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The causes of the pronounced negative excursion in carbon-isotope values that was recorded during the Early
Toarcian Oceanic Anoxic Event (T-OAE) are still under debate, particularly with regard to the local versus
global pattern of the excursion, and the extent to which recorded signals are under a diagenetic control. In
this study we employ a novel microseparation technique in order to investigate the isotopic and
mineralogical characteristics of different size fractions of the carbonate content from a Toarcian section
recovered from the Sancerre-Couy borehole, southern Paris Basin. Beyond the recognition of a -6%. 6>C
excursion in the bulk carbonate content, our data also demonstrate that biogenic particles (such as
coccoliths) and inorganic grains precipitated as early diagenetic phases (including dolomite) both record the
excursion with the same magnitude. Although several black shales occur through the Paris Basin Toarcian
section, it is only that associated with the onset of the OAE that coincides with a large negative carbon-
isotope excursion. Taken together these observations indicate that during this event, the entire water column
was characterized by homogeneous carbon-isotope values; such a pattern is incompatible with the idea that
the negative excursion was generated simply through the upwelling of bottom waters enriched in re-
mineralized organic carbon (cf. “the Kiispert model”), since this would have required a strong vertical
gradient in the water column. Additionally, the Paris Basin data show that the decrease in carbonate §'>C
values during the OAE occurred in several discrete steps (each of some -2%.), as has previously been found
for organic carbon substrates in other European sections. The stepped nature of the isotopic profile, which is
part of a stratigraphic signature previously ascribed to Milankovitch forcing, is compatible with regular
pulsed input of light carbon into the whole atmosphere-ocean system from a climatically sensitive source
such as gas hydrate, or from thermal methanogenesis of organic-rich sediments in the Karoo-Ferrar large
igneous province. Contrasts in the amplitude of the negative carbon-isotope excursion on a regional scale
remain an important unexplained aspect of the Toarcian record.
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1. Introduction During the Early Toarcian OAE, 6'3Ce,y, increased: the values are

around -1%. to —2%. at the base of the middle tenuicostatum Zone
up to +3 or +4%. in the falciferum Zone (Jenkyns, 1988; Jenkyns and
Clayton, 1997; Jones and Jenkyns, 2001; Rohl et al., 2001; Jenkyns

Oceanic anoxic events (Schlanger and Jenkyns, 1976) correspond
to periods of increased organic matter fossilization (i.e. huge '°C

trapping) during which the carbonate carbon isotopic ratio is re-
latively high (up to 2%. as expressed in 6'>C). However, some anoxic
periods display very sharp negative shifts in the carbon isotope
profiles (Scholle and Arthur, 1980; Renard, 1985; Weissert and
Channell, 1989; Clarke and Jenkyns, 1999; Erba et al., 1999; Hesselbo
et al., 2000; Jenkyns, 2003; Weissert and Erba, 2004; Renard et al.,
2005) leading to primary 6'3C values less than —1%..
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et al.,, 2002; Duarte et al., 2003; Kemp et al., 2005; Emmanuel et al.,
2006; Hesselbo et al., 2007a; Woodfine et al., 2008; Sabatino et al., in
press). Disrupting this positive trend, a pronounced negative isotopic
shift has been described in marine carbonates, phytoplanktonic
organic matter and organic biomarkers (Schouten et al., 2000; Van
Breugel et al.,, 2006), and also in fossil wood which monitors the
atmospheric C-isotope composition (Hesselbo et al., 2000, 2007a).
These isotopic decreases, occurring during relatively brief time
(about 150 ky for the Early Toarcian, according to Suan et al., 2008a),
are still difficult to explain. Recycling of remineralized carbon from
deepest '>C-rich water of an intermittently stratified seawater as
originally proposed by the “Kiispert model” (Kiispert, 1982; Jenkyns,
1988; Selen et al., 1996; Schouten et al., 2000) has been thought to be



M. Hermoso et al. / Earth and Planetary Science Letters 277 (2009) 194-203 195

responsible for the record of such negative excursions in the sedi-
mentary record, as such events occur in modern fjords (Van Breugel
et al., 2005). Because a negative shift is recorded from limestones
representing lithofacies in platform strata in westernmost Tethys, they
also have been interpreted in terms of carbonate diagenesis (Jenkyns
and Clayton, 1997). Rapid sea-level fluctuations in such shallow epi-
continental environments have also be postulated to drive both §'>C
records in carbonate and phytoplanktonic organic matter (Rohl et al.,
2001; Schmid-Rohl et al., 2002).

