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Highlights

- Biostratigraphy and chemostratigraphy of the @eaoian stratotype area
- Description ofPraeglobotruncana rillellanov. sp. and dDicarinella falsohelveticanov. sp.

- Change in coiling direction amomduricohedbergella delrioensduring the OAE2
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- 8*%0 offset between left- and right-coil&dl delrioensis
- Correlation between Pueblo (GSSP) and Le Mares @rea of historical type section for the

Cenomanian stage)

Abstract

The definition of the Cenomanian stage was baseth@mescription of several type
sections scattered in the vicinity of Le Mans (BeytFrance). Despite limited exposures
nowadays, the area remains a reference for thegalalogy of the Cenomanian due to its
outstanding richness in marine macrofossils, egfigenolluscs, bryozoans, brachiopods and
echinoderms. The publication in 2015 of the volutedicated to the Cenomanian stratotype
yielded the opportunity to restudy the last acd#ssbutcrops. This paper provides a high-
resolution stratigraphic scheme and palaeoenvirataheeconstruction for the middle and
late Cenomanian interval in its type area. La GageQuarry is a window on the middle
Cenomanian, wher@raeglobotruncana rillellanov. sp. has been identified. THEC..n and
8" 0cam record of a Cenomanian—Turonian succession ctoke Mans is correlated with the
type section of Pueblo (Colorado). Isotopic andibievents highlight the presence of several
hiatuses in the sedimentary record of Le Mans ealhe@round the Cenomanian—Turonian
boundary with a dramatic truncation of the plate&unigh '*C.ar values. Coiling reversal
events among the surface dwelléviiricohedbergella delrioensisindicate sea surface
temperature changes with transient coolings, inctudhe Plenuscold event, and warm
conditions at the Cenomanian—Turonian boundary.dgaon chalky facies have yielded
empty, well-preserved shells of foraminifera allogi the description ofDicarinella

falsohelveticanov. sp. Oxygen isotopic analyses performed ont+igind left-coiledM.
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delrioensisreveal a systematic offset during cold events whedd to discuss about the

potential occurrence of cryptic species in the Mesn

Keywords Planktonic foraminifera, Middle Cenomania@enomanian—Turonian stage

boundary, Oceanic Anoxic Event 2, Anglo-Paris Bashrell coiling direction

1. Introduction

"Stratotype CénomanieiiMorel, 2015) is a book of the seriBatrimoine géologique
(Geological Heritage) published by tiMuséum national d'Histoire naturellef Paris to
facilitate access of French historical stratotyfeshe scientific community and to a wider
audience. The editing of this volume led to thenvestigation of two historical sections
(Saint-Ulphace and Méziéres-sur-Ponthouin) closkeetdMans in the Department of Sarthe
(Figs. 1, 2, 3).

The Cenomanian stage was originally defined by i@y in 1847 in his book
Paléontologie Francaise and numerous fossils weltected and described during the™9
century, by d'Orbigny himself as well as by localuralists such as Guéranger (1850). Most
available outcrops around Le Mans became degradddsappeared at the beginning of the
20" century. Few researchers have reinvestigated tthegsaphy of the Cenomanian type
area employing modern standards (Hancock, 1959%#4a®©67b, a; Juignet, 1973; Juignet et
al., 1973; Juignet et al., 1978; Juignet et al8319Ferré, 1995; Robaszynski et al., 1998;
Lasseur, 2007; Gaspard, 2014; Gaspard and Loubiy; Xa:i et al., 2017). In comparison,
hundreds of papers are devoted to the Pueblo G&%Skors (Colorado, USA), that
encompasses the Cenomanian—Turonian stage bouftharyack of interest in the historical

stratotype area can be explained by the proximal@mments it represents and the numerous
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erosional surfaces and non-deposition intervatsiapting the sedimentary series. The facies
are partly sandy (Fig. 1) and several hardgroundseaosional surfaces indicate the presence
of hiatuses (Juignet, 1973). Another difficulty tisat the type Cenomanian cannot be
described at one main site but only from a serfeseotions. Most of the outcrops are now
vegetated or urbanized. For example, two of thetéam formations, which comprise the
Cenomanian are no longer accessible (Morel, 2015).

Nevertheless, the stratotype area is a pertingat especially because planktonic
foraminifera, nannofossil and ammonite biostragidpia schemes can be coupled with
chemostratigraphic analysis. Planktonic foramiifare particularly well-preserved, although
they are quite rare except in the upper Cenomaniamwer Turonian chalky facies. Scanning
electron photomicrographs (Figs. 4, 5, 6) showekeellent preservation of detailed surface
ornament and test ultrastructure. The test chaméersmostly free of secondary calcite,

allowing precise geochemical analyses.

2. Geological setting

Transgressive Albian deposits overlie Jurassicnssuts East of Le Mans and
Armorican basement to the west (Fig. 1). During #agly and middle Cenomanian, the
stratotype area was characterized by nearshorensathiry environments close to Le Mans
and by more open marine environments a few tenglaietres eastwards. Sandy detrital
facies alternate with calcareous marls and occaBjorchalky deposits; the calcareous
formations increasing eastwards of Le Mans (Fig\Wijh the late Cenomanian transgression,
chalky facies accumulated through a large parefRaris Basin (Fig. 1).

