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Abstract. One of the most elusive aspects of the Toarcianwater supply to the basin may have promoted the develop-
oceanic anoxic event (T-OAE) is the paradox between carment of full anoxic conditions through haline stratification
bon isotopes that indicate intense global primary productiv-of the water column. In contrast, post T-OAE black shales
ity and organic carbon burial at a global scale, and the de-during theserpentinunandbifrons Zones were restricted to
layed expression of anoxia in Europe. During the earliestepicontinental seas (higher Mo to TOC ratios) during a pe-
Toarcian, no black shales were deposited in the Europeariod of relative high sea level, and carbon isotopes returning
epicontinental seaways, and most organic carbon enrichmenb pre-T-OAE values. Comparing palaeoredox proxies with
of the sediments postdated the end of the overarching poghe inferred sequence stratigraphy for Sancerre suggests that
itive trend in the carbon isotopes that characterises the Tepisodes of short-term organic carbon enrichment were pri-
OAE. In the present study, we have attempted to establistmarily driven by third-order sea level changes. These black
a sequence stratigraphic framework for Early Toarcian de-shales exhibit remarkably well-expressed higher-frequency
posits recovered from a core drilled in the Paris Basin us-cyclicities in the oxygen availability in the water column
ing a combination of mineralogical (quartz and clay relative whose nature has still to be determined through cyclostrati-
abundance) and geochemical (Si, Zr, Ti and Al) measuregraphic analysis.

ments. Combined with the evolution in redox sensitive el-

ements (Fe, V and Mo), the data suggest that expression of

anoxia was hampered in European epicontinental seas during

most of the T-OAE (defined by the positive carbon isotopel Introduction

trend) due to insufficient water depth that prevented stratifi-

cation of the water column. Only the first stratigraphic occur- Evidence for widespread oceanic anoxia during the Early
rence of black shales in Europe corresponds to the “global’Toarcian (183 Ma) relies heavily on sedimentological ob-
event. This interval is characterised $y10 % Total Organic ~ Servation of organic-rich rocks (Jenkyns, 1988). However, as
Carbon (TOC) content that contains relatively low concen-the record of these organic carbon-rich deposits is geograph-
tration of molybdenum compared to subsequent black shalécally restricted to the European epicontinental sea, their
horizons. Additionally, this first black shale occurrence is co- 9lobal significance cannot be ascertained with confidence,
eval with the record of the major negative Carbon Isotope Ex-although some sections outside Europe reflecting more open
cursion (CIE), likely corresponding to a period of transient oceanic conditions do seem to hint at a coeval organic carbon
greenhouse intensification likely due to massive injection ofénrichment (Hori, 1997; Al-Suwaidi et al., 2010; Caruthers
carbon into the atmosphere—ocean system. As a response & al., 2011; Grocke et al., 2011; Izumi et al., 2012). Several

as pointed out by McArthur et al. (2008). This problem has
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led to different interpretations pertaining to the stratigraphic
relationship between “black shale” occurrence and the car-
bon isotope curves. In the present study, we define a black
shale interval on the basis of sediment lamination rather than
a TOC content higher than 5% (Neuendorf et al., 2005). In-
deed, the organic content may be modulated as a result o
dilution by clay and carbonate minerals. The Sancerre bore-
hole drilled in the southern Paris Basin (Fig. 1) has provided
invaluable information on the record of the negative CIE and
its relation with the T-OAE (Hermoso et al., 2009a, b, 2012).
In this core section, such laminated intervals, however, sys-
tematically exhibit> 2% TOC and an appreciable amount

Western
Tethys

TOC levels H

(~ 3 %) of pyrite. _ | >10%
A remarkable positive trend in carbon isotope ratidSC) o = N N B 5-10%
testifies for intense and widespread organic carbon burial N T 1-5%

during the Early Toarcian. Recent geochemical develop- main emergent Iands ] <\1%
ments support the idea of global scale anoxia (Pearce et

al., 2008; Lu et al., 2010; Gill et al., 2011). In most docu- Fig. 1. Palaeogeographic map of the Early Jurassic archipelago, and
mented European sections, black shale intervals are recordde geographic distribution of organic-rich rocks. Greyscale shades
after the termination of the positive carbon isotope shift andindicate the content range of Total Organic Carbon (TOC); key is
thus, their global nature is disputable. This discrepancy, angmbedded bottom right. Emergent land delineating the basins are
how various authors have defined “black shales”. has led t(patched: IrM for Irish Massive; LBM for London-Brabant Massif;

. ’ AM for Armorican Massif; CM for Central Massif; Ca for Calabria;
the concept of Regional OAES or R-OAE (McArthur et al., IM for Iberian Meseta; FC for Cap Flemish; and GB for Galicia
2008). g . .

