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[1] The Early Toarcian was characterized by two large perturbations to the carbon cycle: a positive trend
associated with increased organic matter burial and ocean anoxia, and a pronounced negative carbon isotope
excursion (CIE). We contrast the geochemical evolution in the carbonate phases of two successions: one from
the Paris Basin (Sancerre core, comprising black shales), the other from the Lusitanian Basin (Peniche section
with very minor lithological expression of bottom water anoxia). Our aim was to identify whether these carbon
cycle perturbations were related, and differentiate between the common (global) versus regional expressions of
the biogeochemical response and ocean chemistry. Our results highlight contrasts in timing of different phases of
anoxia in both locations through the widely documented negative CIE. Widespread anoxic conditions were not a
necessary prerequisite for generating a pronounced CIE, as required by the recycling (so-called ‘‘Küspert’’)
model. The production of carbonate simultaneously dropped during the d13C negative shift in both locations,
likely in response to lowered seawater saturation rate induced by substantial absorption of CO2 from the
atmosphere. The recovery interval was accompanied by a rapid reestablishment of seawater alkalinity, and
primary and carbonate productivity in epicontinental seas, as evidenced by high d13C and Sr/Ca, in contrast with
the more open ocean regime in the Lusitanian Basin. Our results confirm that parallels can be draw between the
ocean productivity response and feedback during the Toarcian CIE and the PETM. Both events are characterized
by ocean acidification and reduced pelagic calcification followed by a peak in nearshore coccolith productivity,
which could have helped the recovery from the perturbation.
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1. Introduction

[2] The Early Toarcian (Early Jurassic; �183 Ma ago) has
attracted considerable attention over the last four decades
because of the major disturbance in the global carbon cycle,
categorized as an Oceanic Anoxic Event (OAE hereafter)
[Jenkyns, 1985, 1988]. Although such a globally significant
organic carbon burial event apparently resulted in an overall
positive excursion of the carbon isotope ratio in seawater,
the T-OAE is also punctuated by one of the largest negative
CIE of Mesozoic times, which occurred over a short period,
�200–1000 ka [Kemp et al., 2005; Suan et al., 2008a].
Compelling evidence for a perturbation of the whole
ocean–atmosphere system has led to the interpretation of
this CIE in terms of massive release of isotopically light
CH4/CO2 (Hesselbo et al. [2000], Kemp et al. [2005], and
Hesselbo et al. [2007] among others). However, the causes

of the carbon isotope perturbation, and the synchroneity of
its record, remain controversial [van de Schootbrugge et al.,
2005; Wignall et al., 2006; McArthur, 2007; McArthur et
al., 2008a, 2008b] with the suggestion that local (i.e.,
environmentally driven) processes, as originally postulated
by Küspert [1982], could best explain the negative CIE at
times of basinal restriction.
[3] The near synchroneity between the T-OAE and the

negative C isotope perturbation has led to potentially
misleading interpretations of a common origin for these
two paleoceanographic phenomena. Organic enrichment in
the sedimentary record and carbon isotope perturbation,
albeit linked through involvement of the short-term global
carbon cycle, need to be examined separately because their
stratigraphic extent is not necessarily the same [Hesselbo et
al., 2000; McArthur et al., 2008a; Pearce et al., 2008;
Hermoso et al., 2009]. Here, we examine the stratigraphical
distribution of the redox-sensitive elements Fe and Mn, and
the paleoproductivity marker Sr and Mg in the context of
calcite/dolomite content through the interval characterized
by the negative carbon isotope excursion as recorded in two
distinct environments, represented by epicontinental organic-
rich black shales (Sancerre core, Paris Basin, France), and
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organic-poor hemipelagic carbonates (Peniche, Lusitanian
Basin, Portugal).

2. Geological Setting in the Paris and Lusitanian
Basins During the Early Toarcian

2.1. Paleogeography and Paleoclimatic Patterns

[4] During the Early to Middle Jurassic, the breakup of
Pangaea took place, with the opening of the Central Atlantic
and Tethys Ocean, accompanied by widespread tectonic
extension in what is now the Alpine-Mediterranean region,
as well as in northern Europe [Bernoulli and Jenkyns,
2009]. In the Tethyan region, the widespread drowning of
carbonate platforms led to progressive invasion of pelagic
conditions, typified by the development of deep-water
carbonates on subsided continental margins. On the Euro-
pean shelf, silts, sands, clays and shallow water limestones
were deposited. The presence of numerous emerged land-
masses in NW Europe favored high detrital mineral supply
into adjacent marine areas. The paleolatitude during this

interval (Figure 1) was about 30�N for the Paris Basin and
about 25�N for the Lusitanian Basin [Bassoullet et al.,
1993]. The Early Jurassic is thought to have been predom-
inantly a greenhouse period, whose CO2-rich atmosphere,
particularly in the Toarcian, was charged by intense mag-
matic activity in the Karoo-Ferrar Province [Duncan et al.,
1997; Pálfy et al., 1997; Wignall, 2001; Svensen et al.,
2007; Moulin et al., 2008; Jourdan et al., 2008]. In this
context, the earliest Toarcian biosphere underwent signifi-
cant turnover with extinctions affecting both marine and
continental faunas [Hallam, 1983, 1996; Bassoullet and
Baudin, 1994; Little and Benton, 1995; Harries and Little,
1999; Pálfy and Smith, 2000; Bailey et al., 2003]. Among
the discrete black shale intervals encountered through the
whole Early Jurassic succession in Europe, the sediments
that formed during the T-OAE were associated with the
strongest anoxic/euxinic conditions [Jenkyns, 1988; Baudin
et al., 1990; Jenkyns et al., 2002; Pancost et al., 2004;
Schwark and Frimmel, 2004; Pearce et al., 2008]. For the
OAE, accelerated flux of nutrients to the ocean, accompa-
nied by sea level rise [Hallam, 1997] is thought to have led
to an increase in organic productivity, carbon flux to the
seafloor, carbon burial, and spread of anoxic and euxinic
waters, combining to explain the long term increase in d13C
seawater ratios and the destruction of habitats for marine life
[Jenkyns, 2003]. We have selected two sites of contrasting
proximal and more open marine settings to investigate the
differential sedimentary characteristics and highlight the
global versus regional signatures of the T-OAE and CIE.