La Garenne Quarry at Saint-Ulphace exposes thieSab Grés de Lamnay and the

overlying Craie de Théligny. The site remains oh¢he last two outcrops of the stratotype
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area where the Middle Cenomanian can be accessgpd2F To conform to regulation, the
quarries will be restored to a natural landscaper dfie end of sand mining (Morel, 2015).
The Courgenard borehole, drilled less than threeretres west of Saint-Ulphace in the 80's,
pierced the entire Craie de Théligny and indic#ttas this formation has a thickness of about
twenty metres (Juignet et al., 1983). At La Gare@Quarry, only the basal three metres of the
chalky formation are accessible. Above the Théligaydground, the base of the Craie de
Théligny comprises 30 centimetres of a glauconde-chalk layer. This basal level contains
an abundant fauna of molluscs (bivalves and ammenitin the Craie de Théligny,
ammonites are quite common and diversified; thelevfmrmation is assigned to the middle
Cenomaniamcanthoceras rhotomagengene (Juignet et al., 1978; Morel, 2015).

The Cenomanian—Turonian stage boundary cropsrotiieobanks of the Chemin de la
Créle close to Mézieres-sur-Ponthouin village. Bkeetion does not present any lithologic
evidence (i.e., black shales) of the Oceanic An&xient (OAE2). The section begins in the
upper part of the Sables du Perche and ranges tine tGraie dnoceramus labiatugFig. 3).
However, only about 10 centimetres of the Cralelabiatus can be sampled in the bank of
La Créle path. The formation is more clearly visibh an outcrop facing the path but
estimating how much is missing between the twessgeainclear. As the banks are covered in
vegetation, trenches were dug to sample propedybtisal part of the section; the chalky
facies being the only parts visible on the uppet pathe path. Even though this section is
one of the most documented ones in the area (Juifj8é3; Kennedy and Juignet, 1994a,;
Ferré, 1995; Morel, 2015), it has yielded few amitem Most of the ammonites reported
from the vicinity of Le Mans have been describeamhfrother regional localities. Among rare
ammonites collected in Mézieres-sur-PonthoMetoicoceras geslinianunmdicates that the
Sables aCatopygus obtusubelong to theM. geslinianumZone (Kennedy and Juignet,

1994a). The fauna of the MarnesO&trea biauriculatain the Sarthe indicates that this
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formation belongs to th€alycoceras guerangeZone (Juignet et al., 1978; Kennedy and
Juignet, 1994b; Morel, 2015). According to Kenneohd Juignet (1994a), the basal part of
the Craie aTerebratella carantonensigan be assigned to the uppermost Cenomanian
Neocardioceras juddiZzone with one specimen of the nominate speciesdan Saint-Calais

in the eastern part of the Sarthe. In the westemh @f the Paris Basin, the Turonian is
indicated in the Craie & labiatusby the occurrence of the ammoniammites nodosoides
that is so far not recorded in the stratotype ddeggnet et al., 1973). The Cenomanian—
Turonian boundary (CTB) is supposed to be on thpeu@/3 of the Craie &. carantonensis
(Juignet, 1973; Robaszynski et al., 1998), a femtioceetres below the base of the Craik a
labiatus The boundary between the two chalky formationsciaracterized by the

disappearance of glauconite.

3. Material and methods

15 samples (with a sampling interval of 20 centie® and 40 samples (with a
sampling interval varying from 10 to 30 centimejregere respectively collected at La
Garenne Quarry (Fig. 2) and at the Chemin de lé&eQFeg. 3) for stable isotope analyses and
detailed biostratigraphic survey (planktonic foraiféra and nannofossils).

Following standard procedures, sediments were sbakea peroxide solution and
subsequently washed over G and 1 mm sieves. The planktonic foraminifera hlbbgen
extracted from this fraction (63m-1mm). Particular attention has been given to the
Muricohedbergella delrioensigpopulation. Due to the low abundance of planktonic
foraminifera in the assemblage, only between 50 X0@ specimens d¥l. delrioensiscould
be counted per sample. Presenting a low trochdgesawith 4.5 to 5.5 globular chambers

on the last whorl, the specimensMf delrioensishave been observed from the spiral side.
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Right-coiling refers to those specimens that arkedon a clockwise direction and left-coiling
to those that show an anticlockwise coiling. Thublgshed work and the nomenclatural acts it
contains have been registered in ZooBank. The L@lile Science Identifier) for this
publication is: urn:lsid:zoobank.org:pub:047E90B2AB-4B02-8165-3865E98AF928. Type
and figured specimens of planktonic foraminifera adeposited in the collections of the
Sorbonne Universite, Paris.

For study of the nannofossil assemblages, 14 sanfpden La Garenne Quarry at
Saint-Ulphace and 30 samples from the Chemin deréde at Mézieres were selected and
processed in simple smear slides using ammonidietistvater (pH = 8.5). Three traverses of
each slide were thoroughly examined using a Zeis®s&ope imaging at 1500X (cross-
polarized and plane light) to locate and quantiéy biostratigraphic species. Some samples
were also analysed with the SEM in order to checkHe preservation state.

