
et al., 2002). Although there is a gap in data of the
MS d13Ccarb profile (due to the presence of a fault),
correlatable trends can still be seen: in particular,
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a tolerably well-defined positive followed by a
negative excursion immediately followed by a
maximum in d13Ccarb values, the latter being
dated as higher falciferum or levisoni Zones by
reference to ammonite-calibrated sections in
northern and southern Europe (Jenkyns & Clay-
ton, 1986, 1997; Hesselbo et al., 2007).

In summary, trends shown in both the stron-
tium-isotope and carbon-isotope profiles of the
MS section are similar to those shown by data
from the western Trento Platform. However, the
facies changes are somewhat different: in MS
there is a transition from proud-weathering car-
bonates to more clay-rich recessively weathering
carbonates, but this occurs coincident with the
initial rise in d13Ccarb values (lower positive
excursion) below the pronounced negative excur-
sion that signals the change to clay-rich facies on
the Trento Platform (Fig. 4). Over the stratigraph-
ically higher interval characterized by the dis-
tinctive negative and positive d13Ccarb excursions
the stratigraphic record of Monte Sogenza (Fig. 5)
registers the continuous deposition of massive
oolite (Calcari Oolitici; Damiani et al., 1991/2a,
1991/2b; Violante, 2000).

SEDIMENTATION RATES OF TRENTO
AND CAMPANIA–LUCANIA CARBONATE
PLATFORMS

Application of the new chemostratigraphic frame-
works to the two Tethyan carbonate platforms
allows calculation of relative accumulation (post-
compaction and lithification) rates of their shal-
low-water carbonate without assigning particular
parts of the sections to particular stages. The
correlation band, given in Fig. 6, is drawn on
patterns in both carbon-isotope and strontium-
isotope values: specifically, the lower tie-point is
taken at the level of a small relative d13C maximum
in both sections and just below a relative minimum
in 87Sr/86Sr values and the higher tie-point is taken
at the greatest d13C values in both sections. This
chemostratigraphic correlation indicates that the
Trento Platform, over a period of time encompass-
ing parts of the Pliensbachian and Toarcian stages,
was accumulating sediment at a rate approxi-
mately twice that of the Campanian–Lucania Plat-
form, implying much greater subsidence in this
sector of the Southern Alps than in the Southern
Apennines, assuming that the platforms always
remained relatively close to sea-level. The only
stages that can be distinguished relatively unam-
biguously on both platforms are the Toarcian and

Aalenian combined. Using the recent time scale of
Pàlfy et al. (2000) and Gradstein et al. (2004) yields
approximate accumulation rates of 23 to 28 and 12
to 15 m Myr)1 for the western Trento Platform and
Campania–Lucania Platform, respectively, over
this interval. The approximate subsidence values
for the Trento Platform were 45 to 55 m Myr)1

during the Pliensbachian and 33 to 45 m Myr)1

during the Toarcian, implying a dramatic slow
down during the Aalenian. These accumulation
rates are relatively low when compared with the
Phanerozoic norm (Bosscher & Schlager, 1993).
Significant observations would seem to be a tran-
sient change to more clay-rich and cherty facies
during the Early Toarcian on the western Trento
Platform and the fact that drowning took place
around Aalenian/Bajocian boundary time when
accommodation space apparently decreased.
Hence, the divergence in behaviour of the Trento
and Campania–Lucania Platforms – invasion of
pelagic conditions in the case of the former,
continuance of the carbonate factory in the case
of the latter – underscores the complexity of the
‘drowning paradox’ of reefs and carbonate plat-
forms (Schlager, 1981, 1989, 1999).

The proposed stratigraphic correlation between
the Trento and Campania–Lucania platforms,
based on chemostratigraphy, is shown in Fig. 7.
The Calcari a Lithiotis Formation of the Campa-
nia–Lucania Platform is broadly equivalent to the
Calcari Grigi of the Trento Platform, and the upper
shaly horizon of the Calcari a Lithiotis is coeval
with the base of the rhythmically bedded Misone
Formation at MDC on the Trento Platform (i.e.
coincident with d13C values rising into a relative
profile maximum, probably that of the tenuicost-
atum Zone of the basal Toarcian). The shaly,
cherty Tenno Formation of the Trento Platform has
its equivalent in oolitic deposits on the Campania–
Lucania Platform and such facies are represented
in both areas in the uppermost Toarcian.