2.2. Sancerre Core and the Southernmost Paris Basin

[5] The Sancerre-Couy borehole was drilled in 1986–
1987 near Bourges city (central France) by the French
Bureau des Recherches Géologiques et Minières (program
GPF ‘‘Géologie Profonde de la France’’). This region was
located in the southernmost Paris Basin during the Jurassic
(Figure 1). The borehole has provided continuous recovery
from Carboniferous up to the Middle Jurassic strata. The
Toarcian sediments occur between 355.50 and 198.30 m
depth and were fully recovered (albeit with localized
drilling disturbances). The lithology (Figure 2a) of the Late
Pliensbachian spinatum Zone is represented by marine
calcareous sandstones with a high contribution of detrital
quartz (Grès médioliasiques Fm), succeeded by coccolith-
bearing calcareous marls with several organic-rich and lam-
inated intervals (Schistes Carton Fm, up to 10% total organic
carbon) assigned to the tenuicostatum and serpentinum
Zones (33m thick in Sancerre). Within the Schistes Carton
and the laterally equivalent lithostratigraphic units in NW
Europe, evidence to support marine anoxia is represented by
millimeter-scale sedimentary lamination and the absence of
bottom-dwelling fauna. Evidence for a sulfidic (euxinic)
water column extending into the photic zone is provided by
biomarkers of green sulfur bacteria [Pancost et al., 2004;
Schwark and Frimmel, 2004; van Breugel et al., 2006], and
�5mm sized framboidal pyrite precipitated from seawater
[Raiswell and Berner, 1985; Wilkin et al., 1996; Wilkin and
Barnes, 1997; Bellanca et al., 1999; Wignall et al., 2005].
The paleodepth of the Paris Basin (Figure 1), which
represents a subbasin of the north European epicontinental

Figure 1. Paleogeographic map of the Early Jurassic
archipelago (redrawn after van de Schootbrugge et al.
[2005]) and the geographic distribution of organic-rich
rocks [after Baudin et al., 1990] (AAPG#1990 reprinted
by permission of the AAPG whose permission is required
for further use). Gray scale shades indicate the content range
of Total Organic Carbon (TOC); key is embedded in the
bottom right corner. Emergent land delineating the basins is
hatched: IrM for Irish Massive, LBM for London-Brabant
Massif, AM for Armorican Massif, CM for Central Massif,
Ca for Calabria, IM for Iberian Meseta, FC for Flemish Cap,
and GB for Galicia Bank. Letters are for the studied
locations: ‘‘S’’ is for Sancerre-Couy core site, and ‘‘P’’ is for
Peniche section. Numbers locate other Early Toarcian
sections referred to in this work: 1, Yorkshire coast
[Hesselbo et al., 2000; Cohen et al., 2004; Kemp et al.,
2005]; 2, Dotternhausen in Germany [Röhl et al., 2001];
and 3, Penne section in Quercy Basin [Emmanuel et al.,
2006].
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Figure 2
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seaway, is estimated as 100–200 m during the Early
Toarcian interval [Röhl et al., 2001].

2.3. Peniche Section and the Lusitanian Basin

[6] This section crops out along the Peniche beach, about
80 km north of Lisbon (Figure 1). The outcrop is considered
as the most appropriate candidate for the stratotype of the
Pliensbachian/Toarcian boundary GSSP [Elmi, 2006]. The
Latest Pliensbachian (spinatum Zone) and very earliest
Toarcian (polymorphum Zone � tenuicostatum in the
Boreal realm) correspond to the Lemede Fm (Figure 2b),
deposited on a monoclinal carbonate ramp formed in
response to regional extensional tectonic control [Duarte,
1997]. The facies comprise alternations of hemipelagic
limestones and marls. The top of the polymorphum and the
whole of the levisoni (�serpentinum in the Boreal realm)
Zones are represented by the Cabo Carvoeiro Fm, a more
argillaceous succession containing some intercalations of
carbonate nodules at its base and quartzose turbidites at its
top.
[7] In contrast to the more Boreal NW European realm,

the marine organic carbon content in Peniche is relatively
low (<1%) compared with coeval sediments deposited in
Northern Europe. Furthermore, in Peniche the organic
matter mostly consists of terrestrial components, although
a more organic-rich interval (2.6% TOC) is present as an
8 cm thick bed in the levisoni Zone [Hesselbo et al., 2007].
Whether truly anoxic conditions occurred in Peniche is
difficult to assess because sedimentary evidence such as
well-defined lamination or high phytoplanktonic organic
content are lacking, as observed in the Schistes carton Fm of
the Paris Basin. The apparently more oxic nature of this
environment, as illustrated by the existence of benthic
organisms [Suan et al., 2008b], motivated our choice to
investigate its evolving seawater geochemistry.

3. Analytical Methods

3.1. Mineralogical Data

3.1.1. Total Carbonate Content
[8] The total carbonate content was determined by weigh-

ing the insoluble fraction of the sediment after acid diges-
tion. The carbonate of one gram of crushed sample was
digested in dilute acetic acid CH3COOH (1 mol/l) for 1h at
room temperature, with continuous stirring. The residue was
gathered on a cellulose acetate filter, which was dried and
weighed. The percentage of total carbonate content is
expressed as ‘‘wt% carbonate’’ with a precision generally
greater than 99%. Replicates of low-carbonate samples have
indicated larger errors, but less than 5%. Finally, XRD
analyses (see below) were performed on preparations from

residues to ensure the complete digestion of all carbonate
phases, especially dolomite.

3.1.2. Calcite/Dolomite Ratio
[9] The carbonate mineral species of the sediment were

identified by X-ray diffraction using a Brucker D-501 X-ray
diffractometer (radiation Cua1 � Ni filtered radiation, l =
1.54060 Å) coupled with an automated DACO-MP system
at UPMC Paris. Scans were performed from 3� to 75�2Q at
a scanning speed of 0.05�2Q/sec. Semiquantitative meas-
urements of carbonate mineral abundances (calcite versus
dolomite ratio) were obtained from nonoriented powdered
samples. The intensities of the main diffracting peaks (104)
of the calcareous phases were corrected according to their
respective ‘‘I/Icorr’’ factors, as given by the International
Centre for Diffraction Data (ICDD) in the Powder Diffrac-
tion File (PDF) database. Corrections applied were 2.00 for
the calcite with d104 between 3.035 to 3.025 Å, and 2.35 for
the dolomite with d104 measured at �2.91 Å, corresponding
to a dolomite with a low crystallinity index [Hermoso et al.,
2009]. Such a dolomite phase diffracting at 2.91 Å rather
than 2.88 Å has been found in other black shale localities in
Italy [Bellanca et al., 1999], and this offset toward lower
diffracting angles has been explained by these authors by
substantial manganese coprecipitation into the dolomite
lattice.