The observation of an apparently synchronous negative carbon
isotope shift in Early Toarcian strata, and similarities to the well-
documented Late Palaeocene event (Dickens et al., 1995), led Hesselbo
et al. (2000) to consider methane hydrate dissociation as a plausible
interpretation for the C-isotope negative excursion. One problem with
this interpretation is the storage and causes of destabilization of
methane hydrates within the European realm, because these com-
pounds are only stable within a restricted range of temperatures and
pressures that seem not compatible with warm climate of Early
Jurassic times (Emmanuel et al., 2006; Beerling and Brentnall, 2007),
although it is possible that methane hydrates were stored in higher
latitudes.

A number of recent papers have questioned the global nature of
the T-OAE and the 6'3C negative excursion (Van de Schootbrugge
et al., 2005; Wignall et al., 2006; McArthur, 2007) based on belemnite
carbon-isotope profiles, which do not clearly record the negative shift.
Van de Schootbrugge et al. (2005) argue that a deep-water upwelling
event is more appropriate to explain the C-isotope excursion, similarly
to the Kiispert model. Also on the basis of belemnite data, Jiménez
et al. (1996), Rosales et al. (2001), and Bailey et al. (2003) have pos-
tulated that Toarcian bulk carbonates have not retained their pristine
geochemical composition due to the burial diagenesis. Other authors
have suggested that some profiles that do not show the negative
carbon isotope excursion should be taken at face value and indicate
that the negative excursion did not occur everywhere (e.g. McArthur,
2007). However, poor sample resolution, incomplete sedimentary
record and uncertainty about the nature of carbonates in these sec-
tions may equally well explain such observations (e.g. Hesselbo et al.,
2007b).

The aim of this work is to investigate the individual C-isotope
characteristics of different carbonate components in a key Toarcian
succession using an innovative micro-separation protocol. We have
chosen to study the sedimentary and geochemical evolution of the
Paris Basin because no high-resolution study has yet been published
for this location in spite of an abundant literature on organic
geochemistry. In the southernmost part of this basin, the Sancerre-
Couy drill core (Cher, France) provides a high sedimentation rate
reference section for the Toarcian strata of the Paris Basin, and allows a
detailed analysis of the negative 6'C excursion.

2. Geological settings of the Early Jurassic Paris Basin

During the Early Jurassic, extensional tectonics of the European
realm created a seafloor morphology characterized by shoals delimit-
ing subsiding shallow basins. The Paris Basin is one such basin in a
restricted epicontinental sea (Fig. 1), and corresponds to a Boreal
faunal realm where organic matter was better preserved than in more
oxygenated Tethyan deposits (Bassoulet and Baudin, 1994). Palaeocli-
matic reconstructions (Baudin et al., 1990; Chandler et al., 1992; Bailey
et al., 2003) indicate a warm and wet climate in NW-European basins,
in agreement with their subtropical 30°N palaeolatitude (Bassoulet
et al., 1993).

At this time, the Toarcian biosphere underwent important changes,
with extinctions affecting marine and continental life (Hallam, 1983,
1996; Bassoulet and Baudin, 1994; Harries and Little, 1999; Macchioni
and Cecca, 2002), including significant overturns in the calcareous
nannoflora (Mattioli et al., 2008). The causes of these crises were likely
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Fig. 1. Palaeogeographic map for the Toarcian in NW Europe showing the Sancerre-
Couy borehole location (modified after Bassoulet et al., 1993). Emerged lands are in grey
tint (BM: Bohemian Massif, LBM: London-Brabant Massif, AM: Armorican massif, CM:
Central Massif, FC: Flemish Cap, GB: Galicia Bank, IM: Iberian Maseta, TP: Tisza Plate).

due to the conjunction of palaeoceanographic factors such as sea level
rise and/or poorly oxygenated seawater (Jenkyns, 1988) and/or intense
volcanic activity related to the Karoo-Ferrar large igneous province
emplacement (Palfy and Smith, 2000; Wignall, 2001; cf. Grocke et al.,
accepted for publication). This peculiar framework also explains the
onset of a Oceanic Anoxic Event, so-called ‘Posidonienschiefer Event’
(Jenkyns, 1988; Jenkyns et al., 2002), which has been linked with high
volcanic emissions, enhanced continental leaching (Cohen et al.,
2004), and a second-order maximum transgression corresponding to
the maximum flooding onto the NW European epicontinental surface
(Hallam, 2001).

The Sancerre-Couy borehole is located in central France (Fig. 1),
near Bourges city. It was drilled in 1986-1987 for studying the
magnetic anomaly of the Paris Basin (program GPF ‘Géologie Profonde
de la France’, Lorenz, 1987). 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
studied interval (Late Pliensbachian spinatum Zone to Early Toarcian
falciferum Zone) is 20 m thick.