Anoth . ded h f bl Bank. The map indicates the location of the Sancerre borehole. Fig-
nother prqmlr?ent event recorde at the onset of ack e taken from Hermoso et al. (2009b).
shale deposition in Europe is the pronounced negative car-
bon isotope excursion (CIE) superimposed upon &€

positive shift (Hesselbo et al., 2000). This sharp isotopictheir clear importance for understanding development of an
event, reflecting injection of isotopically-light carbon into oceanic anoxic event and subsequent Earth system recovery.
the ocean—atmosphere system, is near-synchronous with thEhe conjunction of a long-term event, the T-OAE that was
base of the black shales in European basins suggesting corded during three ammonite Zones, and a rapid and tran-
causal link (Hesselbo et al., 2000). As stated in the reviewsjent carbon isotope perturbation, the T-CIE that lasted less
paper by Jenkyns (2010)The early Toarcian OAE has[...] than 500kyr (Kemp et al., 2011) represents an invaluable
a positive excursion with an abrupt negative “bite” in its archive to unravel the Jurassic Earth’s system dynamics.
central portiori. Indeed, the T-OAE and the T-CIE refer to  This new study on an extended stratigraphic interval of
distinct concepts, because they correspond to very differenfhe Sancerre core aims to constrain the evolution of (i) the
palaesoceanographic events in terms of both nature and timrelative sea level through the establishment of a sequence
ing. This observation, and the fact that anoxia and consecstratigraphy framework; and (ii) the degree of water column

utive organic carbon burial led to a positive drift 34°C,  oxygenation inferred by the concentration of redox-sensitive
justify our stratigraphic definition of the T-OAE that utilises elements such as Mo, Fe, and V.

the overarching positive carbon isotope trend as done by
Woodfine et al. (2008) and Hermoso et al. (2012). Further-
more, adopting such a chemostratigraphic definition of the2 Methods

Early Toarcian OAE may enable stratigraphic correlation be-

tween coeval sections, as the stratigraphic extension of blackN€ Present study presents a detailed mineralogical and geo-
shales deposited in relatively shallow waters is likely to be Sheémical record for the Late Pliensbachian, the whole Early
diachronous (Wignall et al., 2005). Toarcian and the base of the Middle Toarcian intervals with

A causal link between amplification of a green- a view to constraining the depositional settings leading to the
house period concomitant with the CIE and initiation of expression of the successive black shale intervals. The high-

anoxic/euxinic conditions has been proposed by numeroukesolution records of carbonate, total organic carbon (TOC)
authors (Hesselbo et al., 2000; Kemp et al., 2005: McElwaincontents, and stable isotopes from previous studies (Hermoso

et al., 2005; Hermoso et al., 2009a, 2012). Detailed con®t al., 2009, 2012) have been stratigraphically extended to

straints on climatic evolution, sea level change and the de_better constrain the Pliensbachian—Toarcian boundary and to

gree of water column oxygenation that prevailed before,documentthe top of theerpentinunand thebifronsZones.
during and after the OAE have yet to be obtained, despite
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Determination of concentration of a suite of metals wasNOCZ internal standard. Reproducibility of the analyses is
performed by X-Ray Fluorescence (XRF) using a Thermogenerally better than 0.1 %. for carbon and oxygen isotopes.
Scientific Niton XL3t GOLDD+ apparatus. The resolution
step was 10 cm. Standardisation of the raw data expressed in ) )
counts per seconds to elemental concentrations was obtaineti R€Sults and discussion

by the “Mining” mode of the instrument, which corresponds .
. . . 3.1 Occurrence of black shale intervals at Sancerre
to the setting suitable for sediment measurements and expres-

sion of the results in ppm of elements. Further correction oftpe tota| thickness of the Early/Middle Toarcian black shales
the results was achieved by measuring nine certified stany, the core is approximately 40 m (Lorenz, 1987: Hermoso
dards provided by Niton UK Ltd. For all major elements (Al, ot 51 2009a). In details, on the basis of sediment lamina-