3.2. Elemental Content

3.2.1. Carbonate Digestion
[10] The carbonate phase was digested according to the

procedure described above. A number of experimental tests
[Renard and Blanc, 1972] have shown that the solubilized
ions from this weak acid leach mostly come from the
carbonate lattice, as indicated by a good correlation between
Mg- and Fe-rich carbonate quantified by the XRD method,
and the magnesium and iron from chemical measurement.
The presence of oxyhydroxides is not likely in such dysoxic
and anoxic sediments. Indeed, framboidal pyrite observed
from the residues is always well preserved, and never
exhibits evidence of oxidation such as superficial reddish
rings. The iron content of the black shale associated with
maximum sulfide content is relatively low when compared
with associated clay-rich limestone. This observation rules
out a significant contribution of the interfoliar cations from
clays to the elemental measurements.
[11] The filtrate solution comprises all the dissolved ions

originally contained in the carbonate lattice. Because acetate
ions are prone to interfere with spectrometric measurement,
the filtrates were evaporated and placed in a hydrochloric
solution by adding 20 ml 30% HCl. This process was
repeated twice. Homogenization of the calcium content of

Figure 2. Carbonate content and carbon and oxygen isotope profiles measured in Upper Pliensbachian/Lower Toarcian
marine carbonates. (a) The Sancerre-Couy core [Hermoso et al., 2009]. The d13C negative shift is recorded in four
consecutive steps. The amplitude of the CIE is ��6% leading to d13C around �4.5% after which a notable positive trend
is observed. A decrease in the carbonate content and a �1.5% negative shift in oxygen isotopes are recorded through the
negative CIE. (b) The Peniche section (isotopic data and log from Hesselbo et al. [2007]). The isotopic curve presented here
does not include the turbidite levels. The amplitude of the CIE is ��3.5% associated with a d13C low-value plateau around
�0.5%. A drop in the carbonate content is observed slightly before the negative CIE, but the oxygen isotope profile is
relatively constant through the d13C negative shift, around �3%.
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the solutions and standards was achieved by differing
dilution of the solution for each considered element.
3.2.2. Spectrometric Analyses
[12] The solutions were measured by flame atomic

absorption (ICP-GAAS) using a Hitachi Z8100 spectrom-
eter at UPMC Paris. The internal standards were measured
along with the sample solutions and blanks. The elemental
contents are expressed in ppm after normalization against
the carbonate fraction of the sediment. The precision of
measurements is usually better than 95%, based on the
reproducibility of the standard and sample replicates. See
auxiliary material for further information.1

4. Results

4.1. Carbonate Content and Mineralogy
4.1.1. Sancerre Core
[13] Fluctuations of the total carbonate content (Figure 2a)

range from 15% to 60%. In the Lower Toarcian section, the
carbonate contents are approximately constant, about 25–
30% with a low contribution from dolomite (less than 20%
with respect to the whole carbonate; Figure 3a). Between
350.35 m to 349.22 m, a gray and more indurated bed is
observed that is mainly composed of dolomite (80% of the
carbonate).
[14] At the top of this dolostone, a significant decrease in

the carbonate content is observed, which can be explained
as the return to background dolomite abundance. This
decrease is associated with the first step of the negative
CIE [Hermoso et al., 2009]. However, there is a drop in
calcite content between this level, in which the wt% CaCO3

is �15–20%, and the sediment underneath the dolostone,
which is �40% calcium carbonate. At 348.50 m, the
sediment becomes laminated and dark; its carbonate content
is �15%. At this level, the second step in the d13C decrease
is recorded. This low-carbonate interval persists up to about
347 m, where the preservation of calcareous nannofossils
significantly decreases [Hermoso et al., 2009]. The dolo-
mite content is particularly low in this black shale interval.
[15] The d13C rise coincides with an increase in carbonate

content up to the 344 m level, where the carbonate content
reaches about 60%. Above this, a progressive decrease in
carbonate (from 60 to 30%) is observed up to the top of the
studied interval. Other laminated and organic-rich intervals
are, however, not associated with decreases in carbonate
content. Local occurrences of high dolomite content (10–
20%) are observed, as at the 344 m, 341.5 m, and 337 m
levels.
4.1.2. Peniche Section
[16] The carbonate content in Peniche (Figure 2b) is

significantly different in the Upper Pliensbachian interval
(�80% carbonate) compared to the Lower Toarcian Cabo
Carvoeiro marls (decreasing from 75% to 40% in the
polymorphum Zone and �20–30% in the levisoni Zone).
In the polymorphum Zone, a progressive decrease in car-
bonate content is observed, with only minor dolomite
present (Figure 3b).

[17] From 6.5 m, the decrease becomes more pronounced
and, at about 11 m, a sharp drop in calcite abundance is
observed, leading to carbonate contents of �10%. This level
corresponds to the onset of the d13C negative excursion
illustrated in the work of Hesselbo et al. [2007]. Through
the plateau characterized by the lowest (��0.5%) carbon
isotope values (11 m–19.5 m), the carbonate content is
steady and comprises between 10 and 40% of the sediment.
The dolomite is, however, highly variable in abundance: it
can be particularly high (reaching 40% at 13 m; 20% at 14 m
and 15% at 16 m) with respect to the overall background
contents (<5% of carbonate).
[18] Above 19.5m, the carbonate content displays a

progressive increase, which follows the resumed positive
d13C trend, as also seen in Sancerre.

4.2. Magnesium and Iron and Mg/Fe Ratio in
Dolomite
4.2.1. Sancerre Core

[19] The evolution of both magnesium and iron contained
in the carbonate of the Sancerre core follows the same trend
(Figure 3a). There is a strong correlation factor (r = 0.86)
that links these two elements in the carbonate throughout
the studied interval (Figure 4a). The high concentrations
(�20,000 ppm and�10,500 ppm, respectively) are explained
by the presence of ferroan protodolomite, as indicated by the
positive correlation of these two elements with the dolomite
proportion of the whole carbonate phase (r = 0.90). A positive
trend is observed through the Upper Pliensbachian interval
with relatively high contents around the stage boundary with
the Toarcian (355.50m;Mg�26,000 ppm, Fe�20,000 ppm).
In the lowermost Toarcian sediments, the contents are lower
and steady up to where the dolostone is developed above the
350 m level. In this bed, the Mg and Fe contents are at a
maximum and reach �60,000 ppm and �40,000 ppm,
respectively.
[20] The bioturbated marls that cap the dolostone and

record the first step of the negative CIE record a significant
decrease in the Mg/Fe contents toward values lower than
those measured underneath the dolostone. Higher in the
section, a stratigraphically limited increase is noted between
348.80 m and 348.40 m. At the first occurrence of black
shale facies (348.30 m), both Mg and Fe display a parallel
decrease. During the interval characterized by the lowest
d13C value, magnesium and iron contents are relatively low
(15,000 ppm for Mg with a progressive drop throughout the
CIE, and 5000 ppm for iron), in accordance with a low
dolomite contribution.
[21] Above 345 m, the contents of Mg and Fe are

relatively low and stable up to the top of the investigated
interval, but they increase together with the higher dolomitic
contents at levels of 344.00 m, 341.50 m and 337.00 m.
4.2.2. Peniche Section
[22] A strong Mg/Fe correlation (r = 0.93) is also

observed in Peniche (Figure 4a); values are also closely
linked to the amount of dolomite in the carbonate. The
dolomite is expressed as the same mineralogical phase,
crystal shape and size as in Sancerre (as �5 to 10 mm
subeuhedral crystals). The Pliensbachian/Toarcian boundary
does not record any significant changes in the Mg and Fe

