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Abstract. An integrated biostratigraphic approach, based on ammonites, calcareous nannofossils, dinoflagellates, combined with sedi-
mentology, carbon-isotope and physical stratigraphy, is proposed for the Subalpine Basin (thuoux and Saint-Pierre d’argençon sections). 
Within the expanded marl deposits of the Terres Noires Fm., the Callovian-Oxfordian boundary is particularly well defined by ammonite 
taxa from different families (i.e. Cardioceratidae, Oppeliidae, Aspidoceratidae and Perisphinctidae), calcareous nannoplankton (first oc-
currence of large-sized Stephanolithion bigotii) and dinoflagellate cysts (first occurrence of Wanaea fimbriata). this precise biostratigra-
phy and diversity of ammonites permit long-range correlations with Boreal and Pacific domains. The exceptional outcrop conditions and 
continuous sedimentation allow high-resolution chemostratigraphy and cyclostratigraphy to be used. Variations of the δ13c record (1.5‰ 
increase during the Lamberti Zone), consistent with data from other sections of the Subalpine Basin and with the Paris Basin, provide ad-
ditional markers to characterise the callovian-oxfordian boundary. Promising results from cyclostratigraphy should serve to constrain the 
duration of biostratigraphic units and thus improve the Late Jurassic Geologic Time Scale. Comparisons are made with the two other can-
didates for an oxfordian gSSP, redcliff Point (uK) and dubki (russian Platform). Finally, the advantages of the Subalpine Basin sections 
support the proposal of thuoux as a suitable gSSP candidate for the base of the oxfordian Stage.
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IntrOductIOn

in western european basins, the callovian-oxfordian 
transition is frequently marked by hiatuses or condensed 
levels. the scarcity of available ammonite-rich continuous 
sedimentary successions, which would allow precise ammo-
nite biostratigraphy and integration of ammonite taxa from 
various palaeobiogeographic provinces, renders difficult the 
choice of a reliable section to define a Global boundary Stra-
totype Section and Point (gSSP) for the Middle-late Juras-
sic transition. among the possibilities are 1) the Subalpine 
Basin (SE France), where the Callovian-Oxfordian bound-
ary is well identified and characterised in the expanded 
Terres Noires Formation (Fortwengler et al., 1997), and 2) 
the Oxford Clay Formation in Dorset (England), where 
more condensed sections show all the biohorizons bracket-
ing the boundary (Page, 2004). in this context, the Savourn-
on and Thuoux sections in the Subalpine Basin were pro-
posed some years ago as potential candidates for the 
callovian–oxfordian gSSP, as the result of several meet-
ings organised from 1993 in the Subalpine Basin, by the 
groupe Français d’Étude du Jurassique (gFeJ), the oxford-
ian working group (owg) and the international Subcom-
mission on Jurassic Stratigraphy (iSJS; enay, Meléndez, 
1984; atrops et al., 1993; atrops, Meléndez, 1994). never-
theless, since then, no official decision about the Oxfordian 
gSSP has been taken (Meléndez, 2003; 2004). the redcliff 
Point/Ham Cliff section in Dorset (UK) was first proposed 
as an alternative (Page et al., 2009a, b) and, more recently, 
a new section on the Russian Platform at Dubki has also 
been proposed as a potential candidate (Kiselev et al., 2013). 
Here, we present recent palaeontological and other strati-
graphic investigations at thuoux in the Subalpine Basin, to 
propose this section as a candidate for the oxfordian gSSP, 
with complementary information from a nearby section at 
Saint-Pierre d’Argençon, in confirmation of the initial stud-
ies (Fortwengler, Marchand, 1994a–d; Fortwengler et al., 
1997; Fortwengler et al., 2012; Fortwengler et al., 2013; 
Pellenard, 2013; Pellenard et al., 2014b).

the Subalpine Basin is part of the Submediterranean 
palaeobiogeographic province. the terres noires Fm. is 
bio stratigraphically subdivided, using the ammonite zonal 
scheme established for this faunal province (thierry et al., 
1997; cariou et al., 1997). However, the ammonite associa-
tions are also rich in cardioceratids, characteristic of the 
Subboreal Province (Marchand et al., 1990). Both zonal 
schemes are thus applicable, enhancing the correlations be-
tween the two faunal realms, and providing maximum preci-
sion for the relative age determination of the sedimentary units.

Although well-preserved ammonites are abundant in 
the Terres Noires Fm., where they greatly exceed other fos-

sil macroinvertebrates (e.g. belemnites and brachiopods), 
several microfossil groups (calcareous nannofossils, dino-
flagellates, spores and pollen, foraminifers and ostracods) 
provide additional biostratigraphic data.

Biostratigraphic, sedimentological and tectonic aspects 
of the Middle-late Jurassic transition have been studied, 
over several decades, in numerous well-exposed outcrops in 
the diois, Baronnies and the Buëch Valley (artru, 1972; tri-
bovillard, 1989; dardeau et al., 1994; graciansky et al., 
1999; Fortwengler, Marchand, 1994a–d; Fortwengler et al., 
1997; Pellenard, 2003). in many sections of this domain, 
abundant, characteristic, well-preserved ammonites provide 
an accurate biostratigraphy. the callovian-oxfordian 
boundary is especially well exposed at the Thuoux and 
Saint-Pierre d’Argençon sections, where all ammonite bio-
horizons and subzones of the uppermost callovian lamberti 
and basal Oxfordian Mariae zones can be clearly identified 
(Fortwengler et al., 2012). New investigations were recently 
performed on these sections, across the callovian-oxfordian 
boundary, with precise facies analyses, nannofossil and di-
noflagellate/palynomorph determination, clay mineralogy, 
geophysical measurements (i.e. field gamma-ray spectrome-
try and magnetic susceptibility) and geochemical analyses 
(Pellenard, deconinck, 2006; courtinat, 2006; Boulila et al., 
2008, 2010; giraud et al., 2009; Pellenard et al., 2014c). 

Here we summarise and integrate the recently ob-
tained stratigraphic information for both the thuoux and 
Saint-Pierre d’argençon sections, and support the propos-
al that the first of them be the GSSP for the base of the 
oxfordian stage.

GEOGraPhIc and GEOlOGIcal SEttInGS

during the Jurassic, the Subalpine Basin (Se France) 
formed part of the external alpine realm or dauphinois 
realm (Baudrimont, dubois, 1977; dubois, delfaud, 1989). 
Four areas, defined geographically and tectonically, can be 
recognised within this basin (Fig. 1): 1) the Vivaro-Cevenol 
Platform, to the south of the French Massif central, is the 
maximum western extent of the Subalpine Basin; 2) the Pro-
vençal Platform, including the digne and castellane arcs, 
is on the south-eastern margin; 3) the Subalpine range, in-
cluding the chartreuse and Vercors ranges, lies to the north; 
4) the diois, the Baronnies and the Buëch Valley form 
the central part of the Subalpine Basin. 

From the late Bajocian to the Middle oxfordian, the 
Subalpine Basin was strongly subsident, opening eastwards 
on to the tethys ocean through the ligurian trough (enay 
et al., 1980; thierry, cariou, 1980; thierry et al., 2000). 
It was bordered by carbonate platforms throughout the 
callovian and oxfordian (elmi et al., 1984; enay et al., 
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1984; atrops, 1994; graciansky et al., 1999). Fine detrital 
sediments were continuously deposited in this very subsid-
ent basin, implying a high sedimentation rate. these marl 
deposits, known as the Terres Noires Fm., are up to 2000 m 
thick in the central part of the Subalpine Basin (artru, 1972; 
Fortwengler, 1989; Tribovillard, 1989; Graciansky et al., 
1999; Pellenard, 2003). on the basin margins, the terres 
Noires Fm. is only a few hundreds or tens of metres thick, 
and may be absent from ridges and shoals. 

of the many easily accessible outcrops in the Subalpine 
Basin where the Terres Noires Fm. is present, only a few are 
suitable for high-resolution biostratigraphic investigation. in 
the eastern diois and in the Baronnies, the lamberti and 
paucicostatum biohorizons, below and above the Callovian-
Oxfordian boundary, contain either few characteristic fos-
sils, or fossils that are not well preserved. The sections in the 
east (Gap/Embrun) have a poor fossil record, with some hia-
tuses, and the Jurassic sediments have been strongly affect-
ed by alpine metamorphism (artru, 1972). the sections 
near the margins of the basin (la Voulte-sur-rhône on the 
Vivaro-cevenol Platform, and Vauvenargues on the Proven-
çal Platform) can be used to provide supplementary materi-
al, despite many hiatuses within the Callovian-Oxfordian 
succession (elmi, 1967; graciansky et al., 1999; charbon-
nier, 2007).

the section selected as a gSSP candidate is in the 
River Buëch Valley, between Aspres-sur-Buëch and Sis-
teron (Fig. 1). here, the terres noires Fm. is very rich in 
well-preserved ammonites, and is particularly extensive, 
with no disconformities, major faults or hiatuses. Two 
sections, thuoux and Saint-Pierre d’argençon, have re-
cently been investigated in detail: thuoux is proposed as 
the stratotype section for the potential callovian-oxford-
ian GSSP, while Saint-Pierre d’Argençon, where the lith-
ological and faunal successions are close and consistent 
with data from the Thuoux and Savournon outcrops 
(Fortwengler et al., 1997; 2012), could be an auxiliary 
section. The Saint-Pierre d’Argençon section was recent-
ly used for a precise orbital calibration of the oxfordian, 
on the basis of the magnetic susceptibility signal (Boulila 
et al., 2008, 2010; gradstein et al., 2012).

MatErIal and MEthOdS

For both the thuoux and Saint-Pierre d’argençon sec-
tions, a detailed lithological succession has been document-
ed, including all aligned calcareous nodules and calcareous 
or indurated marly beds, which act as key markers. All spec-
imens and samples collected from the sections have been 
precisely recorded on the logs.

AmmoniTES

hundreds of ammonites have been collected over a peri-
od of many years (mainly by dF and dM), in the terres 
Noires Fm., leading to the identification of a series of faunal 
levels from the athleta zone to the Plicatilis zone (levels 1 
to 14). Levels define the smallest units recognisable in the 
field by their facies and faunal assemblages, and are well 
identified throughout the Subalpine Basin (Fortwengler, 
1989; Fortwengler, Marchand, 1991; Fortwengler, Mar­
chand, 1994a–d; Fortwengler et al., 1997; Fortwengler et 
al., 2012). each level can be anchored to the relevant bio-
stratigraphic reference framework of the Submediterranean 
domain (thierry et al., 1997; cariou et al., 1997). 

in the terres noires Fm., the presence of characteristic 
ammonite species, recording the majority of the zones, sub-
zones and biohorizons defined for the Submediterranean 
realm, yields a precise zonal scheme. in this paper, biohori-
zons are recognised as infrazonal biostratigraphic units, 
characterised either by a faunal assemblage or the occur-
rence of an index-species, following the successive defini-
tions and improvements classically proposed by several au-
thors (gabilly, 1976; callomon, 1984; Page, 1995; thierry, 
galeotti, in galeotti, rey, 2008; rogov et al., 2012). there-
fore, in this paper, a biohorizon, or infrazonal biostratigaph-
ic unit, may encompass one or more “levels”.

nAnnoFoSSiLS AnD PALynomoRPhS

the same set of samples, collected at moderate to very high 
resolution, was used for both nannofossil and palynomorph in-
vestigations, and magnetic susceptibility (MS) and geochemi-
cal analyses. Calcareous nannofossils were investigated in 
smear slides, with an optical microscope at a magnification of 
×1250. Palynological investigation on the thuoux section fo-
cused on a series of samples crossing the callovian-oxfordian 
boundary, from th150 (at 21.85 m) to th290 (at 34.15 m). 
These samples were subjected to standard hydrochloric and 
 hydrofluoric acid digestion. They all provided rich assemblages 
of dinoflagellate cysts, spores, pollen, acritarchs, foraminifer 
linings and abundant dark charcoal particles. For each sample, 
at least 200 dinoflagellate cysts were counted (up to 400 for the 
most productive levels).