Si, Zr_and Ti), the typical error assqciated to the measureyion high abundance of organic carbon 2 %), and pyrite
ment is less than 5% based on replicated standards. For M()> 39%) content, four discrete black shale intervals can be

and V, the error is greater an_d depends on the TOC contenyjistinguished in the Sancerre core. They are termed Scl, Sc2,
The Limits of Detection (LOD; Fig. 4) for these elements are g4 5¢3 for those occurring in the Schistes carton Fm in the

~5and 15 ppm, respectively. The typical erroris in the orderg 1y Toarcian, and Mb1 in the Marnes & Bifrons Fm in the
of 10%. Mo was not detected in samples yielding less thanjiqdie Toarcian (Fig. 2).

2% TOC_-_ ) ) ) ) The interval Scl, ranging from 348.25 to approximately
Quantification of the calcite/dolomite ratio was performed 344 60 m, represents substantial organic carbon enrichment
by X-Ray Diffractometry (XRD) from finely powdered sam- it TOC reaching 11 %. Because it is closely associated

ples using a Brucker D4 diffractometer with Culadiation 5 the negative CIE, this first black shale interval has been

and Ni filter at University of Bourgogne. The relative pro- gytensively studied (Hermoso et al., 2012). This is the only

portion of the insoluble phases (mostly consisting of quartz,ack shale interval that is expressed during the T-OAE, as
pyrite and clays) was determined from XRD diagrams fromgqopically defined. It has to be emphasised that prior to

decarbonated (10_% H(?') sample;. As pyrite and quart.z minScl, the first step of the CIE is recorded within a thin inter-
erals have good diffractive properties (cf the Powder Diffrac-, 5| o organic carbon enrichment (2.5 % TOC), but no sedi-

tion File database by the International Centre for Diffraction ant lamination is observed. The onset of Sci is contempo-

Data), the error associated to their quantification by XRD ranequs with the second step of the CIE. The termination of
is less than 5%. ThQuartz(Quartz+ Clay) index was de-  g¢q s expressed during, and probably caused by a period of
termined by measuring the area of the peak (101) of quartg,oi1om water reoxygenation as evidenced by sediment bio-
and those of all well-identified (001) peaks of clay minerals y,rhation and relatively low sulphur (pyrite) content between
(illite, chlorite, kaolinite). In the Sancerre sediments, no ra- 344 and 342m (Fig. 2). The black shale interval Sc2 shows
diolarians or sponge spicules were observed. Occurrence qfjatively low pyrite content and a notable decrease in the
radiolarians during the Jurassic seems to be confined in disz5ponate content. The TOC are lower than recorded within
tal or oceanic environments (De Wever and Baudin, 1996ig-1 50 in average with maxima at 8%. The boundary
Carter et al.,, 2010). There were no diatoms either as they,eryeen Sc2 and Sc3, placed at approximately 335 m, is not
appeared later in the fossil record. This absence of biogeni¢g ¢jear as that distinguishing Scl from Sc2. However, this
silica in the samples allows using the measured quartz conprizon shows sediment bioturbation. Sc3 represents compa-
centration as reflecting a coarse detrital signal. rable organic carbon enrichment with respect to Sc2 but the
Total organic (TOC) and inorganic (TIC) carbon contents, yy rite content is, on average, higher in the former black shale
and the isotopic composition of carbona}te were measured 3hiaryal (4-5%). The fourth black shale interval (Mbl) is
Oxford following the procedures described in Hermoso et ., xed by lower concentration of TOC, carbonate and pyrite,
al. (2012). TIC and TOC contents were measured by couloyjihoygh the sediments remain continuously laminated. The
metric titration using a Strohlein Coulomat 702. To obtain |5¢e Early Toarcian (top oéerpentinunzone) and Middle