1Auxiliary materials are available at ftp://ftp.agu.org/apend/pa/
2009pa001764.
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Figure 3. Comparison of the evolution of C isotope ratios in carbonate, calcite versus dolomite ratios
expressed as relative fractions to the whole carbonate content, and metal (Sr, Mg, Fe, and Mn) contents in
carbonate. Gray boxes indicate the TOC content of the laminated intervals (for the gray scale, see Figure 1).
(a) Sancerre (Paris Basin, France). (b) Peniche section (Lusitanian Basin, Portugal).
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content, but a gradual increase in the abundance of elements
continues up to about the 11 m level.
[23] At this level, corresponding to the sharp drop of the

d13C and the record of the first dolomite ‘‘spike,’’ the
magnesium and iron contents are significant, and reach
their maximum values (�55,000 ppm for both elements).
During the negative CIE interval, the concentrations are
higher (fourfold) than background values and always follow
the fluctuations in dolomite abundance.
[24] The upper part of the studied interval, in which the

calcite fraction goes up, is marked by a progressive decrease in
the content of both Mg and Fe, but with values slightly higher
than those observed stratigraphically below the negative CIE.

4.3. Manganese

[25] The overall evolution of manganese in Sancerre
(Figure 3a) and Peniche (Figure 3b) follow trends described
for magnesium and iron (Figures 4a and 4b). Nonetheless,
Mn contents are significantly higher in Sancerre than in
Peniche carbonates. For the two sections, regression coef-
ficients (r) of the manganese are 0.70 with Mg and 0.73
with Fe in Sancerre, and 0.93 with Mg and 0.96 with Fe in
Peniche. Nonetheless, several levels depart from this strong
correlation such as the lowermost Toarcian marly sediments
in both sections, where the Mn contents in carbonate are
relatively high with respect to those of Mg and Fe. Measured
Mn values are almost 4000 ppm for Sancerre (Figure 3a)
and 1400 ppm for Peniche (Figure 3b).
[26] In Sancerre, another relative Mn-rich carbonate

(�5000 ppm) level is developed at around 348.3 m, i.e.,

the level of the stratigraphically lowest black shale interval.
These high Mn values correspond to a threefold enrichment
with respect to the overall Mg/Mn correlation slope. The
rest of this black shale as well as subsequent laminated
intervals higher in this section (Figure 3a) are, however, not
accompanied by such geochemical anomalies in the man-
ganese content.

4.4. Strontium
4.4.1. Sancerre Core

[27] The strontium contents measured in Sancerre are
unexpectedly high, and so spot chemical analyzes using
EDS-SEM were carried out throughout the whole studied
interval to ensure that the strontium is contained in the
carbonate lattice [Hermoso et al., 2007] and not in other
phases. Neither sulfates nor aragonite nor other Sr-rich
carbonates have been detected throughout the studied inter-
val by this technique, and the Sr content in the calcite is
sufficiently high to explain the elemental contents from the
bulk carbonate.
[28] There is a progressive increase in the strontium con-

tent throughout the whole interval from 400 to 8500 ppm
(Figure 3a). This trend is more pronounced after the
negative CIE. This positive trend is disrupted in the dolo-
stone bed and at the level of the lowest black shale interval.
In the first case, the drop in Sr content is likely explained by
the very low incorporation of strontium in dolomite [Jacobson
and Usdowski, 1976], whereas in the second case, such a
dilution artifact by the dolomite is not observed, and a real
decrease of strontium in calcite occurred.

Figure 4. Relationship between (a) magnesium/iron and (b) magnesium/manganese in carbonates from
Sancerre (black dots) and Peniche (blue triangles). The two different slopes (Mg/Fe lines) observed in the
Mg/Fe correlations in the dolomite are explained by a relative iron depletion owing to previous Fe
trapping by pyrite (FeS2) precipitation (Mg/Fe line 1, low pyrite precipitation; Mg/Fe line 2, substantive
pyrite formation reflecting reducing conditions in seawater). Changes in the Mg/Fe ratios in carbonate
indicate the onset of reducing conditions in seawater and pore fluid in the upper part of Peniche section.
Both lowermost Toarcian sediments in Sancerre and Peniche, and the first centimeters of the first black
shale interval in Sancerre, display higher relative manganese contents in carbonate with respect to the
whole Mg/Mn correlation.
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[29] The sharp increase of the d13C that defines the
recovery interval of the negative CIE is accompanied by
an increase in the calcite content, and from 346 m by sub-
stantial Sr contents from 2000 to 8000 ppm. This level corre-
sponds to a significant change in the calcareous nannofossil
assemblage from Calyculus (living in the most surficial and
low-nitrate waters [Mattioli et al., 2008]) towardCrepidolithus
coccolithophores (a deeper dweller [Bour et al., 2007]) in
Sancerre [Hermoso and Minoletti, 2008]. This nannofloral
change seems to be a common biological feature at the scale
of NW European basins [Mattioli et al., 2008]. The coinci-
dence between this extraordinary Sr enrichment and the
relatively great abundance of Crepidolithus above the level
of the CIE has been tested by geochemical analyses per-
formed at the carbonate particle level scale [Hermoso et al.,
2007; Hermoso and Minoletti, 2008; Minoletti et al., 2009].
This coccolith has proven to be notably enriched in strontium
with respect to other calcareous particles in the same assem-
blage such as Schizosphaerella calcispheres, other coccoliths
and xenomorphic grains, which typically have lower
(<1000 ppm) strontium contents. The extremely high Sr con-
tent in the coccoliths of Crepidolithus is not found in the
lowermost Toarcian sediments of Sancerre, but only in
sediment deposited during the recovery from the CIE, where
the Sr content in bulk carbonate is also high.
4.4.2. Peniche Section
[30] In the Peniche section, the maximum strontium

contents of the carbonate do not exceed the background
values of the Sancerre core. In the Lemede Fm, the strontium
contents are �650 ppm (Figure 3b). In the polymorphum
Zone, the Sr contents of the gray marls vary between 500 and
700 ppm with a minimum between 6 m to 9.5 m. Above that,
a 2 m thick interval records a rapid increase, leading to the
maximal Sr content of the section (�900 ppm). This level is
located stratigraphically below the dolomite-enriched inter-
val and the onset of the negative CIE.
[31] At the level of a large decrease in d13C values at

about 11 m, the Sr content drops and remains relatively low
with a weak decrease during the whole CIE interval. This Sr
decrease can be only partly assigned to a dilution effect due
to enhanced dolomite content; consequently, the Sr contents
in calcite effectively record a decrease throughout the
negative CIE.
[32] Where both total carbonate content and d13C increase

again at the 19.5 m level, the strontium content in the
carbonate also rises to 850 ppm. However, at 22 m, another
Sr decrease is observed, which is not reflected in the d13C
data. This negative trend is maintained up to the top of the
studied interval.
[33] Even if absolute d13C values are different in Peniche

compared with Sancerre, similar trends in Sr content occur
through both CIEs, virtually parallel to the calcite content,
particularly during the negative excursion.