FiElD Gamma-ray sPEcTromETry (Grs)

Field gamma-ray spectrometry (GRS) data were mea-
sured in situ, with a 12cm step resolution, using both Ex-
ploranium gr-320 and Satisgeo gS-512 spectrometers, 
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equipped with a 137cs reference source. the same method-
ology was used for both instruments: the detector was placed 
against a cleaned and smoothed outcrop surface, with an ac-
quisition time of 1 minute. Reproducibility was assessed by 
measuring the same spot 30 times. replicates are normally 
distributed (Shapiro-Wilk test: p = 0.235), with a standard 
deviation of approximately 5%, confirming the appropriate-
ness of a 1 minute acquisition time.

maGnETic suscEPTibiliTy (ms)

High resolution sampling (8 cm step) was carried out on 
the two sections. Samples collected were measured in the 
laboratory for magnetic susceptibility (MS) with a Kappa-
bridge MFK-1 susceptometer. Each sample was measured 
three times, and the mean of these values is reported after 
weight normalisation. The standard deviation of the analyti-
cal error associated with the MS measurements, based on 
triplicate analyses, is 0.0091 · 10−8 m3/kg.

isoToPE GEochEmisTry

Stable isotope (carbon and oxygen) analyses of bulk car-
bonate were performed on 100 samples from Thuoux at the 
isotopic Mass Spectrometry Service (SSMiM) of the na-
tional Museum of natural history (Mnhn, Paris, France). 
Values for δ13C and δ18O values were measured in a Delta V 
Advantage (Thermo Fischer Scientific) isotope ratio gas 
mass spectrometer, directly coupled to a Kiel iV automatic 
carbonate preparation device (reaction at 70 °c under vacu-
um) and calibrated via niSt 19 to the VPdB (Vienna Pee 
dee Belemnite) scale. the overall precision of the measure-
ment was greater than 0.03‰ for carbon and 0.04‰ for ox-
ygen, and the reproducibility of replicated standards was 
better than ±0.1‰ for both δ13C and δ18o.

additional isotope analyses (δ13c, δ18O) were performed 
on: i) bulk carbonate from Propriac-Beauvoisin and thuoux, 
and ii) belemnite rostra (n = 10) from seven sections in the 
Subalpine Basin (Propriac-Beauvoisin, Savournon, Saint-
geniez, ribiers, Sahune, rottier and la Voulte-sur-rhône) 
at the Biogéosciences laboratory (university of Burgundy, 
Dijon, France). Polished rostra were investigated using cath-
odoluminescence microscopy (8200MKii technosyn cath-
odoluminescence coupled to an olympus microscope, Bio-
géosciences, university of Burgundy) and Scanning 
Electron Microscope (JEOL JSM 7600F equipped with EDS 
oxford link eXl ii and wdS oxford link, platform ar-
cen, icB, university of Burgundy). luminescent and non-
luminescent areas of belemnite rostra were accurately 

mapped, so as to sample only the non-luminescent parts of 
the shells for stable isotope analysis. The calcite powders 
were reacted with 100% phosphoric acid at 90°C, using 
a Multiprep carbonate preparation line connected to an 
isoprime mass spectrometer. oxygen isotope compositions 
are reported in the delta notation relative to V-PdB in per 
mil, by assigning a δ13c value of +1.95‰ and a δ18o value 
of –2.20‰ to NBS19. Reproducibility was checked by rep-
licate analyses of laboratory standards and is better than 
±0.08‰ (1σ) for oxygen isotopes and ±0.04‰ (1σ) for 
carbon isotopes. 

cyclosTraTiGraPhy

The cyclical fluctuations observed at Thuoux were in-
vestigated using spectral analyses to better constrain their 
origin. Prior to spectral analyses, the linear trend of the se-
ries was removed and the residuals were normalised (aver-
age = 0; standard deviation = 1). The multitaper method was 
used on the series to calculate the sedimentary periods, ap-
plying three 2π-tapers (2π-MtM; thomson, 1982, 1990). 
time-Frequency weighted Fast Fourier transforms (t-F 
WFFTs) were applied to detect changes in the expression of 
the sedimentary period throughout the series (e.g. Martinez 
et al., 2013; Matys grygar et al., 2014). the procedure con-
sists in dividing the grS series into 247 intervals of 15 m, 
separated from each other by 0.12 m. each interval is then 
weighted by one Slepian sequence and treated by applying 
a Fast Fourier transform. the interpretation of the grS cy-
cles in terms of orbital forcing was performed by comparing 
the ratios between the observed frequencies and frequencies 
of the earth’s orbital parameters calculated in the last astro-
nomical solutions (laskar et al., 2004, 2011).

tErrES nOIrES FOrMatIOn lIthOlOGY  
and FacIES

terres noires Fm. deposits are dominated by clayey and 
silty calcareous marls, often with aligned calcareous nod-
ules, some limestone beds and calcareous bundles. in the 
Upper Callovian and at the base of the Lower Oxfordian, 
small, dark grey to chocolate-brown nodules are aligned in 
beds. above, the marls contain beds of aligned cream-col-
oured nodules and larger, flatter, rust-coloured nodules, con-
taining fine laminations interpreted as distal tempestites 
(Pellenard, 2003). the top of the terres noires Fm. contains 
beds of aligned red nodules, and the marl deposits are more 
and more calcareous, gradually becoming true marl/lime-
stone alternations (argovian facies). Marl deposits are com-
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posed of carbonate (30%) and a mixture of silt (mainly 
detrital quartz) and clay. clay assemblages are relatively ho-
mogeneous, with iron-rich chlorite (15–20%), illite (35–
50%), r1 illite-smectite mixed-layer minerals (25–50%), 
and kaolinite (10%; Pellenard, 2003; Pellenard, deconinck, 
2006). Several thin bentonites (weathered volcanic ash lay-
ers) have been identified, interbedded with the marl, thus al-
lowing correlations between the Subalpine Basin and the 
Paris Basin (Pellenard et al., 2003; Pellenard, deconinck, 
2006). Clay mineralogy reveals the overprint of weak burial 
diagenesis on the sediment, consistent with: i) the nature of 
the detrital and authigenic illite-smectite mixed-layers, ii) 
the tmax of the organic matter, around 450°c, and iii) the 
fluid inclusion study, suggesting that temperatures never ex-

ceeded 120–150°c during maximal burial (Barlier et al., 1974; 
guilhaumou et al., 1996; Pellenard, deconinck, 2006).

The precise definition of each ammonite biohorizon within 
these biostratigraphic frameworks is proposed in the ammonite 
biostratigraphy section, which follows the detailed descriptions 
of each section, thuoux and Saint-Pierre d’argençon.

Thuoux SEcTion (Figs 2 and 3)

In the Thuoux section, the boundary between the Lam-
berti zone, lamberti Subzone, paucicostatum Biohorizon, 
and the Mariae zone, Scarburgense Subzone, thuouxensis 
Biohorizon, is clearly and precisely located at the boundary 

A B

C D

Fig. 2. Photographs of the callovian-Oxfordian boundary in the Subalpine Basin

a. The position of the callovian-oxfordian boundary at Thuoux. B. The position of the callovian-oxfordian boundary at saint-Pierre d’argençon. c. Typical outcrop 
conditions for high-resolution gamma-ray spectrometry measurements at Thuoux. d. Detail of the callovian-oxfordian boundary at saint-Pierre d’argençon.
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between Level 6B and Level 7 (Fortwengler, 1989; Fort-
wengler, Marchand, 1994d; Fortwengler et al., 1997, 2012). 
only the interval encompassing the callovian-oxfordian 
boundary (from level 5B to level 10a), is described here, 
with around 80 m of marly sediments, from the late Upper 
callovian (lamberti zone, lamberti Subzone, lamberti Bio-
horizon) to the base of the Lower Oxfordian (Mariae Zone, 
Scarburgense Subzone, scarburgense Biohorizon, Figs 2 
and 3):

Level 5B: around 9 m of dark grey marl, with some grey 
calcareous nodules, occasionally large and platy; lamberti 
zone, lamberti Subzone, lamberti Biohorizon.

Level 6: around 17 m of softish, grey marl, with small 
grey nodules and thin, harder clayey limestone intercala-
tions. The progressive transition between the upper part of 
level 5B and level 6 is marked by more frequent thin cal-
careous levels. calcareous mineralised concretions are 
abundant in the upper part of Level 6, which can be divided 
into level 6a (11 m) and level 6B (6 m); lamberti zone, 
lamberti Subzone, paucicostatum Biohorizon.

Level 7: around 13 m of yellowish grey marl with nu-
merous intercalations of aligned rust-to-ochre large platy 
nodules at the base, particularly rich in ammonites; Mariae 
zone, Scarburgense Subzone, thuouxensis Biohorizon.
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Fig. 3. detailed lithology, biostratigraphy and distribution of ammonite fauna, calcareous nannofossils and dinoflagellate cysts,  
for the thuoux section
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Level 8A: around 6 m of marl, starting with 3 m of more 
calcareous marl. this level also contains aligned large rust-
to-ochre coloured lenticular platy nodules, with laminae in-
terpreted as distal tempestite storm deposits, and erosional 
surfaces; Mariae zone, Scarburgense Subzone, scarbur­
gense Biohorizon.

level 8B: after another 3 m of more calcareous marl, 
around 13 m of fairly homogeneous marl, with calcareous 
mineralised concretions; pyritous nodules are interbedded in 
soft marl at the top; Mariae zone, Scarburgense Subzone, 
scarburgense Biohorizon.
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level 9: around 17 m of homogeneous pale grey marl, 
interbedded with rust-to-ochre coloured calcareous bundles 
with large platy nodules and rare pyritous nodules; Mariae 
zone, Scarburgense Subzone, scarburgense Biohorizon.

Level 10A: about 15 m of soft darker marl with grey nod-
ules and, locally, small greenish grey phosphatic nodules; Mar-
iae zone, Scarburgense Subzone, woodhamense Biohorizon.

sainT-PiErrE D’arGEnçon sEcTion  
(Figs 2 and 4)

the terres noires Fm. at Saint-Pierre d’argençon/
aspres-sur-Buëch covers a stratigraphic interval encompas-
sing the upper callovian (lamberti zone, lamberti 
Subzone, praelamberti Biohorizon) to Middle oxfordian 
(transversarium zone) interval (gaspard et al., 2005; huret, 
2006; Boulila et al., 2008; Fortwengler et al., 2012). only 
levels 4 to 10a are presented here (Figs 2 and 4):

levels 4 to 5B: composed of about 60 m of grey marl. 
Several thin calcareous intercalations are found, each about 
1 m thick, and which stand out due to weathering (base of 
level 5a and top of level 5B). whatever the level, orange-
ochre nodules are quite frequent; some of them show lami-
nae interpreted as tempestite storm deposits. abundant, di-
versified ammonites allow precise attribution to Levels 4 to 
5B (lamberti zone, lamberti Subzone, praelamberti bioho-
rizon and lamberti biohorizon).