The biostratigraphic framework (Fig. 2) is described by Gély et al.
(1996). The Pliensbachian-Toarcian boundary is placed at 355.50 m
with confidence. However, the transition between tenuicostatum and
falciferum Zones is imprecisely defined due to a scarcity of index
fossils. Nevertheless, the biostratigraphic boundary is approximately
placed at 344.50 m. The sediments are mainly composed of detrital
minerals (illite, chlorite and quartz) mixed with various calcareous
particles. Black shales occur between 348 and 307 m at this location
(Lorenz et al., 1991). In the studied section, three distinct black shale
intervals are observed, they are disrupted by bioturbated marls with
low organic content (Fig. 2).

3. Material and methods

As the bulk carbonate content is the mixture of various cal-
careous particles (coccoliths, calcareous dinoflagellates, inorganic
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Fig. 2. Mineralogical (total carbonate content and relative proportions of calcite and dolomite) and stable C-isotope ratios of bulk carbonate through the studied interval. The
biostratigraphic framework is from Gély et al. (1996). Encircled numbers correspond to the four steps described in text. BS1, BS2 and BS3 show the three black shale intervals

disrupted by bioturbated sediments observed in this section.

precipitations, etc.) that have distinct origins, it is of primary im-
portance to access their specific geochemical signature. For that, we
have first identified each particle type (coccoliths, calcispheres,
nannoliths, rhombs, anhedral monocrystals) and then isolated
them according with their sizes and physical resistances. The aim
was to i) estimate the primary validity of isotopic measurements
performed on bulk carbonate and ii) reconstruct specific geochem-
ical curves (i.e. coccolith signal) and to compare them to the bulk
carbonate evolution.

3.1. Granulometric separation of sedimentary particles

The separation of sedimentary particles was carried out by
applying a size-grading separation protocol (Minoletti et al., 2001, in
press). This technique enables isolation of micrometric fractions
differing in size and physical strength. About 10 g of sediments were
first gently crumbled and put into a surface active solution (Benzalk-
onium Chloride solution) to eliminate rock aggregates, enable the
dispersion of clay minerals, and ease the subsequent filtering steps.
Then, a preliminary separation step was performed with a 20 um sieve
to retain resistant aggregates and microfossil fragments. The corre-
sponding filtrate consists of a suspension containing all the <20 pm
separated particles of the bulk sample.

3.1.1. Concentration of nannofossils from bulk sediments
A semi-quantitative evaluation of size ranges and total abun-
dance of calcareous particles smaller than 20 pm was performed

in order to select the appropriate following filtration steps. This
enables recovery of fractions that contain only one dominant com-
ponent (>80%) from polygenetic assemblages (bulk sample). The fine
fractions (<12 pm) were separated using polycarbonate membrane
filters.

Samples were selected according to the geochemical signatures of
bulk carbonate and the composition of calcareous assemblages. They
were separated with similar steps of filtration: 20 um, 10 pm, 8 pum,
5 um, 2 um. Each filtration step was accompanied by smear-slide
observation in order to check the granulometric homogeneity of the
fractions. After separation, they were dried, weighed and analyzed.
Nannofossil-rich fractions were obtained in the size range of these
particles, mainly between 2 and 8 pm.

3.1.2. Purification of monocrystalline fractions using strong ultrasonic
treatment

Fifteen samples were purified into calcareous monocrystalline
particles (dolomitic rhombs and calcitic macrocrystals). These frac-
tions were obtained using the resistance of monocrystalline struc-
tures to strong ultrasonic treatment, while polycrystalline ones
(such as biogenic particles) are fragmented. This treatment was
done using a very powerful ultrasonic bath operating over several
hours.

After this particle disassembly step, all samples were recovered
through a 5 pm membrane. Since nannofossils are sensitive to cavation
induced by the ultrasonic supply, they are broken up into <5 pm
particles. Retentates were optically checked for their homogeneity.
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3.2. Characterization of the separated calcareous assemblages

In order to properly compare carbonate assemblages, smear-slides
were made from homogenized suspension containing 60 mg of sample
in 60 mL neutralized water. Counts were performed using a high-
resolution cross-polarized Zeiss optical microscope (magnification
1500). Some selected samples were investigated with a scanning
electron microscope (SEM) coupled with a micro-probe device in order
to: i) characterize precisely the sedimentary components, ii) confirm
the mineralogy of calcareous particles deduced from optical observa-
tions and perform spot chemical measurements on these particles, and
iii) observe potential dissolution and recrystallization features of these
calcareous particles. The composition of calcareous assemblages of the
separated fractions was evaluated using optical and electronic
observations and X-ray semi-quantification. This enables quantification
of the respective proportions of dolomite and calcite, and assessment of
the composition of calcitic fraction (coccoliths, Schizosphaerella, mono-
crystals) in terms of dominant particles.