5. Redox State of the Water Column Through
the CIE

[34] The calcite versus dolomite content in the two
sections, in particular through in the negative CIE intervals,

is different. A dolostone was formed prior to both black
shale intervals and accompanying the negative CIE in
Sancerre, whereas in Peniche, proportions of dolomite are
higher than background levels within the CIE.
[35] The presence of dolomite is common in Jurassic

deposits, particularly those formed in oxygen-depleted en-
vironment [Michard, 1960; Irwin et al., 1977; Hanzo et al.,
2000]. The expression of a Mg-rich carbonate phase in the
sediment mostly depends on the sulfate concentration in
pore fluid and its Mg/Ca ratio. Because sulfate ions pre-
clude the incorporation of magnesium into carbonate (Mg–
SO4 bond), the precipitation of dolomite occurs when
sulfates have been removed from pore fluids by the forma-
tion of evaporite species or bacterial reduction and incor-
poration into sulfides such as pyrite. In the two sections
investigated here, dolomite is present as rhombohedra dis-
playing only limited dissolution. This good preservation,
unlike the calcareous nannofossils that exhibit enhanced
dissolution features, suggests that they are not of detrital
origin. The formation of this dolomite in Sancerre Jurassic
deposits has been ascribed to an early diagenetic process
[Mélières, 1991; Hermoso et al., 2009] based on textural,
morphological and mineralogical arguments. Comparable
dolomite is observed in modern dysoxic environments of the
Peru margin [Meister et al., 2007] and is similarly attributed
to very early diagenetic precipitation. Additionally, both
carbon and oxygen isotope signatures of the dolomitic
phase are relatively close to those of the biogenic calcite
in the Sancerre core [Hermoso et al., 2009], which supports
an early precipitation in the sediment, unlike those phases
with low d13C values that derived from the oxidation of
organic matter [Irwin et al., 1977].

5.1. Mg/Fe Ratio in Carbonate Reveals Redox
Conditions in Pore Fluids

[36] The strong covariation between relative dolomite con-
tent, and measured magnesium and iron content (Figures 3
and 4), indicates that these ions are chiefly located in the
dolomite lattice. These elements mostly derive from conti-
nental weathering and, in the case of iron, are carried in the
form of oxyhydroxides on clay minerals by the river into
seawater [Carroll, 1958]. Given that iron has distinct redox-
sensitive speciation in seawater (e.g., Fe3+ and Fe2+), even if
the flux from the continent is constant, coprecipitation into
carbonate depends on the balance between oxidized versus
reduced ions, which is driven by the redox state of the pore
fluid in which the dolomite precipitates. Although magne-
sium is less sensitive to dysoxic/anoxic conditions than is
iron, increases in both these two elements in carbonate from
the lowest Toarcian strata could be regarded as an oxic to
dysoxic progression. When seawater became euxinic, sul-
fate reduction fixed iron as pyrite in framboids within the
water column [Karlin and Levi, 1983; Wilkin and Barnes,
1997], whereas magnesium, less sensitive to redox change,
was still incorporated in carbonate.
[37] The differences in the Mg/Fe ratio recorded in

Sancerre at the base of the dolostone and further up in the
core (Mg/Fe lines 1 and 2 in Figure 4a) would require
irregularity in supply to the site of reaction or, assuming a
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constant ratio in the supply of these two elements, an
additional mineralogical trap for either iron or magnesium
prior to dolomite formation. In Sancerre, a shift indicating
relative Fe depletion with respect to Mg is observed from
the base of the dolostone up to the top of the studied interval
and corresponds to the level with substantial presence of
framboidal pyrite (about 5 mm in diameter) in the sediment
[Hermoso et al., 2009]. This syngenetic pyrite is compara-
ble in size to those observed in the Lower Toarcian from
Yorkshire. Such a form of pyrite precipitated at the oxic/
dysoxic boundary within the water column [Wilkin et al.,
1996] has been used for indicating euxinic conditions in
seawater [Wilkin and Barnes, 1997; Bellanca et al., 1999;
Wignall et al., 2005]. Thus, these euxinic conditions
recorded by enhanced pyrite formation are accompanied
by an offset toward lower Fe concentration in pore fluid, as

recorded in dolomite (Figures 4a and 5a). In Peniche, such
a shift toward lower iron concentrations in carbonate
(Figures 3b and 4a) is also observed, between 17 m and 25m.

5.2. Mn Spikes Indicate Termination of Oxygen
Availability in the Water Column

[38] The strong correlation between Fe and Mg, but also
with Mn measured in the two locations, indicates a common
mineral lattice for these three elements by the coprecipita-
tion of Mn into a Mg-rich carbonate, namely the dolomite
[Böttcher, 1998; Bellanca et al., 1999]. Because manganese
in seawater is present in distinct oxidation states (Mn4+/
Mn3+ and Mn2+ incorporated into oxyhydroxides and car-
bonates, respectively), the substitution of manganese into
the calcite or dolomite lattice forming at or just below the
seafloor can take place under certain redox conditions.