THE IMPACT OF THE EARLY TOARCIAN
OCEANIC ANOXIC EVENT ON THE
WESTERN SECTOR OF THE TRENTO
CARBONATE PLATFORM

Possible effects of the Early Toarcian OAE on
Tethyan carbonate platforms can be effectively
divided into two categories: temperature rise and
deterioration of water quality. Maximum devas-
tation of carbonate producers on the Trento
Platform occurred synchronously with the
d13Ccarb/d13Corg negative excursion, which began
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in the latest tenuicostatum Zone and reached its
nadir in the mid-exaratum Subzone of the
falciferum Zone in northern and southern Eur-
ope. This abrupt negative excursion, which
punctuates the rising d13Ccarb isotope trend of
the Trento and Campania–Lucania Platforms,
has been attributed to the dissociation of gas
hydrates (releasing methane, d13C approx. )60&)
and/or metamorphism of coals (releasing meth-
ane, d13C approx. )35 to )50&) culminating in a
sharp global temperature increase: a conse-
quence of the greenhouse effect following the
rapid oxidation of methane to carbon dioxide
(Hesselbo et al., 2000a,b; Jenkyns et al., 2002;
Jenkyns, 2003; McElwain et al., 2005). However,
mass input of CO2 into the atmosphere from
Karoo–Ferrar igneous activity is an alternative
(or additional) mechanism for global warming
(Pàlfy & Smith, 2000). If methane dissociation
were ultimately responsible for the d13Ccarb and
d13Corg negative excursions, evidence of associ-
ated pCO2 and temperature increases would be
expected. Evidence for pCO2 increases derive
from stomatal-index data from Danish fossil
leaves (McElwain et al., 2005; Hesselbo et al.,
2007). Evidence for temperature rise, based on
high-resolution oxygen-isotope and Mg:Ca ratios
in belemnites, is available from England, Ger-
many and Spain. Taken together, these proxies
indicate a temperature rise beginning in the

latest tenuicostatum Zone and reaching a maxi-
mum in the Early to mid-exaratum Subzone and
its stratigraphic equivalents (Bailey et al., 2003;
Jenkyns, 2003; Rosales et al., 2004; van de
Schootbrugge et al., 2005b).

Previous authors have proposed that temper-
ature increase has caused recent and ancient
carbonate-platform crises (Jenkyns & Wilson,
1999; Glynn, 2000), and increased input of
CO2 into the ocean-atmosphere system may also
be detrimental to shallow-marine carbonate fac-
tories because of an increase in the acidity of
the ocean (Kleypas et al., 1999; Gattuso &
Buddemeier, 2000). Significantly, however, even
with evidence of rises both in water tempera-
ture and nutrient levels during the OAE, the
western sector of the platform did not drown,
even though the facies changes suggest local
deepening. Whether this deepening was related
to a reduction in carbonate accumulation rates
or reflects a regional, possibly eustatic, signal is
not established, although an Early Toarcian
transgression in many parts of Europe and
elsewhere is well-documented (Hallam, 1981;
Hesselbo & Jenkyns, 1998). In the eastern sector
of the Trento Platform, however, the succession
is somewhat different with shallow-water oolitic
platform carbonates locally overlain by organic-
rich black shales of Early Toarcian age that
formed during the OAE (Dal Piaz, 1907; Della
Bruna & Martire, 1985; Jenkyns et al., 1985;
Jenkyns, 1988). The overall succession, with the
black shales passing laterally and vertically
upwards into ammonite-bearing pelagic carbon-
ates indicates that drowning took place close to
Pliensbachian/Toarcian boundary time and may
have been influenced by the OAE.

Additional factors, characteristic of the Early
Toarcian OAE, may also have been significant in
governing platform response. Geochemical prox-
ies, such as Sr-isotope and Os-isotope ratios,
show excursions to more radiogenic values, indi-
cating an increase in continental weathering over
the interval of the negative carbon-isotope excur-
sion (Jenkyns, 2003; Cohen et al., 2004). Acceler-
ated fluvial flux would have carried increased
nutrient loads to the oceans and stimulated
organic productivity, as witnessed by deposition
of the Lower Toarcian black shales in the Lom-
bardian Basin and Belluno Trough lying to the
west and east of the Trento Platform (Fig. 2;
Jenkyns, 1988). Nitrogen-isotope data from the
black shales in the Belluno Trough indicate
nitrate reduction, suggesting that oxidation of
falling organic matter locally depleted the water
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masses of oxygen (Jenkyns et al., 2001); organic
geochemical evidence indicates that at times this
process advanced to sulphate reduction, liberat-
ing free hydrogen sulphide in the illuminated
levels of the water column (Pancost et al., 2004).
Most probably, upwelling of nutrients was the
proximate cause of the increased productivity
that drove these chemical changes in the water
column (Jenkyns et al., 2001): nutrients that
could have also impacted the carbonate platform
in all but the shallowest (top few metres) levels of
the water column.