the carbonate abundance of sediments derived from the TIQqacjan sediments correspond to very argillaceous deposits.
content (% Carbonate =8:3TIC), 100 mg of finely pow-

ered sample were roasted at 420for 12h in order to re- 3.2 Establishing a sequence stratigraphy framework for
move the organic matter, and subsequently analysed in the  the Sancerre deposits

instrument. Total carbon content (THETOC) was measured

from 50 mg non-treated samples. Reproducibility of mea-Establishing a sequence stratigraphy for the Early Toarcian
surements was usually better than 0.1 %. Samples were me&aas proven to be relatively difficult owing to the poor ex-
sured for their carbon and oxygen isotopes using a VG Isopression of cycles in the lithology (Hesselbo, 2008). An-
gas Prism Il mass spectrometer with an on-line VG Isocarb abther complication of the present study was that the facies of
Oxford University. An approximate mass of 50 mg of finely sedimentary rocks and lithological contrasts between genetic
crushed samples was reacted with anhydrous phosphoric acithits retrieved in cores is usually less visible than in coeval
at 90°C. Calibration to V-PDB standard is made using the outcrops on land. The recognition of transgressive—regressive
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Fig. 2. Organic carbon enrichments for the Late Pliensbachian—Middle Toarcian interval of Sancerre core. From left to right: Total Organic
Carbon (TOC), carbonate content and calcite to dolomite ratio, pyrite content, and bulk c&lr%&,(b) and oxygen (118ocarb) isotope

ratios. Isotopic data in the interval from 358 to 337 m are predominantly from previous studies on this core material (Hermoso et al.,
2009a, 2012). Based on the abundance of TOC, pyrite and presence of lamination of the sediments, four successive black shale intervals ar
recognised (Scl, Sc2, Sc3 and Mb1). Only the first black shale interval (Scl) is recorded within the positive&?éﬁxj(‘lhOAE). The

onset of the first black shale is stratigraphically associated with the second step of the negative CIE and is accompanied by a pronouncec
decrease in the'80. Subsequent (post T-OAE) black shales are not synchronous with isotopic events. The biostratigraphic framework is
from Lorenz (1987).

cycles across the Late Pliensbachian to Middle Toarcian inclassically attributed to tectonoeustasy (Guillocheau et al.,
terval in this study was determined using a combination of2000; Hallam, 2001). The stratigraphic position of the base
biostratigraphic, sedimentological, mineralogical and geo-of this cycle T6 is resolved using the biostratigraphic frame-

chemical observations and measurements (Fig. 3). work and the sedimentology of the Sancerre deposits (Fig. 3).
This Maximum Regressive Surface (MRS R5-T6) records an
3.2.1 Second-order cycle: the Liassic transgression abrupt change in the lithology from sandy limestone (rich

in macrofossils) to dark grey calcareous marlstone. In most
egions of the NW European realm, this surface has led to

A major, second-order (sensu de Graciansky et al, 1998Ehe absence of the latest Pliensbachian and earliest Toarcian

sea level rise occurred during the Early Jurassic and is

Clim. Past, 9, 27032712 2013 www.clim-past.net/9/2703/2013/
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Fig. 3. Evolution in the Qz/Qz + Clay ratio, concentration of detrital elements (Si, Zr, Ti, Al), and attempt of a sequence stratigraphy
framework throughout the successive black shale intervals. Representation of eustatic cycles and the name of these cycles on the right of thi
figure are inspired from de Graciansky et al. (1998). Major and minor cycles correspond to second- and third-order cycles, respectively. MFS
is for Maximum Flooding Surface; MRS for Maximum Regressive Surfac8équence Boundary). Horizontal dashed lines drawn within

the grey boxes indicate a more precise position of key eustatic surfaces using geochemical elements.