Bulk rock carbonate anil. delrioensiswere analysed for oxygen and carbon stable
isotope composition with a Kiel IV mass spectrome@rganic matter was removed from the
carbonates by soaking the sample overnight in 5&tuso hypochlorite solution. FoM.
delrioensisisotope analysis, about 5 to 6 empty individuakravselected, cleaned in an
ultrasonic bath and analysed. Stable isotope valees calibrated relative to the Vienna Pee
Dee Belemnite (%VPDB) via the NBS-19 internatiorstdndard. The reproducibility of
measurements is +0.1%o f61°Oca, and +0.05%o0 fo™*Cean, All analytical results are listed

in Appendix A.

4. Results

4.1. La Garenne Quarry at Saint-Ulphace
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Planktonic foraminifera are abundant in the fosttimetres of Craie de Théligny. The
basal glauconitic beds yielded only small trisei@liembelitria cretaceaFig. 2). The
assemblage becomes more diversified above theagidieclevels. Almost all the samples of
the assemblage contain r&Retalipora cushmanfFigs. 2, 4). Most specimens of this index
species are small with 4 to 5.5 chambers on thenhberl (Fig. 4). Some of them present a
highly convex spiral side and are closeRotalipora cushmanvar. expansadescribed by
Carbonnier (1952). Other rotaliporids suchTdmlmanninella brotzenand Thalmanninella
globotruncanoidesare rare.Praeglobotruncanaare particularly abundant and diversified
(Figs. 5, 6) with Praeglobotruncana aumalensisPraeglobotruncanaaff. oraviensis
Praeglobotruncana gibba&raeglobotruncana rillellaDesmares nov. s@raeglobotruncana
stephani and Praeglobotruncanaaff. Dicarinella hagni Some medium-sized to large
Praeglobotruncanawvith a distinctive lobate periphery and a thickvrof pustules (at least at
the beginning of the last whorl) are quite simitarP. oraviensis(Fig. 5). According to
Falzoni et al. (2016) the first occurrence of thecies should be close to the Cenomanian—
Turonian boundary. Specimens from the middle Cemammaof Saint-Ulphace present more
pustulose tests than the specimens illustrateddasdribed by Falzoni et al. (201®). aff.
oraviensiscould be considered as earlier occurrencd®. airaviensisHowever, the presence
of specimens morphologically intermediate betweaumalensisindP. aff. oraviensisraise
the question of an eventual test alteration linkedsome sort of environmental pressure.
Those forms could also be interpreted as transitilorms betweePraeglobotruncanaand
first P. aff. D. hagni (Fig. 5) recorded in the upper part of the sect{big. 2). P. aff.
Dicarinella hagnipresent a typical profile dD. hagnibut have not yet acquired two keels.
These morphotypes with a pustulose band were airdadcribed by Robaszynski et al.

(1993) in the uppermost lower Cenomanian of Cefalisia.
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The globular form3Nhiteinella apricaandM. delrioensis(Fig. 4) are also well-represented.
Contrary to the assumption of the Time Scale 2@4#tHonissen and Ogg, 2012). aprica
cannot be an objective marker of the upper Cenamnabiase, as this species is already
recorded in the middle Cenomanian.

The percentages of left-coiled morphotypes amdngdelrioensisare quite high with
values ranging between 35% and 55%.

Calcareous nannofossils are relatively common tmdhant and moderately to well-
preserved in the  Saint-Ulphace  assemblages. No ifispec biohorizons
(appearance/disappearance) were highlighted throtigh section, but the common
occurrence of Litraphidites acutus Axopodorhabdus albianus Helenea chiastia
Cretharhabdus striatysand the absence &artnerago thetaseems to indicate an age not
older than the middle Cenomanian, roughly corredpanto biozones CC10 (Sissingh, 1977;
Perch-Nielsen, 1985) UC3 (Burnett, 1998).

The 8**C.an curve does not present any positive isotopic esionr(Fig. 2); values are

relatively constant (comprise between 1%. and 2%o).

4.2. Mézieres-sur-Ponthouin

The lower and middle parts of Marne®abiauriculatadid not yield any calcareous
microfossils. The planktonic foraminifera occusfiin this formation just below the Bousse
hardground within the last 50 centimetres of therida a0. biauriculata(Fig. 3). Among
them several specimens of the index speRiesushmanhave been found in association with
other keeled forms, includinghalmanninella greenhornensisnd Dicarinella hagni It
should be noticed that maybe related to the shallater settings, all the specimensTdf.