Levels 6 to 8B: about 40 m thick, with soft marl, espe-
cially in the lower part, and alignments of orange-to-ochre 
or rust-coloured nodules, with frequent laminae. The 
Callovian-Oxfordian boundary is situated within a homoge-
neous marly layer, between Levels 6 and 7, where both the 
paucicostatum Biohorizon and the thuouxensis Biohorizon 
can be clearly and precisely recognised by their characteris-
tic ammonite assemblages (Fig. 4).

levels 9 and 10a: a thick series (109 m) of marl, harder 
than the lower levels, containing many large platy nodules. 
There are also two metre-thick intercalations of calcareous 
nodules and, finally, a greenish phosphatic layer, near the 
top of level 10a. (level 9: Mariae zone, Scarburgense 
Subzone, scarburgense Biohorizon; level 10a: Mariae 
zone, Scarburgense Subzone, woodhamense Biohorizon).

aMMOnItE BIOStratIGraPhY

The biostratigraphic framework shown in Figure 5 repre-
sents the synthetic succession and association of ammonite spe-
cies and genera for the Subalpine Basin, based on a similar fig-
ure in Fortwengler et al. (2012). Plates 1–5 present ammonites 
from the thuoux and Saint-Pierre d’argençon sections. 

uPPER cALLoviAn

in the terres noires Fm., the presence of characteristic 
ammonite species records the majority of the zones, sub-
zones and biohorizons defined for the Submediterranean 
realm.

Athleta Zone (d’orbigny, 1852; oppel, 1857, sensu 
Callomon, 1964). This zone can be identified throughout the 
basin; it has a moderate thickness of about 50 m. the index 
species, Peltoceras athleta (Philips), can often be found in 
association with numerous Phylloceratinae.

 Trezeense Subzone (cariou, 1969; level 1 in Fortwen-
gler, 1989). the presence of Pseudopeltoceras marks the 
base of the upper callovian. the associated fauna, charac-
teristic of the upper part of the subzone, includes Peltocera-
tinae (Peltoceras baylei Prieser macroconch, Rursiceras 
pseudotorosum Prieser microconch), oppeliidae, Peri-
sphinctidae and Phylloceratinae.

Collotiformis Subzone? (Bourquin, contini, 1968; 
level 2 in Fortwengler, 1989). The Collotiformis Subzone is 
not always easily identified. Peltoceratinae disappear and 
Kosmoceratidae appear. Collotia cf. odyssea (Mayer) is re-
garded as a good indicator for the subzone. grossouvrinae 
(gr. Grossouvria evexa-sulcifera (Quenstedt-oppel)) and 
Hectico ceratinae are still well represented, as are Phyllo­
ceratidae (mostly Sowerbyceras tortisulcatum (d’orbigny).

Lamberti zone (hébert, 1857, 1860, emend. Marchand, 
1986; levels 3, 4 and 5 in Fortwengler, 1989).

Henrici Subzone (Sayn, 1830; callomon, Sykes in 
cope et al., 1980). the index species Quenstedtoceras 
henrici (douvillé) and Distichoceras nodulosum (Quen-
stedt) are present but rare, as is Quenstedtoceras aff. mes-
siaeni Marchand, raynaud (level 3 in Fortwengler, 1989). 
the ammonite fauna is dominated by hecticoceratinae 
(Hec ti co ceras (Orbignyceras) pseudopunctatum (lahusen); 
H. (Brightia) brighti Pratt), Pseudoperisphinctinae (Gros­
souvria evexa-sulcifera (Quenstedt-oppel), euaspidocerati-
nae and Phylloceratidae. in several sections (Buëch Valley 
and around Sahune), a fossil-rich layer with Peltoceras 
schroederi Prieser can be used to define the top of the sub-
zone. 

Lamberti Subzone (callomon, Sykes in cope et al., 
1980). Cardioceratinae species are used to define three suc-
cessive biohorizons in the lamberti Subzone.

praelamberti Biohorizon (Marchand, 1986). at the base 
(level 4 in Fortwengler, 1989), Hecticoceratinae (H. (Pu­
tea li ceras) punctatum (Stahl)) are frequent; they are accom-
panied by Horioceras baugieri (d’orbigny) and Alligati­
ceras sp. Rare Cardioceratinae are present; some with 
morphotypes close to Quenstedtoceras henrici (douvillé), 
while the majority can already be identified as Quenstedto­
ceras praelamberti (douvillé). level 4 is easily recognised in 



10 Pierre Pellenard et al.

LAMBERTI Zone MARIAE Zone

UPPER CALLOVIAN LOWER OXFORDIAN

Lamberti Subzone Scarburgense Subzone
prae
lamb. lamb. paucicostatum thuouxensis scarburgense woodhamense

5A 5B 6A 6B 7 8A 8B 9 10A

Quenstedtoceras praelamberti

Kosmoceras duncani

Kosmoceras duncani (in Badaluta)

Berniceras cf. inconspicuum

Distichoceras bipartitum

Poculisphinctes poculum

Hecticoceras punctatum

Hecticoceras pseudopunctatum

Hecticoceras paulowi

Alligaticeras sp.

Quenstedtoceras lamberti

Cardioceras paucicostatum α

Peltoceras eugenii (in Bonnot)

Peltoceras athletoides (in Bonnot)

Brightia thuouxensis

Cardioceras mariae (in Maire)

Cardioceras scarburgense

Cardioceras woodhamense

Properisphinctes bernensis

Taramelliceras episcopalis

Brightia chatillonense

Hecticoceras coelatum

Eochetoceras villersensis

Euaspidoceras armatum

Cardioceras paucicostatum β

Fig. 5. Stratigraphic range of the major ammonite species found in Levels 5A to 10A of the Terres Noires Fm. at the Callovian-Oxfordian boundary

Chronostratigraphic levels and biostratigraphic zonal scheme are based on first and last appearance of ammonite taxa and ammonite associations. 
Dashed black lines indicate fluctuating levels of abundance



11integrated stratigraphy of the oxfordian global stratotype section and point (gSSP) candidate in the Subalpine Basin (Se France)

the centre of the basin, but is more difficult to observe else-
where, especially on the margins. Near the top, (Level 5A in 
Fortwengler, 1989) Quenstedtoceras praelamberti (douvil-
lé) is abundant, with characteristically fine, not very promi-
nent ribbing, with only one or two intercalaries. Diverse ac-
companying fauna include Hecticoceras (Orbignyceras) 
paulowi (de tsytovich) and Kosmoceras duncani (Sower-
by). level 5a is easily recognised throughout the basin and 
sometimes on the margins.

lamberti Biohorizon (callomon, 1964; level 5B in 
Fortwengler, 1989). Cardioceratinae are very rare, and their 
ribbing morphology is different from their older relatives: 
the primaries are thickened, with more intercalaries. Peri-
sphinctinae and Pseudoperisphinctinae (Alligaticeras and 
Poculisphinctes genera) are frequent. hecticoceratinae are 
represented mainly by Hecticoceras pseudopunctatum (la-
husen). no Kosmoceras, Distichoceras or Berniceras are 
found after the lamberti Biohorizon. this biohorizon corre-
sponds to a stratigraphic gap everywhere in the basin, ex-
cept for the Buëch Valley and the Propiac section (western 
part of the basin). The following species have been collect-
ed: Quenstedtoceras lamberti (Sowerby), Poculisphinctes 
poculum (leckenby), Alligaticeras cf. alligatum (lecken-
by), Rollieria sp., Distichoceras bipartitum (zieten), Kos­
moceras duncani (Sowerby) in Badaluta, 1976, Euaspido­
ceras hirsutum (Sayle), Euaspidoceras subbabeanum 
(Sintzow), Hecticoceras (Brightia) svevum (Bonarelli), 
Hecticoceras (Lunuloceras) pseudopunctatum (lahusen). 

paucicostatum Biohorizon (Marchand, 1979, emend. 
Fortwengler, Marchand, 1991; Level 6 in Fortwengler, 
1989; Fortwengler et al., 1997). the paucicostatum Biohori-
zon is the uppermost biostratigraphic unit of the callovian. 
It can sometimes be divided into two parts if the unit is thick 
enough, with an abundant fossil record. The lower part 
(level 6a, in Fortwengler et al., 1997) still contains some 
Cardioceratinae, with a morphology very close to Quen­
stedto ceras lamberti (Sowerby).They can thus be consid-
ered as the α morph of Cardioceras paucicostatum lange, 
because their primaries and intercalaries (rarely very numer-
ous) are equally strong (debrand-Passart et al., 1978, fig. 9, 
10). The morphologically more advanced individuals, with 
fine, dense, straight ribs, and almost always a single interca-
lary, on an ogival venter without a keel, but with a smooth, 
slightly raised siphonal band, are considered to be the β 
morph of the same species, Cardioceras paucicostatum 
lange (lange, 1973; debrand-Passard et al., 1978; Fort-
wengler, Marchand, 1994a; Fortwengler et al., 1997). it 
should be noted that these cardioceratinae are morphologi-
cally close to Quenstedtoceras pseudolamberti Sintzow-
lahu sen, especially to individuals recently published from 
russia (Kiselev et al., 2013). Hecticoceras (Orbignyceras) 
paulowi (de tsytovich) is the most frequent of the hectico-

ceratinae. the upper part (level 6B, in Fortwengler et al., 
1997) is characterised by relatively numerous Peltoceratoi­
des eugenii (Raspail), which present duplicated latero-ven-
tral tubercles for the first time (Bonnot, 1995; Bonnot et al., 
1997; chapman, 1999; Bonnot et al., 2002). in level 6B, all 
the cardioceratinae are morphologically advanced and 
therefore correspond to the β morph of the Cardioceras 
paucicostatum lange. Hecticoceras (Orbignyceras) pau­
lowi (de tsytovich) is less frequent than in level 6a. no 
Pseudoperisphinctinae are found above level 6B. level 6 
(paucicostatum Biohorizon) can be identified wherever Lev-
el 5B (lamberti Biohorizon) is present. the paucicostatum 
Biohorizon has been identified in the Buëch Valley, near Sis-
teron and in several parts of the Baronnies. Elsewhere in the 
Subalpine Basin, its absence is associated to the lamberti 
Biohorizon gap.

LowER oxFoRDiAn

there is a slight change in facies (from the end of the 
paucicostatum Biohorizon) to blue-grey marls, with fre-
quent thin intercalations of calcareous beds and beds with 
aligned calcareous nodules. The total thickness of the Lower 
oxfordian Substage varies from 300 to 400 m.

Mariae Zone (douvillé 1881; levels 7–10 in Fortwengler, 
1989; Fortwengler, Marchand, 1994a). The Mariae Zone is 
much thicker than the Cordatum Zone, which is frequently re-
duced and in some sections more difficult to recognise.