There is a marked symmetry in the sequence of
facies changes in the Toarcian section of the
western Trento Platform from: (i) shallow-water
oolitic carbonate; to (ii) thin-bedded cherty lime-
stone; to (iii) calcareous shale; to (iv) thin-bedded
cherty limestone; and back to (v) massive-bedded
oolite (Fig. 4). This sequence of facies is mirrored
in the d13Ccarb record by (using inferred north
European boreal zonation: Fig. 1) an initial (ten-
uicostatum Zone) increase, followed by a sharp
decrease (tenuicostatum–falciferum Zone bound-
ary) to reach a minimum in the mid-exaratum
Subzone with a subsequent increase (Late exara-
tum Subzone) before a return to background
carbon-isotope values. The initial rise in d13Ccarb

values over the latest tenuicostatum Zone of the
Early Toarcian, seen regionally across Europe
(Jenkyns & Clayton, 1997; Jenkyns et al., 2001,
2002) and recording the onset of the OAE, is
coincident with a change in facies, in the
continuous exposure of the CDM section, from
well-washed oolite to clay-rich limestone and
limestone with sponge-derived cherts, recording
an increase in abundance of filter-feeders
reflecting mesotrophic–eutrophic shallow-marine
conditions (Föllmi et al., 1994). Following the
pronounced negative d13Ccarb excursion, the
re-established increase in isotope values rising
into the profile maximum is registered in the
Trento Platform by a return to thin-bedded lime-
stone with sponge-derived chert, signifying less
extreme but still mesotrophic conditions. Given
the evidence for increased nutrient availability
during the Toarcian OAE in the basins lying
either side of the Trento Platform, the develop-
ment of mesotrophic and eutrophic conditions in
shallow–water areas is not unexpected and
must be one of the factors inhibiting biological
carbonate secretion at this time (Hallock &
Schlager, 1986; Hallock, 1988). Such effects were
not confined to shallow-water environments:
more open-marine sections record a ‘crisis’ in
nannofossil abundance, linked to an increase in

nutrient availability and dissolved carbon dioxide
during the interval characterized by the negative
carbon-isotope excursion (Erba, 2004; Tremolada
et al., 2005). By the latest falciferum Zone of the
Toarcian, when temperature and nutrient levels
had dropped to pre-excursion levels, the devel-
opment of oolitic facies over much of the Trento
Platform is interpreted as signifying oligotrophic
conditions (Föllmi et al., 1994). However, the fact
that this oolitic facies (San Vigilio Oolite) is rich
in crinoidal remains and locally contains nanno-
fossil-bearing pelagic ooliths in its rose-coloured
stratigraphically higher levels, as well as iron-
manganese oxyhydroxide-encrusted hardgrounds,
indicates a distinct open-marine influence and
incipient drowning (Sturani, 1964; Jenkyns, 1971,
1972; Zempolich, 1993). Similar associations
to these are documented between Cretaceous
platform-carbonate and pelagic facies in many
parts of the Alpine-Mediterranean domain
(Weissert et al., 1998; Graziano, 1999; Wissler
et al., 2003; Föllmi et al., 2006).

THE IMPACT OF THE EARLY TOARCIAN
OCEANIC ANOXIC EVENT ON THE
CAMPANIA–LUCANIA CARBONATE
PLATFORM

The facies changes coincident with the major
Toarcian isotopic shifts were less dramatic on the
Campania–Lucania Platform, at least as sampled
in the section at MS: deposition of thinner bedded
more clay-rich facies occurred in concert with
rising d13C values that reflect increased global
carbon burial at the onset of the OAE when
nutrient levels probably began to increase
(Jenkyns, 2003). Unlike the Trento Platform,
however, this change preceded the abrupt nega-
tive carbon-isotope excursion (Fig. 5). Through-
out the interval characterized by the pronounced
negative followed by positive d13C excursions,
oolite was continuously deposited, probably sig-
nifying oligotrophic conditions on the Campania–
Lucania Platform at this time. Therefore, it
appears that the Campania–Lucania Platform suf-
fered few adverse consequences as a result of the
Early Toarcian OAE and all of the global environ-
mental stresses with which it was associated. A
significant factor here may have been the rela-
tively low subsidence rates, ensuring that depths
remained so shallow throughout the duration of
the OAE that inimical (i.e. nutrient-rich) waters
could not encroach across the carbonate banks and
oxygen levels remained high. Oceanic nutrient

14 R. G. Woodfine et al.

� 2008 The Authors. Journal compilation � 2008 International Association of Sedimentologists, Sedimentology



profiles generally increase abruptly below a sur-
face minimum where organic productivity is the
highest (Sverdrup et al., 1942). If this interpreta-
tion is correct, it underscores the importance of
subsidence rate as a key variable, in addition to
palaeoceanographic change, in controlling the fate
of carbonate platforms. Many Tethyan carbonate
platforms disintegrated and drowned around
Pliensbachian/Toarcian time and faulting and
rapid subsidence commonly have been assumed
to be major factors behind this regional phenom-
enon (Bernoulli & Jenkyns, 1974).