sediments corresponding to a major sedimentary hiatus at thBoundary (SB) is approximated by the position of the MRS
stage boundary (Morard et al., 2003; Hermoso et al., 2009b)and detected by maxima in thigz/ Oz + Clay curve. The end
The MFS of T6 occurred around theerpentinurbifrons of the transgression represented by the Maximum Flooding
Zonal transition (= limit between the Early and Middle Toar- Surface (MFS) corresponds to highest relative proportion of
cian) in the Paris Basin (Gély and Lorenz, 2006; Guillocheauclays (i.e. to low value iQz/Qz + Clay curve).

et al., 2000), and can be placed at Sancerre at approximately The lowest part of the studied interval in the Pliensbachian
322 m, within the clayed facies of the Marnes a Bifrons Fm corresponds to the end of the regression of cycle PI6 and

(Figs. 2 and 3). terminates at 360 m where a prominent peak in the propor-
. _ tion of quartz is recorded (Fig. 3). This level corresponds
3.2.2 Third-order eustatic cycles to the MRS PI7. The uppermost Pliensbachian sediments

) ) ) _ ~ record cycle the PI7, with a probable position of the MFS
The relative proportion of coarse versus fine detrital fractionsy; 357 m. The end of this third-order regression is contempo-
of the sediment (represented by quartz and clay mineralsaneous with that of the R5 (second-order) cycle, both lead-
respectively) deposited at a given location is driven by ac-jng to the sedimentary unconformity that characterises the
commodation space, andz consequently by the shoreline pospjienshachian—Toarcian boundary. It may appear surprising
tion (Williams et al., 2001; Coe, 2003). This sequence strati-that the stage boundary, characterised by a prominent hia-
gr_aph|c feature is typically used_to recognise patterns in relius in the European record, is only seen with a relatively
ative sea level change (de Graciansky et al., 1998; Williamsgy 4| peak in theQz/Qz + Clay curve compared to other
et al,, 2001; Coe, 2003; Hesselbo, 2008). Indeed, changegey surfaces (Fig. 2). First, the MRS PI8 surface is brack-
in the distance between the studied location and the coastlingieq petween an increase and a decreasezitQz + Clay
where sediments are supplied may be attributable to sea levehtios, respectively indicating relative sea level fall and rise.
assuming no significant change in the source of detrital SUPsecondly, the absence of a prominent, albeit existing, peak

ply, nor variation of the subsidence rate (Guillocheau et a'-'may be explained by the hiatus itself, as it is likely that
2000). The base of each third-order cycle, called Sequence

www.clim-past.net/9/2703/2013/ Clim. Past, 9, 2703#12 2013
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sediments were either not deposited or partly eroded during.3.2 Black shale interval Scl
this interval.

In the Toarcian, the subsequent transgression (second- aml clear peak in V/Al ratios is observed within Scl. As the
third orders) is seen with decreasi@ig/Qz + Clay ratiosup  scavenging of vanadium is promoted with seawater anoxia,
to the MFS PI8. This relative high sea level and maximumthe concentration of V and the V/Al ratio are commonly
distance to the coast correspond to a minimum of coarseised to retrace the strength of oxygen depletion in the water
sedimentation at 350.50 m. It is worth noting that this level column (Tribovillard et al., 2006). During this black shale in-
stratigraphically corresponds to the base of the dolostoneterval, maximum V /Al ratios were reached when maximum
The termination of this first intra-Toarcian eustatic cycle is pCO; is registered on the basis of isotopsd{C) evidence
followed by relatively coarse detrital sedimentation interval at 346.80 m (see Hermoso et al., 2012). This coincidence is
between 342 and 341 m. In tkerpentinunZone, this MRS  suggestive of a link betweepCO, and oxygen demand in
represents another notable sedimentary unconformity as evihe water column through intense primary productivity. This
denced by a stepwise change in all the detrital elements nodevel with maximum TOC enrichment of the whole studied
malised to aluminium (Fig. 3). The transgression of the sub-section also displays clear peaks in the Fe/Al (that cannot
sequent cycle, Toal, terminates at the level of the MFS asbe explained by a mineralogical control) and Mo/ OC ratios
sociated with a bioturbated interval (336—335m). Substan{Fig. 4). The Mo content normalised to the % TOC can be
tial enrichment in fine detrital material followed during the used to diagnose widespread (low Mo/TOC) versus region-
transgressive portion of Toa2. The coincidence of the secondlly restricted (high Mo/TOC) black shale deposition (Algeo
and third order cycle in the depositional setting is here illus-and Lyons, 2006; Pearce et al., 2008). Compared to subse-
trated by the considerable amount of clay across Toa2 as guent black shale facies, Mo/TOC is at a minimum in Scl
consequence of maximum distance of Sancerre to the coaspossibly indicating widespread anoxia. Furthermore, given
line. Lower TOC contents+ 3 %) in Mb1 can be explained the high amount of pyrite recorded (3-5 %; Fig. 2), itis likely