Scarburgense Subzone (Buckman, 1913). New ammo-
nite species of cardioceratinae and hecticoceratinae are 
used as index fossils to define three successive biohorizons 
in the Scarburgense Subzone.

thuouxensis Biohorizon (Fortwengler et al., 1997; lev-
el 7 in Fortwengler, 1989; elisabethae Biohorizon, Fortwen-
gler, Marchand, 1991, 1994a). a brief, marked faunal turno-
ver took place in the thuouxensis Biohorizon. the last 
callovian ammonite genera and subgenera (Fig. 5) disap-
peared (Poculisphinctes, Lunuloceras, Orbignyceras, 
Putealiceras, Alligaticeras, Orionoides), while new species 
appeared, in particular Hecticoceras (Brightia) thuouxensis 
Fortwengler et Marchand, which is easy to distinguish mor-
phologically from the Callovian Hecticoceratinae (Fortwen-
gler et Marchand, 1994a–b; Fortwengler et al., 1997; chap-
man, 1999). the cardioceratinae are still morphologically 
close to Cardioceras paucicostatum lange, β morph (levels 
6A and 6B), although some show clear affinities to Cardio-
ceras scarburgense (young et Bird): the ribs on the body-
chamber are decidedly prorsiradiate and the primary ribs are 
divided once, but intercalaries are extremely rare. the Pel-
toceratinae are very similar to those in level 6B, but the 
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latero-ventral  tubercles are more clearly duplicated (Bonnot, 
1995; Bonnot et al., 1997, 2002). the euaspidoceratinae re-
appear at the top of the biohorizon (Bonnot, 1995) with a 
new species, Euaspidoceras armatum (de loriol), accompa-
nied by the first Properisphinctes bernensis (de loriol). the 
thuouxensis Biohorizon has been identified throughout the 
Subalpine Basin and its margins. it is an outstanding bi-
ostratigrapically-defined marker-bed, observed in more than 
60 sections. It has also been formally identified in the Callo-
vian-oxfordian argiles de la woëvre Fm. in the eastern Par-
is Basin (thierry et al., 2006), in the French Jura Mountains 
(Jardat, 2010) and in the south of england (chapman, 1999). 
Hecticoceras (Brightia) thuouxensis Fortwengler et March-
and, has been collected in the Bugey and Swiss Jura. Appar-
ently, it also exists in russia (Kiselev et al., 2013).

scarburgense Biohorizon (Buckman, 1913, emend. 
Fortwengler, Marchand, 1994a; levels 8 and 9 in Fortwen-
gler, 1989; Fortwengler et al., 1997). Based on various am-
monite associations, this biohorizon can be divided into 
three parts: 8A, 8B and 9 (Fortwengler, Marchand, 1994a–b; 
Fortwengler et al., 1997, 2012). 

level 8a: Hecticoceras (Brightia) thuouxensis Fortwen-
gler et Marchand is still present but gradually replaced by 
Hecticoceras (Brightia) chatillonense de loriol (de loriol, 
1898; Fortwengler et al., 1997). Macroconchs have weak 
ornamentation, while microconchs still have strong, but 
denser ribbing, as there are fewer intercalaries. Another spe-
cies of hecticoceratinae, Hecticoceras coelatum (coquand), 
was collected for the first time in this level (Thierry et al., 
2006), associated with Taramelliceras episcopale (de lo-
riol). Some of the Cardioceratinae have a narrower umbili-
cus, more sinuous ribbing and a more oval section. with 
a more marked prorsiradiate design, the ribs tend to form 
a chevron pattern on the venter; at the same time, the smooth 
siphonal band tends to disappear. all these morphological 
features are typical of Cardioceras scarburgense (young et 
Bird). Peltoceratoides eugenii (Raspail) persists without 
morphological changes (Bonnot, 1995; Bonnot et al., 1997). 

Level 8B: The level begins with the first appearance da-
tum of Peltoceratoides athletoides (lahusen); this species 
shows a very clear duplication of the ventro-lateral tubercles 
(Bonnot, 1995; Bonnot et al., 1997, 2002), with ribs-branch-
ing lower on the flanks than in Peltoceratoides eugenii 
( raspail). among the oppeliidae, Hecticoceras (Brightia) 
thuou xensis Fortwengler et Marchand is absent but Hectico­
ceras (Brightia) chatillonense de loriol is still present. Eo­
chetoceras villersense (d’orbigny) is more frequent but still 
rare (douvillé, 1912; chapman, 1997, 1999; thierry et al., 
2006). the cardioceratinae are the same as in level 8a, but 
less frequent (only 4.6% of the total ammonite fauna), with 
an increasing number of variants, a thicker whorl section, 
and pronounced, wide-spaced ribs, similar to Cardioceras 

mariae (d’orbigny), forerunners of Cardioceras morpholo-
gies in the woodhamense Biohorizon. Phylloceratidae are 
very abundant here, with a high proportion of Sowerbyceras 
tortisulcatum (d’orbigny). 

level 9: the upper part of the scarburgense Biohorizon 
(lower and middle part of Level 9) shows a drastic decrease 
in ammonite faunal diversity, coeval with a noticeable in-
crease in Phylloceratidae, which become dominant (80 % of 
the total fauna). In the most fossiliferous outcrops, we ob-
serve the association of species generally linked to open sea 
or deeper environments (thierry et al., 2006), such as Eo­
chetoceras villersense (d’orbigny), Lytoceras fimbriatum 
(Sowerby) and Lissoceras erato (d’orbigny). at the top of 
level 9, the genus Properisphinctes is more frequent, and 
Phylloceratidae are still numerous. in rare outcrops in the 
Subalpine Basin, some Cardioceratinae, with prorsiradiate 
ribs on the venter, are morphologically close to Cardioceras 
woodhamense Arkell, which possibly indicates the lower-
most part of the woodhamense Biohorizon (arkell, 1939; 
Fortwengler, Marchand, 1994a–b; Fortwengler et al., 1997; 
Jardat, 2010). like the thuouxensis Biohorizon, the scarbur­
gense Biohorizon is recognised throughout the basin, but it 
is sometimes difficult to subdivide Level 8 into two parts, 
particularly on the margins. 

woodhamense Biohorizon (Fortwengler, Marchand, 
1994a–b; uppermost part of level 9 in Fortwengler, 1989; 
lowermost part of Level 10 in Fortwengler, Marchand, 
1994a–b). the ammonitina are again frequent and more di-
versified. The Perisphinctinae form about one third of the 
total population, chiefly Properisphinctes bernensis (de lo-
riol). The Cardioceratinae are very rare, with characteristic 
morphologies found at the base of the woodhamense Bioho-
rizon. among the oppeliidae, the subgenus Brightia is still 
present, with Hecticoceras (Brightia) matheyi de loriol, and 
the first Campylites are found.

Praecordatum Subzone (Morley-davies, 1916; level 
10 in Fortwengler, Marchand, 1994a–b). at the base of the 
subzone, a level consistently occurring throughout the Sub-
alpine Basin contains an abundant ammonite fauna, domi-
nated by Perisphinctinae. the oppeliidae are still frequent, 
with Taramelliceras episcopale (de loriol). we can note the 
last appearance datum of Perisphinctes picteti de loriol. 
Specimens of Cardioceras praemartini Spath indicate the 
base of the Praecordatum Subzone. At the top, in the west-
ern and south-western parts of the basin, Peltoceratoides 
williamsoni (Phillips) and Cardioceras praecordatum occur.

Cordatum Zone (d’orbigny, 1852; levels 11 and 12 in 
Fortwengler, 1989; Fortwengler, Marchand, 1994a–b). near 
Sahune, the cordatum zone is about 120 m thick (Pellenard, 
2003). in the majority of the sections studied, the upper part 
of the terres noires Fm. contains fauna characteristic of the 
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cordatum zone, in some sections rich in cardioceratinae. 
at the base, the cardioceratinae are morphologically very 
close to Cardioceras bukowskii Maire (Level 11; Bukowskii 
Subzone). In the Baronnies, the western Diois and around 
Sisteron, as well as on the Ardèche margin, they are abun-
dant and accompanied by Cardioceras korys (Buckman) 
(Fortwengler, 1989; Marchand et al., 1990; Marchand, Fort-
wengler, 2010). The uppermost part still contains fauna of 
the Cordatum Subzone (Level 12), with Cardioceras perse­
cans Buckman. However, Level 12 is poorly individualised 
and contains rare Cardioceras cordatum (Sowerby), and 
abundant Sowerbyceras genus.

nannoFossil biosTraTiGraPhy

the transition from the lamberti zone to the Mariae 
Zone is marked by a succession of first and last occurrences 
(FO and LO) of nannoplankton species, whose calibration 
and correlation potential has remained somewhat limited, 
due to low resolution studies, provincialism, dominance of 
siliceous sedimentation, and the presence of hiatuses in the 

southern tethys sections. in recent biostratigraphic synthe-
ses, the main nannoplankton biohorizons established for the 
callovian-oxfordian transition are: the lo of Ansulas­
phaera helvetica (lower part of the Lamberti Zone; Bown et 
al., 1988; Kaenel et al., 1996) and the total range (Fo and 
lo) of Stephanolithion bigotii maximum, reported from the 
uppermost part of the lamberti zone to the cordatum zone 
in nw europe (Bown et al., 1988) and across the lamberti/
Mariae zones in england (Medd, 1979; 1982) and Se France 
(Fauconnier et al., 1996; Kaenel et al., 1996; giraud et al., 
2009; Fig. 6 herein). competing correlations for this nanno-
fossil biohorizon, if not related to proven diachroneity, or 
low resolution sampling, could also be caused by differing 
taxonomic concepts among specialists. 

the potential of this nannofossil biohorizon as a useful 
proxy for the callovian-oxfordian boundary has been tested 
in the thuoux and Saint-Pierre d’argençon sections (see 
Figs 3–4) and also in the Savournon section. all the samples 
studied yielded scarce to abundant nannofossil assemblages, 
of moderate to poor preservation, with a species richness of 
about 25–30 species. the assemblages are dominated by 
Watznaueria britannica morphotypes (giraud et al., 2009) 

Stage Ammonite Zones
Calcareous nannofossil bio-horizons 

(Bown et al. , 1988; de Kaenel et al. , 1996)
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Fig. 6. Late Callovian–Early Oxfordian calcareous nannofossil biohorizons
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at 75%, followed by quite abundant Watznaueria fossacinc­
ta, Zeugrhabdotus erectus, Discohabdus podorhabdids and 
Stephanolithion bigotii. Very rare and sporadic Ansulas­
phaera helvetica and Stephanolithion hexum are observed in 
the lowermost part of the Saint-Pierre d’Argençon section 
(praelamberti Biohorizon). the sub-species Stephanolithion 
bigotii maximum, the marker of the NJ7 biozone (Bown et 
al., 1988) was originally described as having “overall meas-
urements exceeding 6 × 3 μm” (Medd, 1979); this size crite-
rion was strictly followed here and all the Stephanolithion 
bigotii encountered were accurately measured. Biometric 
measurements revealed that large-sized Stephanolithion bi-
gotii, i.e. reaching a maximum rim length of 5.80 μm 
(Plate 6), are recorded from the paucicostatum Biohorizon 
in all three sections, roughly at the beginning of a positive 
carbon isotope shift at thuoux and Savournon (see the iso-
tope geochemistry section). this size increase is clearly vis-
ible, yet no specimen reaching 6 μm, to be conveniently classi-
fied as Stephanolithion bigotii maximum, was encountered in 
any of the three sections. giraud et al. (2009) reported the oc-
currence of S. bigotii maximum from the uppermost lamberti 
zone of the Savournon section. the diagnostic criteria used 
for this subspecies are not reported and it is difficult to con-
clude whether we failed to recognise S. bigotii maximum, or 
rather if the subspecies documented by the authors (giraud et 
al., 2009; fig 4, no 10) corresponds to our large-sized S. bi­
gotii bigotii >5µm. If we follow the size criterion of the di-
agnosis in Medd (1979), then no specimen of Stephanoli­
thion bigotii maximum was found in any of the three sections. 