greenhornensigFig. 4) are smaller than usual, and they do moeed 30Qum at Mézieres-
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sur-Ponthouin. Two morphotypes Bt hagniare commonly found, the classical biconvex
forms and more planoconvex morphotypes, with asjbétal side, that were already described
and figured in Robaszynski et al. (1979) and in tipper Cenomanian Sables du Perche
Formation in the Civray-de-Touraine borehole (Anwédt al., 2018) (Fig. 7). As previously
recorded by Ferré (1995), the last specimenR.ofushmanivere identified just below the
Bousse hardground. In the PhD memoir of Ferré (,98%eral occurrences of index species
Helvetoglobotruncana helvetiae mentioned, but not figured, in the Craile labiatusone
metre above the disappearance of the glauconiatkofirig. 3). But we did not find any
specimen of this latter species. However, seveaalted Dicarinella occurred within the
Craie aT. carantonensig¢Figs. 3, 4, 7). These morphotypes are similahiape tdicarinella
concavatawith their distinctive bowl-shaped profiles but vdiscrete staircase-like imbricate
structures on spiral side (Fig. 7). It was parfaclyl surprising assuming that the lowest record
of D. concavatawas in the Upper Turonian of Tunisia, on the seuthTethyan margin
(Robaszynski et al., 1990). These double-keeledoglanvex variants are quite common and
have already been observed in the Upper Cenomanidifferent paleogeographic domains.
In particular, similar forms were also recognizédHat Springs in the Western Interior Basin
(Fig. 7). We considered that this upper Cenomaftan represent a new speciegarinella
falsohelveticaDesmares nov. sp. Evolution of similar planoconwearphotypes could be
iterative or could be linked with environmental ddions. The phylogenetic relationships
betweenD. hagni planoconvex morphotypeficarinella falsohelvetica and D. concavata
have yet to be clarified. The lowest occurrence)(bOD. concavatehas been considered to
be a reliable biomarker for placement of the bdsthe upper Turonian—lower Coniacién
concavataZone (Sigal, 1955; Robaszynski et al., 1990; Pteifidva and Sliter, 1995;
Robaszynski and Caron, 1995) but several studiese Bheady illustrated the diachronous

nature of this marker (Robaszynski et al., 199@i2xm, 2000).
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The chalky facies in the upper part of the MézienasPonthouin section contain
abundant and well-preserved nannofossils whildénldower part assemblages are sparse and
sediments often barren. A succession of key namssdfbiohorizons, (disappearancesCf
striatus L. acutus A. albianus H. chiastia and appearance dDuadrum intermedium
Eprolithus octopetaly€. moratus, Q. gartnerihas been recorded at Méziéres-sur-Ponthouin
(Figs. 3, 8) which constrains the CTB interval (R in agreement with published literature
(Tsikos et al., 2004; Desmares et al., 2007; Fetoat al., 2010; Linnert et al., 2011; Corbett
et al., 2014) and the planktonic foraminifera data.

Whiteinella and Muricohedbergellaare common and well-represented at Mézieres-
sur-Ponthouin. The population bf. delrioensisexhibits major changes from the MarneS.a
biauriculata to the Craie aT. carantonensigormations. In the last 50 centimetres of the
Marnes aO. biauriculatg the percentage of the left-coiled morphotype .(F3y drops
significantly from 36% to 16%. Above the Boussedwggound, the percentage of sinistral
specimens is again greater than 20%. In the Sabl€s obtusus a general progressive
decrease of the number of left-coiled morphotypebiserved, and only right-coiled forms are
present at the base of the Craik. &arantonensidn the glauconitic chalk, the percentages of
sinistral forms increase again but never exceed. 15%

Due to the outcrop conditions and to the low cadbempercentage, only two values of
81%Cca, Were acquired in the MarnesCa biauriculata(Fig. 9) The Sables &. obtususare
characterized by stron§°C values (greater than 3,5 %o) in its lower halfg(F®) and by
lighter values on its upper half (between 0 and 1% Craie & . carantonensigxhibits a
single moderate peak 8t°C values (Fig. 9).

8'%0.ammpresents heavier values above the Bousse hardginuhe basal part of the

Sables &C. obtususefore a change to lighter values in the uppetr gfathe formation (Fig.
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9). The values remain within the same range uhéobiasal part of the Craiel.alabiatus

580 performed on dextral and sinistMl delrioensisfollow a similar overall trend (Fig. 10).

5. Discussion

5.1. Stratigraphic framework

The Mid-Cenomanian Event | is defined by doudliC..., peaks (la and Ib) within
the middle Cenomanian (Jenkyns et al., 1994; Paal.,€1994). In the English Chalk, high-
resolution chemostratigraphy integrated with amn@miostratigraphy (Paul et al., 1994;
Mitchell et al., 1996; Jarvis et al., 2006) indithat the two positive**Cca, excursions la
and Ib respectively occur in ti@unningtoniceras inermgone and in the lower part of tide
rhotomagenseZone. If theC. inermeZone is not represented in the north-eastern gfart
Sarthe (Morel, 2015), we have investigated the ipdigg of recording Ib in the basal part of
the Craie de Théligny. However, tB€C.., curve does not present any noticeable variation
(Fig. 2). As previously reported in the Courgenbatehole (Juignet et al., 1983), data on
planktonic foraminifera indicated that the basat pathe Craie de Théligny in Saint-Ulphace
area already belongs to tHe. cushmanitotal range Zone that begins in the middle
Cenomanian and extends upwards to the Upper Cenaminthe Anglo-Paris Basin, an age
which is also confirmed by nannofossil assembladgesEngland, the firstR. cushmani
appears just after a sharp increase in the praportf planktonic foraminifera: the
Planktonic/Benthic event (P/B event). Rotaliporidaecome a significant element of the
planktonic assemblage in the Anglo-Paris Basinr dfte P/B event (Paul et al., 1994; Jarvis
et al., 2006). In the Théligny area, due to theelachange between the Sables and Grés de

Lamnay and the Craie de Théligny, the recognitiba &/B event is not possible. However,
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as observed by Juignet et al. (1983), Rotaliporat@ealready common in the first metres of
the Craie de Théligny. Close to the P/B breakpigiots**C . values are quite low and stable
even if on longer time series (Jarvis et al., 2086 P/B break corresponds to an inflection
point to more rapidly rising**Cca values. Such a trend is not visible in La GareQuoarry.
Considering the ammonite biostratigraphic dataarfoniferal assemblages and the stable low
8"Ccam values, it can be assumed that the basal pateoftaie de Théligny is post Mid-
Cenomanian Event | and coeval with the P/B evemtnséquently, the base of the
rhotomagens&one is probably not recorded in the Théligny aeggesting a hiatus. It is in
accordance with the presence of an often phospldat&crofauna at the base of the Craie de

Théligny indicating low sedimentation rate and rekimg.