by enhanced riverine run-off with accompanying low&tO, that the water column went not only anoxic, but also euxinic
and dilution of pelagic sedimentation by clay minerals (seeat that time.
Sect. 3.3.4). With the termination of Scl, a sharp subsequent decrease

in V/Al is observed with ratios returning to background and
3.3 Sealevel and degree of oxygen depletion across the  minimum values observed in the earliest Toarcian sediments.
early and middle Toarcian During this diminution in TOC content and V /Al ratios,
the pCO, remained high, indicating that diminished DIC
levels cannot explain the termination of the black shale in-

terval Scl (McElwain et al., 2005; Hermoso et al., 2012).

The earliest Toarcian sediments record sea level rise that ter-, .
. ence, the end of Scl and reoxygenation of bottom waters
minates at the base of the dolostone (350.50m). The V/Al : .
are best explained by the sea level fall (regression of PI8)

and Fe /Al ratios are relatively stable in the lower part of the o . -
oo . : re-establishing an insufficiently water column to allow strat-
studied interval, and Mo was even not detected in sediments. : . .
ification as it was the case before this black shale interval.

prior 0 S(.:l’ due .to the relatively low organic carbon ContentsIndeed, the bioturbated transition between Scl and Sc2 cor-
in the facies (typically less than 1.5% TOC). The geochem- ;
responds to the top of an upward-shallowing sequence.

Istry OT the pre-Sc_l mterv_al ".md the presence of sediment bio- The regressive surface at 342m (MRS Toal) is accompa-
turbation concomitantly indicate that the water column was . . . : : .
nied by a prominent hiatus in the sedimentary record as illus-

not anoxic during the Early Toarqan in the Paris Bas!n_. ._trated by peaks in all detrital elements (Fig. 3). This surface
At the end of this transgression, enhanced precipitation ; . : g .
. Is also recognised in the well-studied Yorkshire succession
of dolomite may have been favoured by deepwater starva- . ; .
. : . L where an important sedimentary hiatus has been suggested
tion and reduced sedimentation rate, a characteristic of MFSS . . .
t the equivalent stratigraphic level (Jenkyns et al., 2002).

(C;og, 2003). Hence,.the peak in the F_e/AI CUIVE EXPIeSSER has to be noted that the Early Toarcian positive trend in
within the dolostone is attributable to high dolomite content ;3 . ; T X
3+°C terminates at this level, pinpointing the unconformity.

as this phase bears an appreciable amount of Fe (Hermoso /Rbove this level, a long-term decrease in carbon isotope val-

al., 2009b). ues is recorded up to thEfronsZone. This stratigraphic level

Stratigraphically above, the thin organic-rich interval asso- : o
ciated to the first step of the CIE-(349 m; Figs. 1 and 4) is may henpe denpte the end of the widespread deposition of
eorganlc-rlch facies.

not recorded with increased V, Fe or Mo contents. Hence, wi
cannot infer more anoxic conditions during the deposition
of this relatively TOC-rich (about 3 %), albeit bioturbated,
interval.