biosTraTiGraPhy oF DinoFlaGEllaTE cysT  
anD oThEr GrouPs

A palynological analysis was carried out on the nearby 
Savournon section by Courtinat (2006). This work showed 
that the callovian-oxfordian boundary in this part of the 
Subalpine Basin could be defined using the usual index spe-
cies, Wanaea fimbriata Sarjeant 1961, which is known to ap-
pear precisely at the beginning of the first ammonite zone 
(Mariae Zone) of the Oxfordian in western Europe (Berger, 
1986; Feist-Burkhardt, wille, 1992; riding, thomas, 1992; 
huault, 1998). a previous study by Poulsen and Jutson, (1996) 
indicated that most of the stratigraphically important dinofla-
gellate cyst species are present in the faunal assemblages, and 
that Durotrigia filapicata gocht disappeared at the top of the 
Callovian, while some rare Wanaea fimbriata Sarjeant ap-
peared at the base of the oxfordian, as also observed in the 
north Sea region and in east greenland. Poulsen and Jutson 
(1996) also remarked that foraminifers were poorly pre-
served. Only two stratigraphically significant species have 
been identified: Ophthalmidium com pressum ostenfeld and 

Ophtalmidium strumosum gümbel. Ophthalmidium com­
pressum ostenfeld disappeared during the thuouxensis Bio-
horizon, while Ophtalmidium strumosum Gümbel, which ap-
peared during the paucicostatum Biohorizon, persisted into the 
scarburgense Biohorizon. Preliminary research shows that 
 ostracods are rare, but nevertheless present at Savournon (tesa-
kova, 2008).

Although other palynomorphs showed no significant evolu-
tion at the Middle-Late Jurassic boundary, some dinoflagellate 
cysts evolved and diversified rapidly, thus providing an effi-
cient biostratigraphic tool, which is used as the focus of this 
palynological study. Dinoflagellate cyst assemblages at Thuoux 
follow the global trend described elsewhere in Europe, i.e. 
showing great diversity during the Late Callovian. These as-
semblages (see also references given) are overwhelmingly 
dominated by Sentusidinium spp. and Compositosphaeridium 
polonicum (górka, 1965) erkmen et Sarjeant, 1980. they also 
include common taxa such as Gonyaulacysta jurassica (de-
flandre, 1938) Norris et Sarjeant, 1965 emend. Sarjeant, 1982; 
Escharisphaeridia spp.; Rhynchodiniopsis cladophora (Deflan-
dre, 1939) Below, 1981; Adnatosphaeridium caulleryi (Deflandre, 
1938) Williams et Downie, 1969; Stephanelytron spp.; Cleisto­
sphaeridium spp.; Pareodinia spp., and Tubotuberella spp. also 
present are Ctenidodinium spp.; Sirmiodiniopsis orbis drugg, 
1978; Scriniodinium crystallinum (Deflandre, 1938) Klement, 
1960; Trichodinium scarburghensis (Sarjeant, 1964) williams et 
al., 1993; Liesbergia liesbergensis Berger, 1986; Rigaudella ae­
mula (Deflandre, 1939) Below 1982; Wanaea fimbriata Sarjeant, 
1961, and Wanaea thysanota woollam, 1982. amongst cysts of 
biostratigraphic interest, the genus Wanaea (Plate 6) is present but 
not frequent at Thuoux (about 1% of the dinoflagellate cyst assem-
blages), while Durotrigia filapicata gocht has not been recog-
nized in the short time span investigated here (paucicostatum 
and thuouxensis biohorizons). Most of the dinoflagellate cysts 
show no appreciable variation in their abundance, with the no-
table exception of Wanaea fimbriata Sarjeant, 1961, which ap-
pears for the first time in sample Th190, placing the 
Callovian-Oxfordian boundary between samples Th 186 and 
Th 190 (Fig. 3). This palynological definition of the Callovian-
-Oxfordian boundary fits perfectly with the ammonite biohori-
zons defined above, proving the accuracy of the palynological 
data across the callovian-oxfordian boundary, and underlining 
the biostratigraphic value of the thuoux section.

GEOPhYSIcal StratIGraPhY  
and cYclOStratIGraPhY

Magnetic susceptibility (MS) was measured in samples 
collected from the lamberti Subzone p.p. to the Scarbur-
gense Subzone p.p. at thuoux representing ~45 m of strata 
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unit 6 (paucicostatum biohorizon) is condensed at saint-Pierre d’argençon, due to synsedimentary tilting of blocks and extensional tectonics
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(Fig. 9). The sample spacing was set at ~8 cm, resulting in 
a total of 570 samples. The MS values are relatively low, 
ranging from 6 to 10 · 10−8 m3/kg, and their variation fol-
lows a strongly cyclical pattern. There are short-wavelength 
cycles superimposed on a long-wavelength cycle, which 
reaches its maximum (10 · 10−8 m3/kg) around the callovi-
an-oxfordian boundary. Visual inspection indicates a mean 
wavelength of ~6.5 m for the high-frequency oscillations. In 
the Saint-Pierre-d’argençon section, about 73 m of strata 
were sampled, from the Lamberti Subzone p.p. to the Scar-
burgense Subzone p.p. (Fig. 4). The sample spacing was set 
at 10 cm, resulting in a total of 735 samples. the MS values 
are relatively low, ranging from 6.5 to 11.5 · 10−8 m3/kg, and 
their variation also follows a strongly cyclical pattern, with 
short-wavelength cycles superimposed on a long-wave-
length cycle.

Field gamma-ray spectrometry (GRS) was used to meas-
ure a total of 1730 points across the callovian-oxfordian 
boundary, with sample spacing of ~50 cm, in the western 
part (condorcet, Montréal-les-Sources sections) and in the 
eastern part (Savournon, thuoux, aspres-sur-Büech and 
Saint-Pierre-d’argençon sections) of the Subalpine Basin, 
for accurate correlation of the signal in relation to the 
biostratigraphy (gaspard et al., 2005). high-resolution in-
vestigations were also performed, with a sample spacing of 
precisely 12 cm, from level 6a to level 8B (280 data-
points) at thuoux and from level 5B to level 8a (415 data-
points) at Saint-Pierre d’argençon, to analyse the cy-
clostratigraphic signal and also to correlate these sections 
(Fig. 7). Data range from 12 to 22 ppm eq.U, which are 
common values for marls. At Thuoux, well-expressed cycli-
cal fluctuations are observed, especially for the Upper 
Callovian, which generally match the MS signal, with an in-
verse relationship to carbonate-rich deposits, proving that 
high values are linked to a high concentration in clay miner-
als. These sharp cyclical fluctuations are also observed from 
the top of level 5B to level 8a, at Saint-Pierre d’argençon. 
in this section, level 6 (paucicostatum Biohorizon) is very 
condensed due to synsedimentary tectonics and a tilted-
block structure, so fine correlation with Thuoux using GRS 
is not possible for this interval. high-resolution correlation 
for Level 7 shows that the same number of cycles is present, 
but cycles are better developed at Saint-Pierre d’argençon, 
probably due to the sedimentary facies which is more cal-
careous than at thuoux. 

the 2π-MtM spectrum of the thuoux section displays 
two high-amplitude periods, at around 10.2 m and 3.3 m 
(Fig. 8). in the t-F wFFt, the 3.3-m cycle has its strongest 
amplitude from the base of the series to 22.5 m. the ~10-m 
cycle has its strongest amplitude from 20 m to the top of the 
series, and the period fluctuates from 7.3 m to 11.8 m. A 
Taner low-pass filter with a frequency cut of 0.4028 

cycles.m-1 covers the bands of the ~10-m and 3.3-m cycles. 
From the base of the series to 20 m, the filter dominantly 
evolves following the 3.3-m cycle. From 20 m to 24 m, there 
is a transition from the 3.3-m to the 10-m dominant zone. 
Finally, from 24 m to the top of the series, the filter is domi-
nated by the fluctuations of the 10-m cycle. This pattern is in 
agreement with the T-F WFFT analysis.

the ~10-m cycle and the 3.3-m cycle have a period ratio 
of 1:3. By comparing this ratio to the ratios between the as-
tronomical periods, it is possible that the 1:3 ratio might be 
related to the ratio between the 100-kyr eccentricity cycle 
and the main period of the obliquity cycle (35.4 kyr). Based 
on the filter results and the T-F WFFT analysis, there is 
a visible change in the expression of the orbital cycles dur-
ing the callovian-oxfordian transition. nevertheless, fur-
ther analyses on other sections, a larger time interval and 
other proxies are needed to confirm these preliminary re-
sults. 

These first results display the potential of the Terres 
noires Fm. to record an orbital forcing at the callovian-ox-
fordian transition, following the works of Boulila et al. 
(2008; 2010), thus allowing potential durations of strati-
graphic units to be accurately calculated.

ISOtOPE GEOchEMIStrY

Bulk-carbonate δ13c data (δ13ccarb) obtained on marls 
from the Thuoux section show marked fluctuations, with 
minimum values from around 0‰ to maximum values close 
to 2 ‰. although the values are quite scattered in some in-
tervals, significant trends across the Middle-Late Jurassic 
boundary are still clearly discernible (Fig. 9). In the lower 
part of the section (uppermost part of the lamberti Bio­
horizon and lower part of the paucicostatum Biohorizon), 
δ13ccarb is characterised by low values (interval a) and two 
pronounced negative spikes (b and d). in the upper part of 
the paucicostatum Biohorizon (interval e–f), the values 
gradually increase to maximum values (2‰) close to the 
callovian-oxfordian boundary and remain relatively high 
over a large part of the thuouxensis Biohorizon and the low-
er part of the Scarburgense Subzone, interrupted by a nega-
tive spike (g–h) in the uppermost part of the thuouxensis 
Biohorizon. in the upper part of the curve (interval m–n) the 
δ13ccarb values decrease again. this general pattern of the 
δ13ccarb curve does not correlate with carbonate content and 
oxygen-isotope values, and therefore mirrors at least in part 
the primary environmental signal (Fig. 9). the isolated out-
lier negative δ13ccarb values correlated with low δ18o values 
are probably due to diagenetic alteration. Some short-lived 
segments of negative δ13ccarb values in the curve correspond 
to minor variations in δ18o. this peculiar pattern could indi-
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cate 13c-depleted carbonate precipitation as the result of the 
microbial anaerobic oxidation of methane and sulphate re-
duction (causing relatively high δ18o values), occurring 
within a few centimetres of the seafloor in a hydrocarbon 
seep environment (louis-Schmid et al., 2007). these nega-
tive δ13ccarb spikes could have a local cause. Further analy-
ses of δ13corg are needed to better understand the local or 
global nature of these negative δ13ccarb spikes. the ~ 1.5 ‰ 
increase in the δ13ccarb trend around the callovian-oxfordi-
an boundary and the lowermost Oxfordian has already been 
documented in other sections and boreholes in France, Swit-
zerland and elsewhere (Tremolada et al., 2006; louis-
Schmid et al., 2007; Pellenard et al., 2014a). in particular, 
the same trend was recognised in the eastern part of the Par-
is Basin from the Andra boreholes, where a detailed ammo-
nite biostratigraphy was established (Thierry et al., 2006). 
In this area, despite a lower sedimentation rate, all subzones 
and biohorizons are preserved in a continuous claystone se-
ries, allowing high-resolution carbon and oxygen isotope 
curves to be constructed (Pellenard et al., 2014a). This first 

high-resolution chemostratigraphy for the entire Middle 
Callovian-Lower Oxfordian series is compared with the ge-
ochemical signal obtained in the Subalpine Basin (Fig. 10). 
The δ13ccarb values are in the same range and show the same 
significant increase in values just before the Callovian-Oxfordi-
an boundary. This δ13ccarb positive shift therefore provides a 
useful auxiliary marker for the Middle-late Jurassic boundary.