Figure 5. Evolution of seawater chemistry and the carbonate productivity/drawdown across the negative
carbon isotope excursion in the two studied basins. (a) Paris Basin, Sancerre (France). The negative CIE
occurred through a long-term dysoxic-anoxic transition and is accompanied by a drop in the biogenic calcite
content. Black shales are observed at the second step of the negative C isotope shift and associated with a
notable Mn spike in carbonate. A salinity stratification of the water column is developed, which persisted
during the rest of the T-OAE. After the end of the d13C negative shift, the carbonate pump was rapidly
restored, and also associated with very high Sr/Ca ratio in the sediment when the abundance of the
Crepidolithus crassus coccolithophore became significant. (b) Lusitanian Basin, Peniche (Portugal). The
d13C negative shift is the first geochemical event recorded through the section, and it is also accompanied by
lowered calcite particle drawdown and higher dolomite content. Dysoxic conditions deduced by higher
Mg/Fe ratio in carbonate were initiated during the CIE plateau without any corresponding change in the
carbon isotope profile. Both calcite content and Sr/Ca ratio increase at the termination of the low d13C
interval. A thin organic-rich mudstone (TOC � 2.6%; HI � 320 mg HC/g TOC) is recorded in this
recovery interval, which is associated neither with lowest C isotope values in carbonate nor with high Mn
concentrations.
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Condensed intervals related to maximum flooding surfaces
may be characterized by high Mn contents in carbonate
[Emmanuel and Renard, 1993; Jarvis et al., 2001]. In the
present study, transitions between both the Lemede Fm and
the Cabo Carvoeiro Fm in Peniche, and the Grès médiolia-
siques Fm and Schistes carton Fm in Sancerre (slightly
postdating the Pliensbachian/Toarcian boundary in the two
cases) are accompanied by high manganese contents (Fig-
ures 4a and 4b). This lithological change record sedimentary
condensation, as is also suggested by notable accumulations
of belemnite rostra. A condensed interval around the
Pliensbachian/Toarcian boundary has been previously pro-
posed on a west European scale in the work by Morard et
al. [2003], which may be attributed to a maximum flooding
surface sensu Haq et al. [1988] and Hallam [1997]. Major
paleoenvironmental changes have been inferred for this
earliest Toarcian interval in Peniche because this level
records a ��2% negative d13C excursion in bulk carbonate
(Figure 3b) [Hesselbo et al., 2007], and a concomitant
��1.5% negative shift d18O in brachiopod calcite [Suan
et al., 2008b]. In southern France, the Quercy Basin (Penne
section) also records a negative CIE around the Pliensbachian/
Toarcian boundary [Emmanuel et al., 2006]. This first
carbon isotope perturbation accompanying the Mn spike
is, however, not recorded in Sancerre. Further work is
required in boreal realms to determine the regional extent
of this event and further our knowledge about the nature of
this change of the seawater chemistry at the Pliensbachian/
Toarcian boundary, which may correspond to a major pulse
of volcanism in the Karoo Large Igneous province [Jourdan
et al., 2008; Moulin et al., 2008].
[39] Subsequently during the Early Toarcian, the evolu-

tion of facies in neither locations suggest strong condensa-
tion, and the short-term fluctuation in the Mn in carbonate
may be related to redox-sensitive effects [Huckriede and
Meischner, 1996], as previously applied for Toarcian black
shales [Jenkyns, 1985; Jenkyns et al., 1991; Vetö et al.,
1997; Ebli et al., 1998; Bellanca et al., 1999; Jenkyns et al.,
2002; Emmanuel et al., 2006]. The mechanism explaining
the response of manganese to redox change relies on the
high sensitivity of manganese to the redox state of the
environment when compared with to iron and magnesium.
When the environment shifted from relatively poorly oxy-
genated water toward strongly anoxic conditions leading to
black shale deposition, oxide and hydroxide phases were
destabilized and dissolved: Mn4+/Mn3+ species reduced to
Mn2+, and then incorporated into the carbonate lattice, thus
explaining the redox-driven Mn spike in the geochemical
record.
[40] The inception of the first black shale interval in

Sancerre is accompanied by such a pronounced Mn spike
related to redox change in the water column and in pore
fluids. At this level, a supplementary source of manganese
provided by oxide removal explains the relative Mn enrich-
ment in carbonate that departs from the correlation with
magnesium and iron (Figure 5b). Hence, the difference in
Mg/Fe/Mn correlation and the presence of the Mn spike at
the base of the black shale in Sancerre records the inception
of strong anoxia in the water column and in the interstitial
sediment (Figure 5a).

[41] The absence of clear laminations and presence of
bioturbation through most of the Peniche section rules out
the development of totally anoxic conditions, as remarked
upon by McArthur et al. [2008a]. Nevertheless, a thick
interval from 17.5 m up to 26 m with weakly developed
sedimentary lamination evidences broadly dysoxic condi-
tions in pore fluids, at least in bottom waters over the
interval characterized by the negative CIE and above
(Figures 3b and 5b). A Mn spike is, however, not recorded
in Peniche in these partly laminated facies. The absence of
such Mn enrichment in carbonate indicates that oxygen
deficiency was not intense enough to introduce divalent Mn
into the environment in Peniche.

5.3. Contrasts in the Record of Dysoxia, Anoxia, and
CIE in Both Sections

[42] Comparing both sections, it is apparent that the
evolution of the redox state of the water column is inde-
pendent of the CIE. In Sancerre, the first step of the d13C
decrease occurred at a level below that of the lowest black
shale of the OAE. This setting indicates that the establish-
ment of reducing bottom water is unrelated to the onset of
the d13C negative shift. On a longer time scale, it is only the
stratigraphically lowest black shale interval in Sancerre that
is associated with a �6% negative CIE. After the negative
CIE recorded in Paris Basin, further evidence of anoxic
conditions is displayed in the sediments, which are not
accompanied by unusually low carbon isotope values. In
Peniche, no stratigraphically extensive black shale facies is
expressed, although geochemical evidence deduced from
the Mg/Fe ratio in carbonate, by analogy with Sancerre,
indicates reducing conditions in seawater within the nega-
tive CIE, and these were maintained during and after the
recovery interval. Nevertheless, the geochemical signature
of this redox change does not coincide with the steps in the
d13C decrease as would be expected if these two geochem-
ical events were linked.
[43] The change in flux rate of the organic carbon sinking

through the water column is a key parameter for under-
standing the d13C depth profile during the Early Toarcian,
but it is difficult to discuss the extent to which the emission
of CH4 into the atmosphere has participated in the con-
sumption of oxygen during its oxidation into CO2, as
suggested by Emmanuel et al. [2006]. The fact that the
relationship between the CIE and the T-OAE records, as
defined by the stratigraphical distribution of organic-rich
shales, is not identical in all European sections, suggests
that the onset of the anoxia, regardless of the negative CIE,
was under local/regional control, as suggested by McArthur
[2007] and McArthur et al. [2008a, 2008b]. Such a conclu-
sion does not, however, rule out the hypothesis that an
increase in organic productivity was globally synchronous
and was the principal causative factor behind the T-OAE.