CONCLUSIONS

Detailed chemostratigraphic studies of two Juras-
sic Tethyan carbonate platforms in Italy illustrate
contrasting behaviour during the Early Toarcian
Oceanic Anoxic Event (OAE). The western sector
of the Trento Platform in the Southern Alps of
Northern Italy shows evidence for deepening and
the development of more clay-rich cherty facies,
suggestive of eutrophic conditions due to in-
creased nutrient availability. There is also regio-
nal evidence for an increase in temperature over
this interval that may also have proved inimical
for certain skeletal carbonate producers.
Although the platform recovered to some extent
and did not drown definitely until Aalenian/
Bajocian time, the oolitic and crinoidal facies that
developed indicate a certain open-marine influ-
ence. By contrast, the carbonate platform in the
Southern Apennines shows only minor facies
changes recording the Early Toarcian OAE and
these were registered only at its onset: during
most of the OAE shallow-water oolitic sediments
were deposited. A major difference in the two
platforms is the reconstructed rate of subsidence
during the Toarcian/Aalenian interval: 23 to
28 m Myr)1 for the Trento Platform versus 12 to
15 m Myr)1 for the Campania–Lucania Platform.
The lesser subsidence rate in the case of the latter
may have helped maintain environments as shal-
low as a few metres throughout the period of the
OAE, hence shielding it from certain environ-
mental factors that adversely affected the Trento
Platform that ultimately led to its definitive
drowning during the Aalenian.
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Pàlfy, J., Smith, P.L. and Mortensen, J.K. (2000) A U–Pb and
40Ar/39Ar time scale for the Jurassic. Can. J. Earth Sci., 37,
923–944.

Pancost, R.D., Crawford, N., Magness, S., Turner, A., Jenkyns,
H.C. and Maxwell, J.R. (2004) Further evidence for the

development of photic-zone euxinic conditions during

Mesozoic Oceanic Anoxic Events. J. Geol. Soc. London, 161,
353–364.

Parente, M., Frijia, G. and di Lucia, M. (2007) Carbon-isotope

stratigraphy of Cenomanian–Turonian platform carbonates

from the Southern Apennines (Italy): a chemostratigraphic

approach to the problem of correlation between shallow-

water and deep-water successions. J. Geol. Soc. London,

164, 353–364.

Patterson, W.P. and Walter, L.M. (1994) Depletion of 13C in

seawater RCO2 on modern carbonate platforms: significance

for the carbon isotopic record of carbonates. Geology, 22,
885–888.

Picotti, V. and Cobianchi, M. (1996) Jurassic periplatform

sequences of the eastern Lombardian Basin (Southern Alps):

the deep-sea record of the tectonic evolution, growth and

demise history of a carbonate platform. Mem. Sci. Geol.,
Padova, 48, 171–219.

Rosales, I., Robles, S. and Quesada, S. (2004) Elemental and

oxygen isotope composition of early Jurassic belemnites:

salinity vs. temperature signals. J. Sed. Res., 74, 342–354.

Sandberg, P.A. (1983) An oscillating trend in Phanerozoic

non-skeletal carbonate mineralogy. Nature, 305, 19–22.

Sarti, M., Bosellini, A. and Winterer, E.L. (1992) Basin

geometry and architecture of a Tethyan passive margin,

Southern Alps, Italy: implications for rifting mechanisms.

In: Geology and Geophysics of Continental Margins (Ed. J.S.

Watkins, F. Zhiqiang and K.T. McMillen), AAPG Mem., 53,
241–258.

Sartoni, S. and Crescenti, U. (1962) Ricerche biostratigrafiche

nel Mesozoico dell’Appennino meridionale. Giornale di

Geologia, ser. 2a, 29, 161–302.

Schlager, W. (1981) The paradox of drowned reefs and car-

bonate platforms. Geol Soc. Am. Bull., 92, 1197–1211.

Schlager, W. (1989) Drowning unconformities on carbonate

platforms. In: Controls on Carbonate Platform and Basin

Development (Ed. P.D. Crevello), SEPM Spec. Publ., 44,
15–25.

Schlager, W. (1999) Scaling of sedimentation rates and

drowning of reefs and carbonate platforms. Geology, 27,
183–186.

Schlanger, S.O. (1986) High frequency sea-level fluctuations

in Cretaceous time: an emerging geophysical problem. In:

Mesozoic and Cenozoic Oceans (Ed. K.J. Hsü), Am. Geo-
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