Some well-preserved belemnites (n = 10), mainly Hibo­
lites hastatus and rare Belemnopsis, collected in the Subal-
pine Basin from several sections (la Voulte-sur-rhône, 
Saint-geniez, Propriac-Beauvoisin, ribiers, Savournon, Sa-
hune, rottier), have been used for oxygen and carbon iso-
tope analyses, after screening by cathodoluminescence, 
SeM observations and trace element concentration meas-
urements (<100 ppm Mn, <300 ppm Fe). as the belemnites 
were found in various sections, they are plotted on a time-
scale graph with error-bars corresponding to the biostrati-
graphic uncertainty (Fig. 10). taking into account these un-
certainties, carbon isotope data from belemnites seem to 
have more positive values (1.5–4.0‰) than carbon isotopes 
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An increasing trend in the δ13c curve is observed close to the callovian-oxfordian boundary, from the end of the athleta Zone, providing a key marker for the 
stage boundary. carbon and oxygen isotope data from diagenetically screened Hibolites belemnites from the subalpine basin are also shown (circles). note 
that some specimens are from collections (several sections), thus requiring the use of a numerical age model (GTs 2012), which generates larger error bars, 
of the duration of an ammonite biohorizon. n.b Grey box: only the beauvoisin–Propriac section close to a diapir present scattered δ13c values. The other 
sections are not affected by diapirism.
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from bulk-rock, but with similar values to those for belem-
nites from the Paris Basin (Fig. 10). the sample resolution 
is not sufficient here to detect any stratigraphic pattern. Ox-
ygen isotope analyses show values ranging from 0‰ to 
–1.53‰, corresponding to palaeotemperatures between 12 
and 18°c, using the equation of anderson and arthur 
(1983), assuming a δw value of –1.0‰ (SMow). these sea-
water temperatures deduced from belemnites of the Subal-
pine Basin are consistent with data from European domains 
during the callovian-oxfordian (Price and Page, 2008; 
Wierzbowski et al., 2013; Pellenard et al., 2014a). again, 
the sample resolution is not sufficient here to detect any 
change in climate. the 87Sr/86Sr measurements from these 
belemnites and other specimens are in progress and expect-
ed to allow comparison with the 87Sr/86Sr reference curve of 
Jones et al. (1994), which shows the lowest values of the 
entire Phanerozoic at the Middle-late Jurassic boundary 
(Mcarthur et al., 2001).

OthEr MEthOdS

maGnETosTraTiGraPhy

Pilot magnetostratigraphic studies were conducted in the 
Subalpine Basin at thuoux (10 samples analysed) and Sa-
vournon (13 samples analysed). thermal demagnetisation of 
these samples produced normal-polarity orientation trends 
but failed the fold test of graham (1949) indicating that the 
polarity orientations measured in these sections contain 
a component of remanent magnetisation. this result indi-
cates that the magnetostratigraphy for callovian-oxfordian 
transition of sections from the Subalpine Basin is unreliable 
(gipe, 2013, J. ogg pers. comm. 2014).

RADiomETRic DATA 

Bentonite layers have been extensively explored around the 
callovian-oxfordian transition in the Subalpine Basin. Volcan-
iclastic deposits of explosive volcanic events characterise the 
basin at the Lower/Middle Oxfordian transition in the Corda-
tum zone and the Plicatilis zone and can be used to provide 
isochron markers allowing correlations with the Paris Basin 
(Pellenard, 2003; Pellenard et al., 2003). these layers are very 
thin and/or altered and are not suitable for the ar/ar method 
using sanidine crystals, as was the case for bentonites from the 
transversarium zone in northern italy (Pellenard et al., 2013). 
the u-Pb method investigations using zircon crystals are still 
in progress and, with precise cyclostratigraphy (i.e. Boulila et 
al., 2010), could be of great interest to anchor the base 
oxfordian in the geologic time Scale.

dIScuSSIOn

Comparisons between the Subalpine Basin and Red-
cliff Point/ham cliff and dubki sections, alternative sec-
tions for an oxfordian gSSP, have previously been dis-
cussed, in particular concerning the conditions of the 
outcrops and the ammonite faunal composition, including 
the opportunity to create new taxa for Cardioceratidae in 
order to refine the stratigraphic position of the Callovian-
oxfordian boundary (Page et al., 2009a; Fortwengler et 
al., 2012). Here we summarise these observations, and 
add discussion about other stratigraphic methods used in 
this integrated study, in comparison with data recently re-
ported in Kiselev et al. (2013).

ouTcRoP conDiTionS AnD AccESSiBiLiTy

As the Terres Noires Fm. crops out very well throughout 
the badlands of the Subalpine Basin, the thuoux and Saint-
Pierre d’argençon sections are likely to preserve geological 
information over time. From both administrative and practi-
cal points of view, these two gently sloping sections, one on 
public land (thuoux), are readily accessible on foot. all bi-
ostratigraphic units will be easily recognised using the pro-
posed logs (Figs 3 and 4), and clearly identified in the field 
by permanent markers, in the form of metal spikes. 

the redcliff Point/ham cliff section is a coastal out-
crop, where accessibility and quality of exposure depend to 
some extent on vegetation cover, coastal erosion, and the 
height of the shingle storm beach. this mudrock facies, in 
the oxford clay Fm. is not favourable for long-term preser-
vation, given the wet Dorset climate, which favours slump-
ing and landslide conditions. these poor, very variable out-
cropping conditions have been mentioned by many authors 
(callomon, cope, 1993; Page, 1994; Meléndez, 2003, 2004; 
Fortwengler et al., 2012). consequently, access to the bi-
ostratigraphic units is often difficult, and it has proven prob-
lematic to provide homogeneous descriptions of these sec-
tions over time.

in order to propose the dubki exposure as a reference 
section for the callovian-oxfordian boundary in europe-
an russia, outstanding data have been published for 
around ten metres of silty-clayey deposits, by means of 
an accurate ammonite range chart and detailed descrip-
tions (Kiselev et al., 2013). However, the Dubki exposure 
is currently a quarry for nearby road construction; it is 
temporarily protected as a geological heritage site of re-
gional significance by the government of the Saratov re-
gion (Kiselev et al., 2013). 
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PrEsErVaTion anD biosTraTiGraPhy  
oF Fossil GrouPs 

in the Subalpine Basin, the macrofauna is mainly com-
posed of ammonites, with bivalves often found inside am-
monite body chambers. Belemnites and rhyncholites are in-
frequent, and nautilids are extremely rare. Microfauna 
(foraminifera, dinoflagellates, ostracoda) are moderate in 
abundance, but palynological investigations on the thuoux 
section show the good quality of preservation and the great 
richness of the organic residue, with abundant dark charcoal 
particles, spores and pollen, acritarchs, rare foraminifer lin-
ings and numerous dinoflagellate cysts. Foraminifer and os-
tracod diversity and distribution have not been studied in 
detail in the Subalpine Basin, but new data are currently un-
der analysis for the thuoux and Savournon sections. calcar-
eous nannofossils, although only moderately well preserved, 
have been studied through quantitative analyses and biomet-
ric measurements. these groups have also been recognised 
in detailed studies of the redcliff Point and dubki sections 
(see Kiselev et al., 2013, p.78, table 2). in the Subalpine Ba-
sin, ammonites are often well preserved within calcareous 
nodules; specimens are mainly calcareous, and only occa-
sionally altered. By contrast, at redcliff Point, many ammo-
nites are crushed, hindering precise observation of the sec-
tion, venter shape, ribbing relief and tubercles.

ammonite biostratigraphy

the Subalpine Basin is considered to belong to the 
Submediterranean Province, with fauna characterised by 
oppeliidae, aspidoceratidae, and Perisphinctidae, but also 
Cardioceratidae, which represent around 20% of the ammo-
nite fauna at thuoux, Saint-Pierre d’argençon, Savournon 
and nearby sections. in contrast, Kosmoceratidae are rela-
tively rare in the Upper Callovian (Fortwengler et al., 2012). 
in european russia, Kosmocera tidae and cardioceratidae 
are dominant, while Hecticocera tinae, Distichoceratinae, 
and Aspidoceratidae are present, but with few individuals 
(Kiselev et al., 2013). this assemblage is fairly characteris-
tic of the Subboreal Province. Such faunal diversity is also 
found, but to a lesser extent, in south-west England, which 
also belonged to the Subboreal Province. hecticoceratinae, 
which are abundant in the Subalpine Basin sections, are rare 
in the Redcliff Point/Ham Cliff section. The same difficul-
ties arise with the genus Peltoceratoides, a very efficient bi-
ostratigraphic marker, well known in the Subalpine Basin, 
but rare in dorset. ammonite biostratigraphy for the red-
cliff Point section was based specifically on the vertical dis-
tribution of cardioceratidae, choosing a single evolutionary 

sequence, in order to avoid the problem of diachronous im-
migration of taxa (Page et al., 2009a). nevertheless, 
biostratigraphy based on a single ammonite group is bound 
to impede accurate correlation with other domains, in par-
ticular in the Submediterranean or Mediterranean-tethyan 
areas. in contrast, the data from the russian Platform and 
the Subalpine Basin provide greater opportunities for global 
correlation, especially with Argentina, Chile, North America 
and the Pacific area, based on the Oppeliidae (Hecticocerati-
nae, distichoceratinae and taramelliceratinae) and aspi-
doceratidae (Peltoceratinae, euaspidoceratinae).