3.3.1 Earliest Toarcian transgression

3.3.3 Black shale intervals Sc2 and Sc3
The deposition of black shale Sc2 overlays the sedimen-

tary unconformity at 342 m, and subsequent in relative sea
level raise (Toal) is accompanied by progressive increases

Clim. Past, 9, 27032712 2013 www.clim-past.net/9/2703/2013/
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Fig. 4. Evolution in the concentration of redox-sensitive elements (Fe, V, Mo) and inferred relative sea level curve throughout the successive
black shale intervals. A peak in V/Al is coincident with the expression of Scl after steady and low values during the earliest Toarcian.
Subsequently, both Fe/Al and V/AI curves show relative high levels, similar fluctuations throughout Sc2—-Sc3—-Mb1 black shales, and allow
recognition of tentative redox parasequences during the deposition of Sc2 and Sc3. The curve in the middle panel depicts the evolution of the
relative sea level inferred from the sequence stratigraphy (Fig. 3). Red portions in the sea level curve on the right denote periods of relatively
high water depth allowing water column stratification and full expression of anoxia. The Mo/TOC curve indicates widespread anoxic/euxinic
conditions during deposition of Sc1. On the basis on the molybdenum content, it can be inferred that the subsequent black shales had more
regional significance.

in Fe/Al and V/Al ratios. Both the curves show remarkable indicate that the first black shale interval associated with the
stacked cyclicities, which may reflect modulation in the oxy- negative CIE corresponded to a widespread, probably global,
gen availably in the water column (Fig. 4). The black shaleepisode of carbon deposition whereas the subsequent inter-
interval Sc2 records highest ratios in Mo compared to Sclyals were of less and less global significance (possibly re-
which, together with the decline §513C, indicate a more ge- stricted to the NW European seaways). Additionally, the con-
ographically localised anoxia. The reoxygenation event be-stant diminution ins13C ratios during theserpentinunZone
tween Sc2 and Sc3, evidenced by sediment bioturbation, ishat mirrors the elevation in Mo/TOC provide compelling
seen with minimum Fe /Al and V/Al ratios at335m. This  evidence for the end of widespread anoxic conditions at a
transition was likely driven by the episode of sea level fall, global scale.
subsequent to the MFS of cycle Toal (Figs. 3 and 4). The transition between Sc3 and Mb1l is the only one to
In Sc3, Fe/Al and V/Al re-increase reaching comparableexpress transgression. The sediments remained continuously
ratios as recorded in Sc2. Furthermore, the cyclic pattern idaminated making this transition less clear than the previous
both element is also recognised in Sc3. Mo/TOC values yieldones. The absence of reoxygenation across the MRS Toa2
a maximum, about 3-times those measured in Scl. This proean be explained by the maximum bathymetry owing to the
gressive stratigraphic evolution through Sc1-Sc2-Sc3 would
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maximum flooding of the epicontinental surfaces (proximity substantial reinforcement of anoxic conditions may explain

of the MFS of the second-order cycle T6). why strongest oxygen depletion, evidenced by very high V
and Fe contents, and maximum TOC occurred within the first
3.3.4 Black shale interval Mb1 black shale interval compared to the subsequent black shales.

The first black shale interval is the only one that recorded
During thebifrons Zone, enhanced clay supply to the basin enhanced input of fresh water, as expressed in the oxygen
has been recognised at a regional scale (Dera et al., 2009s0topes at Sancerre (although only a part of this shift may
This time interval also corresponds to maximum flooding be attributable to warming), and in the osmium profile from
of the Paris Basin defined at both second and third-ordershe coeval stratigraphic interval in Yorkshire (Cohen et al.,
(Fig. 4), hence reinforcing the flux of silt over coarse detrital 2004). Taken together, this would indicate that the triggering
minerals at the site of deposition. As a result, lower Fe/Al, of full anoxia at the base of Sc1 was allowed by the depth of
V/Al and Mo/ TOC ratios have to be interpreted in terms the water column, but triggered by emplacement of a haline
of an attenuation of the signal by enhanced dilution by claystratification regime.
minerals and Al element. Similarly, the generalised decrease The termination of the expression of “global” black shales
in the abundance in all the other phases (carbonate conterip NW Europeans seas can be explained by a conjunction
TOC and pyrite) from 330—328 m can be explained by higherof factors as the drawdown of excess carbon by the conti-
fine detrital supply (Fig. 2). Persistent lamination throughoutnental weathering and carbon export to the seafloor, and by
the whole Mb1 black shale and yet detectable Mo concentrareoxygenation of the water column in a context of a rela-
tions confirms sustained anoxic conditions during the Middletive sea level fall. Subsequent, post-OAE, black shales in the

Toarcian in the Paris Basin. serpentinunZone were deposited under a thicker water col-
umn, as it was likely the case in coeval European Toarcian
3.4 Implications for the T-OAE and conclusions sections. The onset of black shales occurred during a trans-

gressive trend with re-increasétPO values.