6. Efficiency of the Carbonate Pump Through
the CIE

[44] The Sr/Ca ratio has been widely used as a paleopro-
ductivity proxy since the work of Stoll and Schrag [2000]
and Rickaby et al. [2002]. For the Early Toarcian critical
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interval, two distinct parameters need to be considered for
understanding how the carbonate pump evolved: the surface
productivity itself and the sedimentation and preservation of
secreted biogenic calcite particles. The strontium concen-
trations in the Sancerre carbonates are particularly high
when compared with typical Jurassic pelagic carbonates,
especially in the upper part of the section where values
reach 4000 ppm. Typical strontium contents in pelagic
sediments are generally less than 1000 ppm [Renard,
1986], which is the limit of values for the Peniche section.
Using an average partition coefficient of strontium into the
calcite lattice (KSr � 0.13 [Kinsman, 1969]) and dolomite
(KSr � 0.07 [Jacobson and Usdowski, 1976]), it appears
that the unusually high strontium content in Sancerre
carbonate cannot be ascribed to precipitation from normal
(�10 ppm Sr) seawater. Primary aragonite (a relatively high
Sr carbonate phase) mineralogy of the coccolith specimens
of this section is ruled out, given their preservational state
[see Hermoso et al., 2009, Figure 4b]. In addition, diagen-
esis is known to be responsible for decreasing the strontium
contents in marine carbonates [Richter and Liang, 1993].
Thus, the measurements of strontium in Sancerre require
either an unrealistically high KSr (up to 0.5) and/or extraor-
dinarily high concentrations of this element in seawater (up
to 150 ppm).
[45] Langer et al. [2006] have cultured Emiliania huxleyi

under doped Sr/Ca media concentrations in laboratory
experiments. This study demonstrates that this modern coc-
colith can incorporate high amounts of strontium (Sr/Ca �
35 mmol/mol) mineralized from Sr/Ca of the media
�90 mmol/mol, corresponding to a partition coefficient of
strontium into calcite about 0.39. Taken together, these
observations indicate that such high strontium contents in a
biogenic phase are possible and may chiefly depend on Sr/Ca
ratio in seawater.

6.1. Biogenic Calcite and Strontium Contents During
the d13C Decrease Interval

[46] In both studied sections, the relative decreases in the
calcium carbonate content in the CIE intervals are also asso-
ciated with decreases in the strontium content (Figures 2a
and 2b). This relationship could be linked to a lowered
carbonate production in surface water and/or a decrease of
the carbonate drawdown to the seafloor (Figures 5a and 5b).
It is hence important to assess the respective contributions
of a decrease in calcium carbonate productivity and/or
sedimentation to explain this interval of low biogenic calcite
content characterized by lowered Sr content in calcium
carbonate.
[47] Calculated calcareous nannoplankton fluxes in vari-

ous European sections indicate depressed nannofossil accu-
mulation rate to the seafloor over the CIE interval [Mattioli
et al., 2008, 2009]. In contrast, large-scale deposition of
phytoplanktonic organic matter indicates that primary pro-
ductivity remained very high during the T-OAE. Although
other organisms have also contributed to the primary
production [Jenkyns et al., 2001], especially in the western
Tethys [Bucefalo-Palliani et al., 2002; Tremolada et al.,
2005], the organic production by calcareous nannoflora did
remain locally dominant, at least in NW Europe [Hollander

et al., 1991]. Hence, a mechanism to decouple carbonate
and organic matter production needs to be sought. One
possibility is acidification, related to massive CO2 injection
into seawater during the period of d13C decrease [Hesselbo
et al., 2000; Mattioli et al., 2004]. Not only could this
perturbation of seawater alkalinity have induced a dissolu-
tion of carbonate on the seafloor, but it may also have
contributed to the decrease of carbonate surface productivity,
as demonstrated by marine calcifier culturing experiments
[Riebesell et al., 2000; Rost and Riebesell, 2004]. Both
features seem to be similarly recorded with the onset of
the negative CIE for both locations in the present study
(Figures 5a and 5b).
[48] During the CIE, not only was less biogenic calcite

produced and preserved in both locations, but also the
calcareous nannoplankton was dominated by the Calyculus
coccolithophore, know to mineralize from surface brackish
waters [Mattioli et al., 2008]: a relevant observation in the
context of proposed enhanced fresh water supply during this
period [Cohen et al., 2004; Dera et al., 2009]. The low Sr
content of these brackish waters could explain the lowered
strontium contents in the biogenic calcite produced during
the negative CIE. The independent evolution of Sr moni-
tored by the coccolithophores at the top of the water col-
umn, compared with the increasing Sr contents (��1.6 with
respect to Ca) of the belemnites throughout the T-OAE
[McArthur et al., 2000; Bailey et al., 2003] implies a clear
chemical stratification of the water column.

6.2. Recovery Interval in a Relatively Restricted
Environment (Paris Basin)

[49] In the NW European seaway, there is evidence for
stratification of water masses during the T-OAE with lower
salinity conditions prevailing in the most surficial body mass
[Farrimond et al., 1989; Wignall et al., 2005; McArthur et
al., 2008a] that were detrimental for the calcareous nanno-
flora [Mattioli et al., 2008]. In NW Europe, this water
column stratification may in part be recorded by a ��1.5%
negative shift in the d18O evolution in coccolith-bearing
carbonates (Figure 2a and supplementary data in the work
by Hermoso et al. [2009]), and belemnites [Bailey et al.,
2003] at the beginning of black shale deposition. However,
it is likely that an increase in seawater temperature, coinci-
dent with a suggested rise in pCO2 levels [McElwain et al.,
2005], also imprinted the d18O record. Also, the osmium
isotope profile from coeval black shales in Yorkshire is
interpreted to represent a significant increase in weathering
and hence fresh water input into the basin [Cohen et al.,
2004]. At the termination of the d13C decrease (defining the
beginning of the recovery interval), the increase in %wt.
biogenic calcite indicates that the efficiency of the marine
carbonate pump was restored. When the nannofloral assem-
blage shifted fromCalyculus dominated towardCrepidolithus
dominated (transition recorded at �346 m in Sancerre
[Hermoso and Minoletti, 2008]), the strontium content in
calcium carbonate increased dramatically (Figures 3a and
5a). This geochemical event may be explained by their
different living depths within the water column: Calyculus
thrived at the top of the water column in a lowered salinity
zone [Mattioli et al., 2008], probably depleted in strontium,
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whereas Crepidolithus crassus, a deep dweller [Bour et al.,
2007], calcified at greater depths from normal salinity
seawater with higher Sr concentrations that were 5–10
times greater than that of modern seawater. We argue that
an accumulation of restricted basin Sr concentrations oc-
curred during the d13C decrease as a result of the biogenic
calcite collapse and/or lack of aragonite deposition owing to
the acidification stage. At the end of the event, this excess
Sr of these regions was incorporated into both deeper
dwelling coccoliths (Figure 5a) and belemnites [McArthur
et al., 2000; Bailey et al., 2003].
[50] The nature of the very high primary productivity and