The identification of the new species index, Cardioceras 
(Pavloviceras) redcliffense Page, Meléndez et wright, 2009, 
also merits discussion. Based on individuals collected at 
Redcliff Point, it was created in order to refine the strati-
graphic position of the callovian-oxfordian gSSP (Page et 
al., 2009a, b). Cardioceras (Pavloviceras) redcliffense Page, 
Meléndez et Wright, 2009 was chosen as the species index 
of the lowest biohorizon of the Oxfordian Stage in the 
Subboreal Province. For Kiselev et al. (2013), the new spe-
cies Cardioceras (Pavloviceras) redcliffense Page, Melén-
dez et Wright, 2009, is considered as synonymous with Q. 
paucicostatum, meaning that the redcliffense Biohorizon is 
included in the paucicostatum Biohorizon, also confirmed 
by the recognition of C. redcliffense by J. K. wright at dub-
ki (pers. comm), in precisely the same interval as Q. pauci­
costatum. Comparison of the new species C. redcliffense 
with Cardioceras paucicostatum lange, 1973 reveals that 
both belong to the same taxon (Fortwengler et al., 2012). 
it therefore becomes necessary to establish a complete in-
ventory of the morphological variability of the species. 
without a thorough palaeobiological approach, investigat-
ing intraspecific morphological variability, the validity of 
the “redcliffense Biohorizon” remains problematic. 

It is also debatable whether biohorizons should be based 
solely on morphs: e.g. the creation of four new biohorizons, 
for the same paucicostatum species, in the lamberti zone, 
and perhaps even a fifth, in the Mariae Zone, if Cardioceras 
redcliffense is in fact synonymous with Q. paucicostatum, as 
suggested by Kiselev et al. (2013). this debate could un-
doubtedly be resolved by figuring the associated ammonite 
fauna from the Redcliff section to allow comparison with 
the fauna from the Subalpine Basin and the russian do-
main.

there is also an apparent discrepancy in the bio-
stratigraphy of the lower part of the Oxfordian at Redcliff 
Point: the woodhamense Biohorizon lies below the scarbur­
gense Biohorizon (Page et al., 2009a, b). in the succession 
of biohorizons, observed throughout western europe, in-
cluding the dorset coast (cariou et al., 1997; chapman, 
1999), the scarburgense Biohorizon is always located below 
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the woodhamense Biohorizon. the succession of biohori-
zons is based on the morphological evolution of the cardi-
oceratidae, and the stratigraphic situation of successive pop-
ulations of Cardioceras paucicostatum lange, Cardioceras 
(Scarburgiceras) scarburgense (young et Bird), Cardiocer­
as (Scarburgiceras) woodhamense arkell, and Cardioceras 
(Protocardioceras) praemartini Spath (Marchand, 1986). 
However, in the absence of well-identified holotypes, it is 
possible that these taxa may have originally been poorly 
 defined.

Comparison of the Subalpine Basin biostratigraphy with 
the russian biostratigraphy is possible, despite some varia-
tion in ammonite taxa. Several ammonite species of the 
paucicostatum Biohorizon at dubki are of interest for com-
parisons with species of the Subalpine Basin. Among them, 
Quenstedtoceras pseudolamberti Sintzow, 1889 appears 
morphologically very close to the Cardioceras paucicostat­
um β morph, collected in level 6B (Fortwengler et al., 2012).
the type-specimen of Quenstedtoceras pseudolamberti Sin-
tzow, 1889 (= Cardioceras lamberti lahusen, 1883; pl. 4, 
fig. 3–4) comes from the neighbourhood of the Pozhva Riv-
er in the Ryazan area, where the description of several speci-
mens has been revised (Kiselev et al., 2013). Kosmoceras is 
still present in the mojarowskii Biohorizon of Kiselev et al. 
(2013), but is also described from their paucicostatum Bio-
horizon (Kiselev et al., 2013, plate 2), which is not consist-
ent with the definition of the same biohorizon in Western 
europe (thierry et al., 1997). in addition, at dubki, a faunal 
gap exists at the base of the Oxfordian between the scarbur­
gense Biohorizon and the alphacordatum Biohorizon (cor-
responding to the absence of woodhamense and praemartini 
biohorizons), although the praemartini Biohorizon appears 
in another area (Kiselev et al., 2013).

nannofossil biostratigraphy

our nannofossil data suggest that the total range of 
Stephanolithion bigotii maximum does not extend across the 
lamberti/Mariae zones, as reported by some authors in nw 
europe (Medd, 1979; 1982; Bown et al., 1988; Fauconnier 
et al., 1996; Kaenel et al., 1996; giraud et al., 2009). this 
result is confirmed elsewhere in SE France (Jonquière and 
Quissac sections; gardin, unpublished), and in russia (dub-
ki section; Kiselev et al., 2013), where this sub-species oc-
curs only in Lower Oxfordian samples from the Praecorda-
tum Subzone. at redcliff Point (Se england), Page et al. 
(2009b) reported the occurrence of Stephanolithion bigotii 
maximum throughout the uppermost lamberti and Mariae 
zones. In contrast with the present study, the diagnosis of the 
subspecies was not based on size measurements, but only on 
its morphological features, including a more rounded out-

line and less symmetrical lateral spines (Page et al., 2009b). 
If these diagnostic criteria were applied, the specimens de-
scribed in the present study as large-sized Stephanolithion 
bigotii bigotii should in fact be considered as S. bigotii 
maxi mum, as they clearly display asymmetric spines, and 
a more rounded outline (Plate 6: 4, 5). yet the oxfordian 
specimens of genuine S. bigotii maximum do not possess the 
more rounded outline and asymmetrical disposition of 
spines (Plate 6: 6, 7). in conclusion, the reliability of 
Stephanoli thion bigotii maximum as a marker for dating and 
correlating the callovian-oxfordian boundary depends on 
rigorous and objective diagnosis. differential taxonomic 
concepts can produce apparently diachronous biohorizons, 
although true diachronism between the Boreal and Tethyan 
realms cannot be ruled out and must be thoroughly tested. 
Miscalibration of samples with regard to ammonite zones, 
reduced carbonate sedimentation, and hiatuses in southern 
european sections should also be taken into account.

isoToPE sTraTiGraPhy anD Physical  
sTraTiGraPhy

we have established that the δ13c record is a useful tool 
for intrabasinal and interbasinal correlations. By contrast, 
oxygen-isotope data from bulk sediment are likely to have 
been affected by diagenetic alteration in the Subalpine Ba-
sin, and so cannot be used for correlation.

at redcliff Point, carbon and oxygen isotopic analy-
ses have been performed on some belemnites (n = 13), 
Gryphaea (n = 13) and ammonites (n = 18), but the sam-
pling interval and resolution are not sufficient to detect 
any stratigraphic changes (Price, Page, 2008; Page et al., 
2009b). The strontium isotope data (n = 10) were also ob-
tained from belemnites and can be compared to the evo-
lution of 87Sr/86Sr ratios in Jurassic seawater (Page et al., 
2009b). Their values are consistent with reference curves 
that correspond to an overall low-point in the Phanerozo-
ic Sr isotope record (Jones et al., 1994; Podlaha et al., 
1998; Mcarthur et al., 2001). The flat pattern of the 
87Sr/86Sr ratios across the callovian-oxfordian boundary 
does not, however, allow precise stratigraphic calibra-
tion. On the Russian Platform, Wierzbowski and Rogov 
(2011) performed isotopic analyses on well-preserved 
belemnite rostra (n = 53) and well-preserved ammonite 
shells (n = 13) for the lamberti zone-Mariae zone inter-
val. Despite numerous analyses, the belemnite δ13c iso-
tope record across the callovian-oxfordian boundary is 
characterised by scattered values, masking any significant 
changes useful for isotope stratigraphy.

Magnetostratigraphy is unreliable for callovian-
-Oxfordian deposits from the Subalpine Basin. It was ap-
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plied to an 8 m thick section of the upper oxford clay Fm., 
east of ham cliff, near redcliff Point (Page et al., 2009b). 
the results of 24 useable samples yielded eight reversed po-
larity intervals from the lamberti Subzone to the Scarbur-
gense Subzone. the callovian-oxfordian boundary occurs 
in a normal-polarity zone, verified by the presence of a nar-
row normal-polarity band at the same interval in Staffin Bay 
(isle of Skye), correlated to the latest part of polarity chron 
M37n of the M-sequence (ogg et al., 2010). on the russian 
Platform, 25 samples from a 9 m thick section of the 
callovian-oxfordian sediments at dubki, spanning the 
Henrici-Bukowskii subzones, belong to a single normal-po-
larity zone. This result is in contradiction with the magneto-
stratigraphy of the English sections, and with the interna-
tional palaeomagnetic scale (Kiselev et al., 2013), 
preventing precise magnetostratigraphic correlation of am-
monite biostratigraphic units between the European Russian 
domain and the western european domain. this method 
is therefore of limited use for the callovian-oxfordian 
boundary.

cyclostratigraphy is applied neither at redcliff Point nor 
at the Dubki section, due to the low sedimentation rate and 
the outcrop conditions. By contrast, in the Subalpine Basin, 
the use of high-resolution GRS and MS data allows a de-
tailed cyclostratigraphy to be proposed for the callo-
vian-oxfordian boundary.

aDVanTaGEs oF ThE subalPinE basin sEcTions 
For an oXForDian GssP

according to the recommendation of the international 
commission on Stratigraphy for the satisfaction of geologi-
cal requirements for a gSSP proposal (remane et al., 1996), 
the following major stratigraphic features can be considered 
as advantages for the establishment of a gSSP in the Subal-
pine Basin:

Geological requirements: the exposure of the terres 
noires Fm. in the Subalpine Basin provides an adequate 
thickness of deposits. exposures are perennial for long-term 
observations and easy to access; vegetation cover is relative-
ly sparse, and thus amenable for high-resolution measure-
ments, while key lithological markers are easily recognisa-
ble from lithological descriptions, despite the relatively 
homogeneous clayey facies of the terres noires Fm. the 
stratigraphic expansion of the series is remarkable, with 
75 m in thickness from the base of the lamberti Biohorizon 
to the scarburgense Biohorizon at thuoux, and 210 m at 
Saint-Pierre d’Argençon, where the scarburgense Biohori-
zon and the woodhamense Biohorizon are easily recognisa-
ble. The two biohorizons bracketing the Callovian-Oxfordi-
an boundary at thuoux are ~20 m in thickness for the 

paucicostatum biohorizon, and ~17 m for the thuouxensis 
Biohorizon. This unusual feature, known only in the Subal-
pine Basin among the european and russian sections con-
sidered, is due to a high sedimentation rate in a very subsid-
ent basin, and allows the use of several stratigraphic methods 
(i.e. biostratigraphy of ammonites and other fossil groups, 
cyclostratigraphy, and chemostratigraphy) in an expanded 
stratigraphic interval, a requirement for correlation with 
other areas. the sedimentation is continuous, as indicated 
by sedimentology studies and physical stratigraphy (e.g. 
GRS and MS data). The faunal succession, knowledge of 
the entire basin and good comparison with the Paris Basin 
all indicate that no hiatus or condensation is present at thu-
oux. At Saint-Pierre d’Argençon, however, there is a slight 
decrease in the sedimentation rate for the paucicostatum Bi-
ohorizon, readily explained by the presence of tilted-block 
structures known to cause lateral variations in thickness 
in this well-explored basin. Apart from these easily rec-
ognisable local effects and minor faults, no tectonic dis-
turbances or metamorphism affected the strata at the 
callovian-oxfordian transition. although no magneto-
stratigraphic signal can be obtained due to remagnetisa-
tion, the burial diagenesis is moderate, as demonstrated 
by clay mineralogy and organic matter studies (Pellenard, 
deconinck, 2006). carbon-isotope geochemistry for bulk 
sediment is therefore reliable and additional isotopic sig-
nals are available from belemnites, including oxygen, 
carbon and potentially strontium. 