The mineral phases of the sediment were identified by X-ray dif-
fraction using a Brucker D-501 X-ray diffractometer (CuKc, Ni filtered
radiation) coupled with an automated DACO-MP system. Scans were
performed from 3° to 75° at a scanning speed of 0.05° 26/s, with
counting steps of 1 s. Semi-quantitative measurements of carbonate
mineral abundances (calcite versus dolomite) were realized on non-
oriented powdered samples. Intensity of the main peaks (104) of
calcareous phases was corrected according to its respective ‘I/Icorr’
factor' as given by the International Centre for Diffraction Data (ICDD)
in the Powder Diffraction File (PDF) database. Corrections applied
were 2.00 for the calcite diffracting between 3.035 and 3.025 A, and
2.35 for the dolomite at about 2.91 A.

3.3. Carbon-isotope analyses of calcareous phases

Through this Late Pliensbachian-Early Toarcian interval, bulk sam-
ples (120) and granulometric fractions (20) were analyzed for their C
and O stable isotope ratios (6'C and 6'®0) using a SIRA 9 mass
spectrometer. The extraction of the CO, was realized from ~10 mg
powdered sample by reaction with purified orthophosphoric acid
at 50 °C for 15 min. The purification of CO, was performed using
cryoscopic traps (liquid nitrogen followed by carbonic ice). The results
are expressed in %o, relative to the VPDB international standard. The
precision of the measurements is +0.05%. PDB for the carbon isotope
ratio. The oxygen-isotope dataset is given as supplementary material
in the online version.
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4. Results
4.1. Lithofacies and composition of the sediments

The Late Pliensbachian deposits (360 to 355.50 m) consist of grey,
bioturbated argillaceous limestone (Fig. 2). The carbonate content is
about 50 to 60% and displays a steady decrease (down to 30% at
354.50 m). Detrital minerals are represented by clays (illite and chlo-
rite) and quartz. The pyrite phase mainly consists of disseminated
framboids.

The lower part of the Toarcian strata (355 to 350.50 m) is composed
by bioturbated marls with moderate carbonate contents (25-30%).
This monotonous marly succession is succeeded by a calcitic dolo-
stone between 350.35 and 349.22 m. The carbonate content is up to
60% and comprises ferroan dolomite (40%) in large dolomitic rhombs
(Figs. 3,4A) and calcite (20%). In this level, pyrite is also expressed in its
octahedral habit with large crystals up to 20 um. Above 349 m, the
carbonate content thus shows a significant decrease (down to 20%),
and the carbonate phase is mainly composed by calcite (70% wt.).

A 2-m thick, dark, and laminated interval is observed between
348.32 and 345.50 m comprising alternations of dark (organic matter,
pyrite) and pale (quartz, calcite) laminae which are characteristic of
the Schistes carton Formation as described by Réhl et al. (2001), and
Bour et al. (2007) for the easternmost Paris Basin. The carbonate
content is low (15-20%) but shows a progressive increase from 347 m
upwards. This interval contains large amount of phytoplanktonic
organic matter reaching about 10% (e.g. at 346.90 m: TOC=10.4% and
hydrogen index=649) associated with large amounts of framboidal
pyrite (~4%).

At 345 m, these laminated deposits terminate and the strata return to
grey bioturbated marls. Relatively high carbonate content is observed at
about 343 m (55%). This upper part of the studied section (343-347 m) is
marked by higher amounts of dolomite (20% of the whole carbonate),
and other laminated black shales (Fig. 2) are again associated with
higher pyrite content (2-3%). But in respect with the first anoxic interval
(BST1, Fig. 2), it is not accompanied by a carbonate content decrease.

4.2. Evolution of the calcareous particle assemblages and preservation

4.2.1. Overview of calcareous particles

Throughout the studied interval, the main dominant carbonate
components are calcareous nannofossils and, to a lesser extent,
carbonate monocrystals (dolomitic rhombohedra and anhedral cal-
citic particles). A few microfossils (foraminifera and ostracods) and
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Fig. 3. Typology and size range of calcareous particles observed through the studied interval. Thick line indicates that these particles are dominant. Thin line corresponds to accessory

amounts. Dotted line used when only debris are observed.
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Fig. 4. SEM micrographs of granulometric fractions. A: Dolomitic rhombs-rich as-
semblage (349.22 m-8 to 12 pum). B: Example of a coccolith-rich assemblage in which
Crepidolithus crassus is obviously the main taxa here (339.10 m-fraction 5 to 8 pm). Scale
bars are 10 pm.

echinoderm spines are found in bioturbated levels but their con-
tribution to the bulk carbonate can be disregarded (<1 wt. %).
Moreover, they are totally absent in the organic-rich interval. The size
spectra and abundance in bulk carbonate of each calcareous com-
ponent are given in Fig. 3.