In the European epicontinental seaways, as the Paris Basin Multiple sites, yet all in Europe, show similar Mo/ TOC
in the Early Jurassic, nutrient supply and seawater alkalinityratios and trends. Indeed, comparable evolution in the exten-
may have remained constantly high owing to the vicinity of sion of anoxia during the Toarcian has also been found in
emergent lands and the overall greenhouse period. This reahe composite section of Yorkshire (Pearce et al., 2008) and
sonable assumption originally made by Erba (2004, 2006)n the NE of the Paris Basin (Lézin et al., 2013) providing
and subsequently by Hermoso et al. (2012) enables us to dissompelling evidence for a progressive reduction in the lat-
cuss the deposition of black shale intervals mainly in termseral repartitioning of black shale deposition at the scale of
of fluctuation in redox conditions rather than in change in NW European seas. As an alternative explanation, increased
surface productivity. Mo concentrations may reflect increasing strength in the con-

During the earliest Toarcian in NW Europe, the water nection between the basin and the open ocean leading to en-
depth was modest allowing permanent mixing by winds andhanced seawater Mo delivery and deposition at Sancerre. In
storms (Ro6hl et al., 2001). Such a physical oceanographidoth cases, sea levelrise is the primary parameter driving Mo
setting prevented the full expression of seawater anoxia (oenrichment during the Early/Middle Toarcian.
euxinia) in epicontinental seas. At this stage, expression of The absence of clear cyclicities in the Mo record as they
the T-OAE was probably restricted to the deep and operare visible in Fe and V curves may be explained by the sig-
ocean, where intense primary productivity, increase of thenificantly longer residence time of Mo in seawater with re-
oxygen demand, and substantial export of organic carbon t@pect to highly reactive Fe and V. These cycles may corre-
the seafloor led to the deposition of black shale facies. spond to the modulation of oxygen availability in the wa-

Associated with the first step of the CIE (and restricted toter column at a higher frequency than third order sea level
it), the TOC content transiently reaches % in bioturbated changes. As the present study does not address the nature of
sediments (still without black shale expression). Restrictedhese cycles, further cyclostratigraphic work are required to
levels of oxygen, but no full anoxia, in the bottom water identify both their duration and control. However, it is likely
during this interval are testified by the presenceCéfon-  that these high-frequency cyclicities may correspond to the
dritesburrows. Thes13C/TOC inverse relationship, also ob- expression of eccentricity that is a common feature in the
served for the second step of the CIE, suggests a link besedimentary record of Jurassic sequences (Kemp et al., 2005,
tween emission of (isotopically light) carbon and enhanced2011; Boulila et al., 2011).
organic carbon burial during Scl. Subsequently, the second McArthur et al. (2008) have suggested that the deposition
step of the CIE may have represented a tipping point driv-of R-OAEs was driven by basinal restriction. Our study un-
ing seawater from dysoxia toward proper anoxia. Expressiorderpins that sufficient water depth is a prerequisite for anoxia
of anoxia was allowed by a sufficiently deep water columnand organic carbon accumulation and preservation on the
consecutive to the PI8 transgression (Fig. 3). With the cumu-seafloor, even in case of such episodes of lowered water mass
lative inputs of carbon into the atmosphere—ocean systenxirculation and water mass starvation. Generating such an
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unprecedented sequence stratigraphic framework at this timPera, G., Pellenard, P., Neige, P., Deconinck, J.-F., Pucéat, E., and
resolution for the Toarcian may enable better interpretation Dommergues, J.-L.: Distribution of clay minerals in Early Juras-
of the depositional setting during an oceanic anoxic event, sic Peritethyan seas: Palaeoclimatic significance inferred from

and constrain stratigraphic correlations with coeval sections. Multiproxy comparisons, Palaeogeogr. Palaeoecl., 271, 39-51,
doi:10.1016/j.palaeo.2008.09.012009.
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