The Cenomanian—Turonian stage boundary coincidattlwide with an increase in
marine productivity and with the burial of orgardarbon (Jenkyns, 1980). Consequently,
OAE2 is characterised by a majdt’Cean, positive excursion (Fig. 9). This isotopic shift,
composed of high frequency events, is synchronadsallows high-resolution correlations
between distant sites (Tsikos et al., 2004; Kuhal.e 2005; Grosheny et al., 2006; Desmares
et al., 2007; Takashima et al., 2009; Westermanal.e2010). The initial increase of the
8Ccan and peak of values (A) is particularly well receddat Méziéres-sur-Ponthouin in the
sandy facies above the Bousse hardground. By @inthee second increase and plateau (B)
within the Craie ar. carantonensiappears to be particularly reduced (Fig. 9). Masak
expression could be related to presence of one eweral hiatuses. Juignet (1973)
characterised an erosional surface between theeSabC. obtususand the Craie d.
carantonensis.

The extension of this (these) hiatus(es) needs docbnstrained with an integrative

stratigraphic approach. As surface dwellers, minectbergellids were not affected by OAE2
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and provide a continuous signal throughout the @wmvan—Turonian boundary interval
(Desmares et al., 2016). Several reversals inngpdirection have been characterised in mid-
latitude sections of the Western Interior Seaway ahthe Umbria-Marche and Vocontian
basins (Desmares et al., 2016; Grosheny et al.§)20he recognition of these events at

Méziéres-sur-Ponthouin provides stratigraphic marke

5.2. Coiling reversal events amolg delrioensis

Among some modern and recent fossil species ofkfdaic foraminifera, the
proportion of left- to right-coiled shells in a pdation appears to be temperature-dependent;
the relative abundance of each morphotype reflgairological preferences (Ericson, 1959;
Bandy, 1960; Boltovskoy, 1973; Bauch et al., 2008&rling et al., 2006; Darling and Wade,
2008; Uijiie et al., 2010). A similar relationshipshbeen identified amorg. delrioensisat
the Cenomanian—Turonian stage boundary in sevei@dlatitude sites (Desmares et al.,
2016; Grosheny et al., 2016), including the Pudipe section (Fig. 9). As an example, at
Pueblo, the increase of left-coil&tl delrioensisn the assemblage is clearly related to higher
8'®0cap Values suggesting that changes in the coilingctice in this surface dweller
represent a new proxy for constraining Sea Surfareperature (SST) variations (Desmares
et al., 2016; Grosheny et al., 2016). At Pueblogsd events were previously identified in
the pattern oM. delrioensisshell coiling (Fig. 9):

(S1) An important rise in the relative percentafisinistralM. delrioensisbegins in the upper
part of theMetoicoceras mosbyeng®ne. Associated with heavéf’O.., values, this event
indicates a cooling episode (Desmares et al., 20886)persists into the lower part of the

Sciponoceras gracil&Zone (M. geslinianumequivalent) before a stepwise decline. A brief
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drop subdivides this event into two episodes: Sich &1b. Temporally, the base of S1b is
coincident with the first peak (A) of tf&3Ccan curve.

(S2) Of lesser amplitude, S2 occurs in the upper @f theS. gracileZone and pertains to
the general progressive decrease in frequencynatisl forms. The end of S2, at the base of
the N. juddii Zone, coincides with the onset of #1&C.. plateau of values (B) and with the
beginning of theHeterohelixshift (Leckie et al., 1998; Caron et al., 2006;sbares et al.,
2007)

(D) Close to the CTB, right-coileldl. delrioensisbecome dominant. This event is coeval with
the §*C.an plateau of values (B). In accordance witflO . values, the dominance of right-
coiling forms records a thermal maximum.

Based on the ammonite biostratigraphy &MCcan excursions, most of the events
amongM. delrioensiscan be recognized at Mézieres-sur-Ponthouin @ig.

The high proportion of sinistral forms recordedtle upper part of the MarnesCa
biauriculata can correspond to the base of S1. However, asdhiact between the Sables a
C. obtususand the Marnes @. biauriculatais erosive, it cannot be excluded that this siaist
event records an earlier cooling event (Fig. 9Qlebd, new data from the Hartland Shale in
the Pueblo section indicated other major coilingersals within thél. mosbyensgone (Fig.
9).