The calcareous nannoflora is mainly represented by two coccolith
taxa, Crepidolithus (Fig. 4B) and Lotharingius genera, and two nanno-
liths, Schizosphaerella punctulata, assigned to calcareous dinoflagellates
by Kidlin and Bernoulli (1984), and the Incertae sedis Orthogonoides
hamiltoniae of uncertain biological affinity. The ecological preferences of
Early Jurassic calcareous nannofossils are unclear but in comparison to
modern coccoliths and calcareous dinoflagellates, are interpreted to
thrive within photic zone waters.

Two different types of carbonate monocrystals are found in the
studied interval: euhedral rhombs and anhedral crystals (Fig. 3). In
addition to their distinct morphologies, they can be distinguished by
their birefringence colours under cross-polarized light (iridescent and
light brown respectively). The SEM spot analyses confirm that these
two monocrystal types correspond to distinct mineralogies and
chemical compositions as well: anhedral crystals are calcitic with
low Mg substitution whereas rhombs are Fe-rich dolomite isotypes
(from ferroan dolomite toward ankerite).

4.2.2. Evolution of calcareous assemblages

Beneath the dolomitic interval (350.35 m), relatively small
coccoliths such as Biscutum and Schizosphaerella calcispheres are the
main calcareous contributors to the bulk carbonate. Other calcareous
components are dolomite rhombs (Fig. 4A) and some calcitic
monocrystals. In this interval, the abundance of Mg- and Fe-rich
rhombs progressively increases from less than 5% up to 20%.

In the dolomitic interval (350.35 to 349.22 m), Mg- and Fe-rich
rhombs becomes the principal calcareous components of the samples.

The relative abundances of calcareous nannofossil taxa does not
significantly change, but their total abundances are relatively lower
due to the dominance of ferroan dolomite crystals.

In the low-carbonate interval (348.50 to 346.00 m), the carbonate
is again dominated by calcareous nannofossils. The nannolith Ortho-
gonoides hamiltoniae becomes more abundant, which contrasts with
its very low abundance in the rest of the studied interval. Foraminifera
are totally lacking and the proportion of dolomite is notably low (<10%
weight in the bulk carbonate).

In the upper part of the section, the carbonate content increases
along with the abundance of thick coccoliths such as the Crepidolithus
murolith that dominates the calcareous assemblage (Fig. 4B) accord-
ing to previous observations in the western Tethys (Mattioli et al.,
2008). At the same time, the dolomitic content decreases upwards but
is highly variable (between 45% at 344.07 m and 37% at 341.46 m).

4.2.3. Calcareous nannofossil preservation

The studies of Goy (1979) and Bour et al. (2007) have highlighted a
good preservation of calcareous nannofossils in Early Toarcian black
shales of the Paris Basin. In Sancerre, the same preservation pattern is
observed throughout the studied interval. Pristine biological struc-
tures of calcareous nannofossils (coccoliths and dinoflagellate calci-
spheres) are always clearly evident despite slight etching of shields
and central areas (Fig. 5). In the organic-rich horizons (348.32 to
345.50 m; 347.50 to 341 m; 340.5 to 339 m; resp. BS1, BS2 & BS3 in Fig.
2), enhanced dissolution features are observed on coccoliths, but the
preservation remains rather good. Nonetheless, a 10 cm-thick interval
(347.40-347.30 m) in which the carbonate content is very low (~15%),
with maximal total organic carbon contents (about 10% TOC) displays
poorer preservation.

Even if calcite dissolution intensity is variable, SEM imaging carried
out throughout the whole interval points out the absence of
overgrowth on calcareous nannofossils, even in the organic-rich and
dolomite-rich intervals (Figs. 4A, 5). Noél and Busson (1991) have
demonstrated the high susceptibility to recrystallization of S.
punctulata because of the hollow microstructure of their tests. In
Sancerre, this taxon never displays any secondary calcite infilling
in the shell porosity (Fig. 5). Primary test microstructure is always
evident.

4.3. Isotopic results

4.3.1. Bulk carbonate C-isotope evolution

The Sancerre-Couy sediments record a significant positive trend of
the 6"3C during the Early Toarcian from 0.5 to 3.5%., corresponding to
a 3%, increase in magnitude (Fig. 2). During the tenuicostatum Zone,
this trend is sharply disrupted by a pronounced negative excursion
(-6%. in magnitude). After that, the 8'3C returns to its long-term
positive trend.