the concomitant unusually high Sr/Ca incorporation in
coccolithophore calcite during the recovery interval are still
poorly understood. It is interesting to speculate that the
coccolithophores could have acted as a feedback on the
global carbon cycle due to massive CO2 drawdown. Previ-
ous works have attempted to underline similarities between
the Toarcian events and the Paleocene/Eocene Thermal
Maximum [Cohen et al., 2007; Mattioli et al., 2009]. For
the PETM, it has been proposed that the reestablishment of
the marine carbonate pump after the CIE was relatively
efficient in proximal sites compared with the open marine
realm [Gibbs et al., 2006]. The demonstration of such a
contrast between epicontinental versus oceanic realms for
the Toarcian event would require a larger scale picture of
these biogeochemical changes. However, the apparent com-
plete subduction of Early Jurassic oceanic seafloor pre-
cludes access to an Early Toarcian record of open oceanic
conditions. Nevertheless, the higher productivity in the
epicontinental seas may have been the result of increased
continental weathering, as suggested by the osmium isotope
profile [Cohen et al., 2004] forced by high pCO2 levels
[McElwain et al., 2005], and thus significant basinward
nutrient supply. It seems likely that enhanced continental
discharge was the foremost mechanism that helped to
reestablish seawater alkalinity and carbonate preservation
after the Early Toarcian CIE.

6.3. Recovery Interval in a More Open Marine Realm
(Lusitanian Basin)

[51] The strontium contents in the carbonate of Sancerre
and Peniche are similar in the Late Pliensbachian interval,
but in the Early Toarcian section, particularly in sediments
postdating the negative CIE, the contents are significantly
lower in Peniche than in Sancerre. Furthermore, the Sr/Ca
lower ratios in Peniche carbonate during the CIE (Figure 3b)
are exaggerated by a higher dolomite content (low Sr phase).
The nannofloral change observed in the Paris Basin during
the recovery interval is not clearly illustrated in the Peniche
section, as noted in the work ofMattioli et al. [2008], and the
abundance of Crepidolithus after the CIE remained low,
which could also explain the relatively limited Sr content in
Peniche with respect to the more restricted environments
from NW Europe. Additionally, there is no geochemical
evidence for seawater stratification in the Lusitanian Basin:
the oxygen isotope profile from bulk carbonate does not
display any negative shift (Figure 2b and supplementary data
in the work by Hesselbo et al. [2007]) that might indicate
fresh water supply during the Early Toarcian interval, as is the

case in the Paris Basin. Furthermore, the Lusitanian Basin
represents a more open-marine realm with easier interchange
with Tethyan waters than the various basins of the NW
European epicontinental seaway. Although a relatively ele-
vated Sr content is observed in Peniche in the recovery
interval above the negative CIE, it is unlikely that there
was any exceptional accumulation of this element throughout
the times of the T-OAE in this basin, probably because the
accumulated strontium was mixed with more open marine
seawater.
[52] The difference in the structure of the water column

between the Lusitanian and the Paris Basins is consistent
with the idea that the seawater stratification was, at least
partly, controlled by low-salinity water discharges coming
from the Arctic region via the transcontinental Laurasian
seaway [Bjerrum et al., 2001], as proposed in the study by
Mattioli et al. [2009]. This southward flux could have
conceivably had less influence in the westernmost Tethyan
realm than in the restricted NW European epicontinental
seas (Figure 1). Because it was located at the junction
between the westernmost Tethys and the Proto-Atlantic
(Figure 1), the Lusitanian Basin can be regarded as a more
open marine environment with respect to the Paris Basin.
Again, by analogy with the PETM, the relatively low
productivity in Peniche is in agreement with the proximal/
distal gradient in productivity of the PETM demonstrated by
Gibbs et al. [2006]. Taken together, this corroborates a
common biogeochemical gradient in the drawdown of
excess CO2 after the Early Toarcian and PETM negative
CIEs with a maximal efficiency of the ‘‘biological pump’’ in
shelf sea environments.

7. Conclusion

[53] Seawater in the Paris Basin throughout the Early
Toarcian experienced progressive oxygen depletion from
dysoxic toward anoxic/euxinic conditions leading to the
deposition of black shales. Although a globally synchronous
increase in organic productivity may have triggered the
T-OAE, it appears that the onset of anoxia was eventually
forced by local factors such as basinal restriction and
seawater stratification. The fact that the negative CIE
occurred before the onset of anoxia rules out the explanation
involving upwelling of 12C-rich to surface waters in a
highly stratified water column, as originally proposed by
Küspert [1982]. The Early Toarcian pronounced d13C de-
crease is better accounted for by a global model such as
methane hydrate dissociation as proposed by Hesselbo et al.
[2000] with effects on the seawater alkalinity, and thus
carbonate productivity and preservation. This supposed
massive emission of methane, fingerprinted by the low
d13C ratios in carbonate, slightly predated the development
of regional anoxia (highlighted by a pronounced Mn spike
in the geochemical record) in the southern Paris Basin. This
chronology may indicate local participation of oxygen
consumption by methane reduction as a forcing function
for the onset of anoxia. That this negative CIE is indepen-
dent of the local physicochemistry of seawater is also
illustrated in the Lusitanian Basin, where dysoxic conditions
in bottom waters clearly postdated the onset of the negative
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shift. The absence of fully anoxic conditions may be
explained by a low in situ primary productivity, and a more
oxygenated environment due to seawater exchanges with
the open oceanic realm.
[54] The carbonate pump evolved similarly in both stud-

ied environments with depressed biogenic calcite content
through the d13C decrease, as suggested by the work of
Mattioli et al. [2009]. Although this observation from both
studied locations may result from lowered surface produc-
tivity, it is likely that seawater acidification, induced by
CH4/CO2 release, led to diminished calcium carbonate
drawdown through the water column. However, this event
does not explain the concomitant relatively low strontium
content in the biogenic calcite (coccoliths) from the Paris
Basin. This Sr/Ca depression is not directly linked to low
productivity setting in surface waters, but is better explained
by the coccolithophorid assemblage that was strongly
influenced by fresh water inputs in the context of elevated
pCO2 levels [Cohen et al., 2004; McElwain et al., 2005;
Dera et al., 2009] and/or Arctic fresh water discharge
[Bjerrum et al., 2001], especially in NW Europe. Thus, an
increase in the strontium concentration in seawater may
have resulted from the acidification stage by reduced

removal of this element from seawater in the biogenic
calcite and/or in aragonite. This ‘‘geochemical anomaly’’
is recorded through the T-OAE in the belemnite calcite from
Yorkshire [Bailey et al., 2003] and during the recovery
interval, as soon as the nannofloral assemblage changed to
deeper dwellers (mostly Crepidolithus crassus) calcifying
from normal salinity waters in the Paris Basin. In contrast,
in the Lusitanian Basin, which was more exposed to oceanic
water masses of the Proto-Atlantic and the western Tethys,
limited productivity operated during the recovery interval
and the Sr/Ca ratio in calcium carbonate did not rise so
significantly compared to NW European seas.
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