The high abundance of sinistral morphotypes abbeeBousse hardground, coeval
with the first peak (A) 08>*C.a, pertains to the S1b event. As for the Puebld@ecS1b is
associated with heaviér®O.a values and thus clearly reflects a cooling evéhts cooling
episode is particularly well-expressed in south&mgland where the positivé™*Ocar
excursion (Jarvis et al., 2011) within the nhd-geslinianumZone is recognizable and
coincides with thd’lenusCold Event, a temporary influx of Boreal faunaotighout Europe

(Jefferies, 1962; Gale and Christensen, 1996). Meweat Méziéres-sur-Ponthouin, the
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percentage of sinistral. delrioensisduring S1 is significantly lower (Fig. 9). Such a
discrepancy could indicate higher SST in the Arg#ois Basin even if the two reference
sites, historical stratotype and GSSP, are bothtéacwithin an epicontinental seaway at a
similar palaeolatitude of about 40°N (Torsvik et 2012; van Hinsbergen et al., 2015).

With very few left-coiled specimens, the D eventlisarly identified within the basal
part of the Craie &. carantonensisin more detail, in Pueblo, the D event exhibliseee
successive lows; the first one, the lowest, beloggo theN. juddii Zone. In accordance with
the ammonite biostratigraphy (Kennedy and Juigt@®4a), the low records at Méziéres-sur-
Ponthouin could correspond to the first low of Raeflhen, the progressive increase of
sinistral forms could be correlated to the samadrebserved in the lower Turonian of
Pueblo, coeval with the end of t€C.a, plateau of values.

S2 seems to be incompletely recorded but the kayndetween the Sables@G
obtususand the Craie d. carantonensigorresponds to an erosion surface (Juignet, 1973).
This incomplete pattern can therefore be explaimead hiatus that includes the onset of the

8"Ccan plateau of values (B).

5.3. Significance of the3*®0 offset between dextral and sinistral morphotypésM.

delrioensis

When sinistralM. delrioensisexceeds a threshold of 12%, a significant isotopic
difference of at least 0.5%0 (up to 1.3%0) betwedtrdeiled M. delrioensisand right-coiled
M. delrioensisis observed (Fig. 10); dextr8. delrioensisbeing systematically lighter and
presumably warmer. Such results are particulantprsing because they are similar to what
has been published for tiNeogloboquadrina pachydermaotopic signature (Bauch et al.,

2003; Nyland et al.,, 2006). An isotopic differenock about 0.5%. has been highlighted
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between left- and right-coilingN. pachydermasince 10 Ka (Bauch et al., 2003). Recent
advances in molecular analysis provide new insigbtscerning the diversity of planktonic
foraminifera which has been underestimated whileusong only on the morphological
features of the test (Bauch et al., 2003; Darlingale 2006; Darling and Wade, 2008);
morphospecies as previously understood, beingdndamposed of several cryptic species.
Among the extaniN. pachydermas.l., the dextral forms now nameédeogloboquadrina
incomptaand the left-coiledN. pachydermaThey are in fact different species with distinct
ecologies and biogeographic distributions (Darlitgal., 2006). Thus, the Holoced&O
offset between left-coilet. pachydermaand right-coiledN. incomptamay 1) represent a
genotype-specific vital effect (Bauch et al., 2008Q) be related to hydrological factors such
as different calcification depths (Bauch et alQ20Nyland et al., 2006). Similar assumptions
might arise for theM. delrioensispopulation. Does the systemasttO difference reflect a
vital effect and/or correspond to any hydrologifeaitor?

Genetic evidence (Bauch et al., 2003; Darling gt24106) amondN. pachydermas.|.
show that the morphological distinction of coilidgections is not sufficient to distinguish
two morphotypes; low level (<3%) of aberrant calirbeing associated with both
morphotypes (Bauch et al., 2003). As an examplemall percentage of tests with a right
coiling morphology (1-3%) are found in planktonicssamblages and persist in the
sedimentary record even in the most extreme paaditons. Despite their right coiling
morphology, such forms have a sinistral isotopimposition (Bauch et al., 2003). Similarly,
it could be argued that during the latest Cenonmaniarming and the early Turonian thermal
maximum, the rare left-coile®l. delrioensisare aberrant forms of the right-coiled variety. It
could explain why in this interval, sinistr®l. delrioensisand dextraM. delrioensishave a
similar isotopic signature. Interestingly, whilee1®0 reveals a systematic offset, there is no

marked difference i8'°C either between sinistréN. pachydermaand dextralN. incompta
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(Bauch et al., 2003) neither between sinisifaldelrioensisand dextraM. delrioensisover
the entire time interval (Fig. 10). Siné&°C values of foraminifers are thought to record
specific environmental conditions, the similfC signatures between sinistral and dextral
forms could mean that th%0 offset represents a genotype-specific vital ¢ffather than
reflecting hydrological factors. As an example, WgA000) and Numberger et al. (2009)
showed that differens*>C values in distinct morphotypes 6fiobigerinoides ruberreflect
their depth habitat within the water column. Re¢gss, such a conclusion must be taken with
caution as thé'*C of left-coiledN. pachydermas about constant with water depth (Bauch et
al., 2002) meaning that the influence &fC of the dissolved inorganic carbon in the
foraminiferal shell can be masked by other effects.

In conclusion, as for sinistrdll. pachydermaand dextralN. incompta it remains
difficult to determine whether the coiling-depenteii®0 offset amongM. delrioensis
represents annual, seasonal or water-depth hydecalagdjfferences rather than a vital effect

signature.