In detail, from the bottom of the studied interval up to 350.50 m, a
gradual increase from 0%. to 2%. is observed in the bulk carbonate
6'3C evolution. The dolomite-rich level records isotopic values slightly
lower (1.5%. in average, minimum value: 0.43%. at 349.70 m) than
those observed in the underlying marls, whereas the calcareous
assemblage is significantly different. The negative excursion of the
carbon-isotope is recorded from the top of the dolomite-rich
limestone bed (349 m). This negative shift occurs in four steps, each
of which records a -2%. decrease in magnitude (348.90, 348.32,
347.99, 347.35 m, Fig. 2), separated by short increases in 6'>C values
(0.5 to 1%.). After the most negative isotopic value (347.20 m, 63C=
-3.43%.), the positive trend of the 6'°C is resumed over a short
stratigraphic interval. Similar values to those observed underneath the
dolomitic level (~2%.) are observed at about 345 m. The §'>C evolution
goes then back progressively to the positive trend observed for the
lower part of the Early Toarcian age deposits. The maximum value at
341.77 m (3.6%.) is followed by a progressive decrease (2% in
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Fig. 5. Representative SEM micrographs of coccoliths across the first black shale level
(BS1; 348.32 up to 345.50 m). Note the relatively poor preservation at 347.36 m
corresponding to the dissolution event (sensu Mattioli et al., 2004), recorded in
Sancerre between 34740 and 34730 m. Other levels display better preservation.
Throughout the whole interval, recrystallization features are absent from all coccoliths
investigated by SEM imaging. Note also the offset between the inception of C-isotope
negative excursion (CIE; black box) and the first anoxic stage (BS1).

magnitude) in the upper part of the tenuicostatum Zone and in the
falciferum Zone.

4.3.2. Biogenic particle geochemistry

The finest calcareous fraction of the sediment (<8 um) is composed of
a mixture of nannofossils and monocrystals with a low contribution of
‘micarbs’ (<5 pm calcareous particles, see definition and discussion in
Minoletti et al. (2008)). The <2 um fraction compositions are hard to
assess due to very low carbonate contents (<10%) and the difficulty in
identifying small particles in the smear-slides in clay-rich material.
Biogenic particles are usually concentrated into the 2 to 5 um fraction
(small coccoliths such as Biscutum or Lotharingius), and the 5 to 8 um
fraction with bigger coccoliths such as Crepidolithus and S. punctulata
calcispheres (Fig. 4B). The composition of each fraction in terms of
calcareous assemblage is reported in Fig. 6 (dolomite versus calcite of the
whole calcareous fraction, and the main contributor to the calcitic part).

The Early Toarcian positive trend of the carbon-isotope ratio is
recorded in all these fractions whatever their calcareous particle
contents. Both granulometric fractions (2-5 and 5-8 um) of each level
treated have near similar 6'3C signatures, except for the 354.17 m level
(A6=~1%.) which shows a lighter C-isotope signature for the 5-8 um
fraction. For the low 6'>C bulk signatures (347.40 and 346.90 m samples),
in spite of the low carbonate contents, calcareous particles of the 2-5

and 5-8 pm fraction are biogenic-dominated and record the bulk
negative shift of the 6>C. Geochemical analyses indicate that these
fractions are close to their respective bulk carbonate signatures. These
differences are less than 0.5%. in magnitude. For the 347.40 m level, even
if the composition of the 2 to 5 pum fraction is dominated by
monocrystals, its '3C signature is yet close to the bulk signature (Fig. 6).

4.3.3. Non-biogenic carbonates

Monocrystal-rich fractions enable measurement of the specific
geochemical signatures of the >5 um calcareous monocrystalline
particles (anhedral calcite and dolomite rhombs, Fig. 4A) reflecting the
chemistry of their growth environments. The 6'3C signatures of these
fractions follow the bulk record evolution, especially during the
negative excursion with the same magnitude of -6%. (Fig. 6). In detail,
these particles record lighter C-isotope ratios in 6'>C carbonate than
the bulk (average range of 0.5%.), except during the isotopic event.
These monocrystalline calcareous particles thus record the 63C
negative excursion with the same magnitude as the bulk carbonate,
in spite of their low abundance in the whole calcareous assemblage
and their different nature.

5. Discussion
5.1. Preservation of pristine geochemical signals in biogenic calcite

Dissolution is not likely to modify the isotopic and elementary
composition of coccolith plates because their near-instantaneous bio-
precipitation in the coccolithosome (Paasche, 2002) ensures a
chemical homogeneity. In the context of black shale deposition,
organic matter decay occurring during early burial is responsible for
carbonate dissolution due to the release of acidic products in the
interstitial environment (Suess, 1970; Miiller and Suess, 1979).
Dissolution process can explain the relatively poor preservation
state of biogenic calcite in organic-rich intervals, particularly when
organic content is very high like in the most dissolved coccolith
assemblage (347.40-347.30 m). In Sancerre, a further convincing
argument indicating that C-isotope negative values are not linked
with the dissolution process, relies on the fact that the onset of the
negative excursion (i.e. between the first and second steps) is recorded
in well preserved coccolith assemblages in bioturbated facies. Aside
from this diagenetic process, seawater acidification during the C-
isotope negative excursion has also been postulated to explain dif-
ferential preservation indexes (Mattioli et al., 2004; Erba, 2004). For
these authors, this ‘alkalinity alteration’ of seawater is the conse-
quence of dramatic increase in CO, concentration in the ocean.
Nevertheless, the respective contributions of these two distinct
processes are difficult to assess.

A more striking parameter for understanding the geochemistry of
coccolith-bearing successions is the recrystallization developed on
calcareous nannofossils. Secondary carbonate grown on calcareous
nannofossils, if present in sufficient quantity, is likely to distort their
primary geochemical signal. In Sancerre, such carbonate precipitation
is not apparent through either optical or SEM observations (Figs. 4, 5).
When the sediment accumulation rate is low, microbial-derived car-
bonate can precipitate in the sulphato-reduction zone (Bréhéret et al.,
2004), but this feature is restricted to nodules that are not observed in
Sancerre. Thus the good preservation of geochemical signatures of
biogenic particles can be inferred with confidence and nannofossil-
rich fractions can be considered as reliable monitors of the chemical
evolution of the photic zone. Even if dissolution seems to be enhanced
throughout the C-isotope negative excursion, and at a larger scale in
the three organic-rich intervals, calcite or dolomite recrystallization
did not significantly occur. Furthermore, the high organic content in
this interval probably hampers subsequent carbonate recrystallization.

As a consequence, since calcareous nannofossil fractions record
the C-isotope negative excursion, this strongly supports the notion
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of a primary isotopic perturbation in the seawater with a 6>C mag-
nitude of ~—6%,, at least in the photic zone where the nannoplankton
thrive.

5.2. Calcareous nannofossil assemblages and biogeochemical insights

Isotopic offsets between biogenic fractions at a given stratigraphic
level could be explained by distinct species-specific isotopic composi-
tions. In the present dataset these differences are limited, generally
lower than 0.7%.. The negative carbon-isotope excursion cannot be
ascribed to the change in calcareous nannofossil assemblage, pointed
out recently by Mattioli et al. (2008) in the western Tethys, because
our data from separated fractions indicate closely similar isotope
values whatever the assemblage composition. For the comparable
PETM event, Stoll (2005) has demonstrated that changes in nanno-
fossil assemblages could not have made a significant contribution to
the negative carbon-isotope excursion in bulk carbonate due to
known restricted differential vital effect in Palaeogene species.

5.3. Dolomite analyses for tracking bottom water chemical changes

Two main factors inhibit the precipitation of dolomite from
seawater: i) the presence of sulphate ions, and ii) the hydration of
the magnesium ions (Tucker and Wright, 1990). The formation of
dolomite then involves diagenetic chemical processes. Two hypothe-
tical origins are possible for the dolomite mineralization described in
the present study. Firstly, an early diagenetic origin is possible, related

to reducing conditions in the sediment. Here, the precipitation of Mg-
and Fe-rich carbonate occurs underneath the sulphate-reduction/
methanogenesis interface. At this level the sulphate ions have been
reduced during pyrite formation. Secondly, during later diagenetic
sediment compaction, Mg- and Fe-rich fluids may be expelled from
clay-rich sediments. Mg- and Fe-rich carbonates could then have
precipitated from these fluids, which are not in equilibrium with
seawater. The morphology of such monocrystals should correspond to
cast fillings (Méliéres, 1991). In the Sancerre-Couy core, an early
diagenetic origin is most realistic: the relatively high amount of
framboidal pyrite attests to an early reducing diagenetic environment
in the sulphate reduction environment. Similar early diagenetic phase
(dolomite rhombs) has been found in ODP Leg 172 sites in the North
Atlantic by Cagatay et al. (2001) or on the Peru margin, sampled
during ODP Leg 201 expedition (Meister et al., 2006).

Except in the dolostone interval between 350 and 349 m, calcitic
anhedral monocrystals and dolomite rhombs are never the main
component of the calcareous assemblage, and through the interval of
the negative excursion the amount of the early diagenetic carbonate is
lower than in the underlying and overlying marls. The evolution of
carbon-isotope signatures in the monocrystal carbonates is closely
linked to that of the bulk carbonate in spite of their low mass
contribution to the whole bulk signal. An explanation of the carbon-
isotope excursion in bulk carbonate in terms of diagenesis is thus
untenable. Further evidences that bottom waters had very similar
carbon-isotope values as surface waters, has been provided recently
by Suan et al. (2008b) who show that brachiopod carbon-isotope
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values track bulk carbonate carbon-isotope values in the section at
Peniche, Portugal.