6. Systematic Palaeontology

Order FORAMINIFERIDA Eichwald, 1830

Suborder GLOBIGERININA Delage and Hérouard, 1896

Family HEDBERGELLIDAE Loeblich & Tappan, 1961

Genuicarinella Porthault, 1970

Dicarinella falsohelveticdesmares, nov. sp.

LSID urn:lsid:zoobank.org:act:7C728E33-B64C-4A03A%L1FESFDE95C20
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Description. Typical forms included in this spedmes/e a large (> 400m) planoconvex test

with 5 to 6 chambers on the final whorl. Equatopatiphery is lobate. On the spiral side,
chambers are petaloid in shape and present a isstegrcase-like imbricated chamber. The
species presents a bowl-shaped profile with twd-esgressed keels. Its umbilicus is narrow.

Umbilical sutures are radial and depressed.

Remarks. This species is distinguished fidmhelveticaby having two keels. It differs from
Dicarinella marianosiby its smaller size, a fewer number of chambershenast whorl and
its narrower umbilicus. The spiral side ©f. falsohelveticais less depressed thdb.

concavata.

Test size. Maximum test diameter: holotype 484 illustrated paratypes 45®n-500um.

Type locality. Chemin de la Créle, Mézieres sur tRonin, Cenomanian stratotype area

(Sarthe, France).

Type horizon. Cenomanian-Turonian stage boundaie@Carantonensism.

Repository. Holotype (collection number MEZ Craje?b6M4365, Fig. 7, 5a-c) and paratypes

(collection numbers P6M4364, P6M4366, P6M4367, PB8&4 Fig. 7., 4a-c, 6a-b, 7a-b 8a-b)

are deposited in the collections of the Sorbonndssité, Paris, France.

Derivation of the name. Due to the shape of iteridt view, this species could be

misidentified as a specimen idf helveticabut with two keels.
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GenusPraeglobotruncan®8ermudez, 1952

Praeglobotruncana rillellaDesmares, nov. sp.

LSID urn:lsid:zoobank.org:act:D8BAB6CC-27CB-4CC14870FA2F9F28FBD

Description. Typical forms included in this spedmes/e a large (> 350m) planoconvex test
with 5 to 6 chambers on the final whorl. Equatopatiphery is lobate. On the spiral side,
chambers are petaloid in shape and have a cogrseys aspect, at least on the last whorl,
whereas in the inner whorl, porosity is partly leddoy large pustules. Sutures on the spiral
side are curved and slightly raised except betwdenlast chambers where it becomes
depressed. This species is seemingly “double-kééledin detail it presents umbilical well-
developed pustules but the last chamber is entamlyoth. On the umbilical side, sutures are
radial and depressed; chambers are inflated aamdgular in shape. Principal aperture is
umbilical and is protected by a narrow lip. The geg presents a prominent nonporous
carinal band composed of numerous pustules in dheepart of the last whorl. This band
can be less distinct on the final chamber. Evehid species was not abundant enough in the

samples to realise a representative count, bottradend sinistral forms have been found.

Remarks. This species is distinguished frdfiteinella praehelvetic&Trujillo, 1960) by a
guadratic edge on the last chambers, by a nondpsgstuest on the spiral side of the last
chamber, by slowly expanding chambers and by aufmsst carinal band in the earlier part of
the last whorl. Moreover, 95% Al. praehelveticaare dextral forms whered?. rillella

exhibits both dextral and sinistral morphotypesisThipecies differs from the Turonian
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specieHelvetoglobotruncana microhelveti¢duber and Petrizzo, 2017 by its larger size and

the absence of keel.

Test size. Maximum test diameter: holotype 30, illustrated paratype 48dm; maximum

breadth: holotype 300m, illustrated paratype 4Q0m.

Type locality. La Garenne Quarry at Saint-UlphaCenomanian stratotype area (Sarthe,

France).

Type horizon. Middle CenomaniaA.(rhotomagens&one andR. cuhmaniZzone), Craie de
Théligny Fm., within the three metres above thetacinbetween the formations of “Sables

and Gres de Lamnay” and “Craie de Théligny”.

Repository. Holotype (collection number UP15, P6B@3Fig. 6, 3a-c) and paratypes
(collection numbers UP15, P6M4358, P6M4359, Figs-cl2a-c) are deposited in the

collections of the Sorbonne Université, Paris, Eean

Derivation of the name. Derived from the Middle fkahk: "rillé" (piece of pork) and dedicated

to the local "paté" of Le Mans area.

7. Conclusions

Samples of middle Cenomanian from Saint-Ulphacél yieverse and well-preserved

planktonic foraminifera assigned to tRe cushmaniZone in accordance with nannofossil

data. Among planktonic foraminifer&raeglobotruncanaare particularly well-represented.
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Their excellent preservation allows the descriptafna new specie®. rillella and the
opening of discussion on some transitional morphedybetweerPraeglobotruncanaand
Dicarinella.

At Méziéres-sur-Ponthouin, several biohorizons agnaannofossils and planktonic
foraminifera are identified including the disappeare ofT. greenhornensiandR. cushmani
below the Bousse hardground. Sinistral event Stedsgnised in the lower part of the Sable
a C. obtusus Bio- and chemostratigraphic correlations with tiype section of Pueblo
highlight the presence of small hiatuses in thatstype area. While the first peak (A)&fC
values is clearly recognized in the sandy facies/althe Bousse hardground, the plateau (B)
is limited to the Craie d. carantonensisThis plateau is coeval with the Dextral event (D)
encompassing the CTB at Pueblo. In the almost cetealbsence of specimens of ammonite
in this section, this integrated stratigraphic gtsdpports the regional age calibration of the
series proposed from ammonite biozonation and sigdhat CTB is placed in the middle

part of the condensed Craid acarantonensis.
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Figure Captions

Figure 1. A. Palaeogeographic setting of the Ariggois Basin, modified after Juignet and
Kennedy (1976). B. Lithostratigraphy of the Cenoraarstratotype area with the location of

Méziéres-sur-Ponthouin and Saint-Ulphace, modiiier Juignet et al. (1978).

Figure 2. Distribution of planktonic foraminifera the basal part of the Craie de Théligny

Fm. at La Garenne Quarry (Saint-Ulphace) set agéiBean andd**Ocars

Figure 3. Distribution of planktonic nannofossilsthe Chemin de la Créle (Mézieres-sur-

Ponthouin). The base of tie helveticaZone is placed after Ferré (1995).

Figure 4. la-cRotalipora cushman{Morrow, 1934), UP15, P6M4339. 2afe. cushmani
MEZ10, P6M4340. 3a-cThalmanninella globotruncanoidéSigal, 1948), UP18, P6M4341.
4a-c.R. cushmanvar.expansaUP15, P6M4342. 5a-Ghalmanninella brotzerigal, 1948,

UP18, P6M4343. 6a-l@halmanninella greenhornens{slorrow, 1934), MEZ11, P6M4344.
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7a-c. Whiteinella aprica(Loeblich and Tappan, 1961), MEZ Craie 1, P6M4388:b.
Globigerinelloides bentonengiMorrow, 1934), MEZ10, P6M4346. 9a-uricohedbergella
delrioensis(Carsey, 1926), MEZ Craie 1, P6M4347. 10&\.aprica(Loeblich and Tappan,

1961), UP15, P6M4348. 11alMd. delrioensisUP15, P6M4349.

Figure 5. la-c.Praeglobotruncana aumalensiSigal, 1952), UP15, P6M4350. 2a-e.
aumalensis UP15, P6M4351. 3a-?Praeglobotruncana stepharfGandolfi, 1942), UP12,
P6M4352. 4a-cP. stephaniUP12, P6M4353. 5a-Braeglobotruncana gibb&laus, 1942),
UP18, P6M4354. 6a-d®raeglobotruncanasp. aff. Dicarinella hagni(Scheibnerova, 1962),
UP15, P6M4355. 7a-c. Intermediate betwdenaumalensisand Praeglobotruncanaaff.
oraviensis Scheibnerova 1960, UP15, P6M4356. 8&raeglobotruncanaaff. oraviensis,

UP15, P6M4357.

Figure 6. la-c, 2a-®raeglobotruncana rillellan. sp., paratype, UP15, P6M4358, P6M4359.

3a-c.Praeglobotruncana rillellan. sp., holotype, UP15, P6M4360.

Figure 7. la-cD. hagni biconvex morphotype, MEZ Craie 1, P6M4361. 2&c.hagni
intermediate morphotype between planoconvex anshibiex forms, MEZ Craie 1, P6M4362.
3a-c. D. hagnj planoconvex morphotype, Civray (France), uppendd@nian (Turonian
stratotypic area), P6M4363. 4aidicarinella falsohelvetican. sp., paratype, MEZ Craie 1,
P6M4364. 5a-c.D. falsohelvetican. sp., holotype, MEZ Craie 1, P6M4365. 6afb.
falsohelvetican. sp., paratype, MEZ Craie 1, P6M4366. 7a-b.,.d8a-dalsohelvetican. sp.,
paratype, HS9, Hot Springs (South-Dakota, US), uppenomanian §. gracile Zone),

P6M4367, P6MA4368.
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Figure 8. 1.Cretarhabdus striatug(Stradner 1963) Black, 1973; sample MEZ 12. 2.
Eiffellithus cf E. eximius (Stover, 1966) Perch-Nielsen 1968; sample MEZ 29.
Axopodorhabdus albianuBlack, 1967) Wind & Wisen Wise & Wind, 1977; sample MEZ
12. 4. Eprolithus octopetalusvarol, 1992; sample MEZ 3Z4prolithus moratus(Stover,
1966) Burnett, 1998; sample MEZ 3Sartnerago segmentatu(®tradner, 1966) Thierstein,
1974; sample MEZ 12. Quadrum intermediurvarol, 1992; sample MEZ 28. uadrum
gartneri Prins and Perch-Nielsen 1977; sample MEZ 3LitBraphidites acutud/erbeek &

Manivit, 1977; sample MEZ 12. Scale bar gnh

Figure 9.5'%0¢an and§**Cear, records compared to the changes in the perceofasjaistral
M. delrioensisin the sections at Pueblo (Desmares et al., 2@If®) at Mézieres-sur-
Ponthouin. Isotopié™*C events A: initial increase in values and firsalgeB: second increase

and plateau.

Figure 10. Carbon and oxygen isotopic compositimmdeft-coiled (white dots) and right-
coiled M. delrioensis(black dots) at Mézieres-sur-Ponthouin. Data amapared with bulk

isotopic composition and with the percentage oksial morphotypes.
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