5.4. Implications for understanding the Toarcian C-isotope negative
excursion

Reutilization of carbon of organic origin via upwelling deep water
has previously been suggested to explain the negative excursion
commonly observed in marine organic matter in European sections as
explained by the Kiispert model (Kiispert, 1982) and quoted more
recently by Van de Schootbrugge et al. (2005), Wignall et al. (2006)
and McArthur (2007). However the data presented here strongly
suggest a carbon-isotope homogeneity through the water column that
is incompatible with the idea of upwelling of deep waters with a
distinctly different isotopic composition from those at the surface.
Furthermore, otherwise similar black shale facies in the overlying
parts of the falciferum zone do not show the negative carbon-isotope
excursion (Fig. 2). The excursion is peculiar to the age of the sediment,
not its depositional setting. An organic geochemical study of Toarcian
core material from the eastern Paris Basin by Van Breugel et al. (2006)
has also cast doubt on the effectiveness of upwelling as a poten-
tial cause of the Early Toarcian negative carbon isotope excursion.
These authors used the abundance of isorenieratane (produced by
green sulfur bacteria and indicating photic zone anoxia) through the C-
isotope negative excursion, together with the carbon-isotope values of
this biomarker, to calculate the proportion of dissolved inorganic
carbon remineralized during the negative shift in 6'>C. They concluded
that this source was insufficient to be responsible for the greater part of
the C-isotope negative excursion as suggested by the Kiispert model.

There has been considerable recent debate about the true
magnitude of the carbon-isotope excursion at the PETM and thus
the implication for the amount of isotopically light carbon that must
have been introduced into the ocean and atmosphere compatible with
inferred temperature change. In particular, data from Arctic drilling
led Pagani et al. (2006) to suggest that the organic matter record more
closely approximates the size of the carbon-isotope excursion in the
total exchangeable carbon reservoir than does the size of the
excursion in carbonates. Very similar considerations apply for the
Toarcian (Cohen et al. 2007). In this case, it has been shown for several
European sections that the size of the carbon-isotope excursion is
consistent for marine and terrestrially derived carbon (6'>C of about
-6 to —7%.), and that the excursion is about twice the size recorded
from the best available carbonate record (Hesselbo et al. 2007a).
Furthermore, we recognize for the first time the stepwise character of
the C-isotope negative shift in phytoplanktonic carbonate record, as it
has been previously highlighted in organic matter substrate (Jenkyns
et al,, 2001; Kemp et al., 2005). The consistency of values in organic
material derived from different carbon-reservoirs is puzzling: if the
excursion magnitudes have been inflated by processes such as soil
moisture changes (cf. Bowen et al. 2004), then amplitudes in marine
and terrestrial materials should be rather different from each other.
The data from the present study show a primary excursion in
carbonate of an equivalent magnitude to organic matter records;
this fact, taken together with the demonstrated lack of diagenetic
component or vital effect, strongly suggest a larger exchangeable
reservoir excursion than has hitherto been appreciated, as for example
by Beerling and Brentnall (2007) who used a magnitude of —5%. for
the carbon-isotope negative excursion in order to simulate the carbon
budget required for this isotopic shift. It is then likely that they have
underestimated the amount of carbon released into the atmosphere
and the ocean. Some sections, as Peniche in Portugal (Hesselbo et al.,
2007a), display a lower amplitude negative excursion in the bulk
carbonate record, but the primary record (i.e. phytoplankton) seems
not to be strictly maintained in this section (Mailliot et al., 2006). This
should imply that the diagenesis is likely to lower primary isotopic
shifts in some carbonate successions.

6. Conclusions

The carbonate record of the Toarcian OAE sampled from the
southern Paris Basin is shown to comprise a mixture of biogenic and
early diagenetic carbonate. Separated size fractions of the carbonate
components all record the Early Toarcian negative carbon-isotope
excursion with values closely similar to those obtained from bulk
carbonate (-6%o). The results indicate that the water column of the
Paris Basin at this location was not characterized by a pronounced 6'>C
vertical gradient with '?C-rich bottom waters as necessitated by the
Kiispert model. Variety in the records of the Toarcian OAE across the
European area was likely affected by regional parameters such as
water column palaeodepth, redox state, and basinal restriction that
pre-existed before this major palaeogeographic event. These factors
can explain a relative diachronism of black shale deposition. None-
theless, the subsequent anoxic pulses in this environment that lead to
the deposition of several black shale levels in a longer-term time
frame are not associated with other CIEs. This may exclude a local and
environmental control of this isotopic event as supported by the
“upwelling school”.

The good preservation of calcareous nannofossils in the south-
ern Paris Basin enables the recognition of the stepped nature of
this C-isotopic perturbation in diagenetic-screened carbonate
material as previously demonstrated for the negative CIE of the PETM
event.

As the size of the negative carbon-isotope excursion measured for this
study in the southern Paris Basin is indistinguishable from that obtained
from marine and terrestrial organic matter in other European sections, it
has to be concluded that this largest carbon- isotopic excursion of Meso-
Cenozoic times is the consequence of massive influx of isotopically-
depleted carbon into the whole atmosphere-ocean.
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