Biostratigraphic requirements: the biostratigraphic 
framework is based on the succession of different ammonite 
species and genera from various families including car-
dioceratidae, oppeliidae, aspidoceratidae (Peltoceratinae, 
euaspidoceratinae), and Perisphinctidae from Subboreal and 
Submediterranean domains. the potential for precise corre-
lations with other palaeobiogeographic provinces through-
out the world (i.e. Boreal Realm and Pacific Realm) consti-
tute a major advantage of the fauna from the Subalpine 
Basin. The precise biostratigraphic framework allows the 
recognition of zones and subzones, classically described in 
europe and russia as bracketing the Middle-late Jurassic 
boundary (cariou et al., 1997; Morton, 2006), including the 
lamberti Subzone of the lamberti zone and the Scarbur-
gense Subzone of the Mariae zone. the paucicostatum and 
thuouxensis biohorizons bracketing the boundary are clearly 
identified in all sections of the Subalpine Basin (Fortwen-
gler et al., 2012) and also in eastern Paris Basin boreholes 
(thierry et al., 2006). Unfortunately, no firm consensus has 
yet been reached on the precise correlation between these 
biohorizons and those described in northern europe and 
russia (Page et al., 2009a; Kiselev et al., 2013). 

other groups are also of interest for biostratigraphic cor-
relation. the potential of nannofossil biohorizons as useful 
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proxies for the callovian-oxfordian boundary exists, yet is 
complicated by the necessity of performing a rigorous quan-
titative analysis and biometric measurements of key taxa. 
thus, large-sized specimens of the marker species Stepha­
nolithion bigotii bigotii appear during the paucicostatum 
Biohorizon, whereas the species Stephanolithion bigotii 
maximum is only recognised from the Praecordatum Sub-
zone in the Subalpine Basin. Investigations of dinoflagellate 
cyst assemblages at Thuoux follow the global trend de-
scribed elsewhere in Europe (Feist-Burkhardt, wille, 1992; 
riding, thomas, 1992; huault, 1999). the callovian-ox-
fordian boundary is well defined by the occurrence of Wa­
naea fimbriata Sarjeant at the base of the oxfordian. the 
richness of the dinoflagellate samples and their good corre-
lation with ammonite biozones provide an additional useful 
biostratigraphic method for the sections of the Subalpine 
Basin. the biostratigraphy of foraminifera and ostracoda 
has not yet been completely explored, but may well provide 
additional key biological markers.

Other methods: although no magnetic reversal stratigra-
phy is recorded in the Subalpine Basin, two other promising 
stratigraphic methods are available. the carbon-isotope 
curve obtained from high-resolution bulk sediment displays 
an interesting pattern, with a significant increasing trend 
during the Lamberti Zone. The ~1.5‰ increase in δ13ccarb 
around the Middle-late Jurassic boundary has already been 
documented in other sections in France (eastern Paris Basin; 
Pellenard et al., 2014a), in Switzerland, and England but 
with a lower resolution (Bartolini et al., 1996, 1999; Jen-
kyns et al., 2002) and could constitute an auxiliary marker 
of the callovian-oxfordian boundary (Pellenard et al., 
2014b). this increase in δ13c values up to the Mariae zone 
may reflect the burial of organic carbon, following an en-
hanced eutrophication of seawater, as observed for organic-
rich layers around the world, during the Middle callovian 
(Pellenard et al., 2014a). high-resolution analysis of mag-
netic susceptibility and field spectral gamma-ray measure-
ments allow a precise signal to be obtained for cyclostratig-
raphy in the Subalpine Basin. Sub-Milankovitch to 
Milankovitch cycles are clearly identified, with the long-
term eccentricity (405 kyr and 2 myr) being the most promi-
nent (Boulila et al., 2008; 2010). the 405-kyr cycle is used 
as a high-resolution geochronometer for astronomical cali-
bration of this poorly constrained interval of late Jurassic 
time. the astronomical calibration of the Mariae zone indi-
cates a duration of ~2.2 myr in this basin (Boulila et al., 
2008, 2010). The new high-resolution magnetic suscepti­
bility analysis and spectral gamma-ray measurements span-
ning the callovian-oxfordian transition provided in this 
study will allow precise astronomical calibration of the as-
sociated ammonite sub-zones and biohorizons, and assess-
ment of variations in the sedimentation rate. the u-Pb ra-

diometric dating on bentonites from the Plicatilis zone, if 
successful, could further help to anchor this interval in the 
geologic time Scale. these physical parameters, combined 
with biostratigraphy, allow precise intrabasinal correlations 
within the Subalpine Basin, with sequence stratigraphy de-
fined in the margins and close basins as an additional tool 
(graciansky et al., 1999; gaspard et al., 2005; Pellenard, 
deconinck, 2006). thus, the potential of biostratigraphic 
correlations of the Subalpine Basin with other sedimentary 
basins in Europe, or elsewhere, using other stratigraphic 
methods, are clearly advantageous for an oxfordian gSSP.

Other requirements: the possibility of promoting con-
servation of the site by a permanently fixed marker is envis-
aged at thuoux. the site of thuoux belongs to the village of 
aspremont, surrounded by vast areas of badlands, providing 
perennial exposure, on land suitable neither for agriculture 
nor construction purposes. the local authorities have grant-
ed free access for researchers and, although the site of Saint-
Pierre d’argençon is on private land, there is no problem 
gaining access to the outcrops.

cOncluSIOnS

the callovian-oxfordian transition has recently been 
studied in detail, in two neighbouring sections of the Subal-
pine Basin (south-eastern France), thuoux and Saint Pierre 
d’argençon, by means of the high-resolution biostratigra-
phy of ammonites, calcareous nannofossils and dinoflagel-
late cysts, chemostratigraphy and cyclostratigraphy, based 
on field gamma-ray spectrometry and magnetic susceptibili-
ty. These sections are compared to the two other candidates 
proposed for the establishment of the base oxfordian gSSP, 
redcliff Point/ham cliff in dorset (uK) and the dubki sec-
tion on the russian Platform. ammonite biostratigraphy is 
based on several groups (cardioceratidae, oppeliidae, aspi-
doceratidae, Perisphinctidae), typical of the Submediterra-
nean Province, allowing the recognition of a zonal and sub-
zonal scheme, including the paucicostatum and the 
thuouxensis biohorizons, which bracket the Callovian-
-oxfordian boundary. long-range correlations are also pos-
sible with other domains, including the Boreal and Pacific 
realms. this biostratigraphy is complemented by calcareous 
nannoplankton and palynology (dinoflagellate cysts), using 
the appearence of characteristic species at the end of the 
lamberti zone, and precisely at the callovian-oxfordian 
boundary. Studies based on biostratigraphy and sedimento­
logy indicate continuous sedimentation, with no hiatuses. 
the high sedimentation rate and the good outcrop condi-
tions in the Terres Noires Fm. allow: 1) construction of a de-
tailed lithological succession, including key marker beds, 
2) high-resolution studies for cyclostratigraphy, and 3) high-
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resolution studies of the carbon-isotope signal from bulk 
sediment. These outcrops, and more specifically Thuoux 
which is on public land, are readily accessible all year round, 
and the GSSP status will ensure permanent protection of the 
site. all these outstanding features of the Subalpine Basin 
sections, satisfy the necessary requirements for an oxford-
ian gSSP, particularly the thuoux section.
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Plate 1

Ammonites from Thuoux. Specimens are from the collection of D. Fortwengler

Fig. 1. Alligaticeras aff. alligatum leckenby (M). level 5B, lamberti zone, lamberti Subzone, lamberti Biohorizon, 
no. dF 1741

Fig. 2. Poculisphinctes poculum leckenby (M). level 5B, lamberti zone, lamberti Subzone, lamberti Biohorizon,  
no. dF 4588

Fig. 3. Quenstedtoceras lamberti (Sowerby) (M). Level 5B, Lamberti Zone, Lamberti Subzone, lamberti Biohorizon, 
no. dF 2584

Fig. 4. Kosmoceras duncani (Sowerby) in Badaluta, 1976 (fig. 6-2) (M). Level 5B, Lamberti Zone, Lamberti Subzone, 
lamberti Biohorizon, no. dF 18698

Fig. 5. Hecticoceras (Orbignyceras) paulowi (de tsytovich) (M). level 5B, lamberti zone, lamberti Subzone, 
lamberti Biohorizon, no. dF 2467

Fig. 6. Hecticoceras (Putealiceras) punctatum lahusen (m). level 6a, lamberti zone, lamberti Subzone, paucicosta­
tum Biohorizon, no. dF 1376

Fig. 7. Hecticoceras (Putealiceras) punctatum lahusen (M). level 6a, lamberti zone, lamberti Subzone, paucicosta­
tum Biohorizon, no. dF 2503

Fig. 8. Cardioceras paucicostatum Lange (M ?) α morph. Level 6A, Lamberti Zone, Lamberti Subzone, paucicostatum 
Biohorizon, no. dF 2469

Fig. 9. Hecticoceras (Lunuloceras) pseudopunctatum (lahusen) (M ?). level 6a, lamberti zone, lamberti Subzone, 
paucicostatum Biohorizon, no. dF 2482

Fig. 10. Poculisphinctes aff. poculum leckenby (m). level 6a, lamberti zone, lamberti Subzone, paucicostatum 
Biohorizon, no. dF 18082

Fig. 11. Hecticoceras (Lunuloceras) pseudopunctatum (lahusen) (m). level 6B, lamberti zone, lamberti Subzone, 
paucicostatum Biohorizon, no. dF 2558

Fig. 12. Cardioceras aff. paucicostatum Lange (m ?) β morph. Level 6B, Lamberti Zone, Lamberti Subzone, paucicos­
tatum Biohorizon, no. dF 2530

Fig. 13. Peltoceratoides eugenii (raspail) (m). level 6B, lamberti zone, lamberti Subzone, paucicostatum Biohorizon, 
no. dF 18098

Fig. 14. Peltoceratoides eugenii (raspail) (M). level 6B, lamberti zone, lamberti Subzone, paucicostatum Biohorizon, 
no. dF 2573

red dot: end of phragmocone
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Plate 2

Ammonites from Thuoux. Specimens are from the collection of D. Fortwengler

Fig. 1. Peltoceras aff. schroederi Prieser (M). level 6a, lamberti zone, lamberti Subzone, paucicostatum Biohori-
zon, no. dF 2655

Fig. 2. Cardioceras aff. paucicostatum Lange (M) β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 1365

Fig. 3. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 2605

Fig. 4. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (M). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 2311

Fig. 5. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Internal whorls. Level 7, Mariae Zone, 
Scarburgense Subzone, thuouxensis Biohorizon, no. dF 18156

Fig. 6. Euaspidoceras armatum (de loriol). level 7, Mariae zone, Scarburgense Subzone, thuouxensis Biohorizon,  
no. dF 1457

Fig. 7a, b. Peltoceratoides eugenii (raspail) eugenii morph raspail (M). level 7, Mariae zone, Scarburgense Subzone, 
thuouxensis Biohorizon, no. dF 1666

Fig. 8a–c. Peltoceratoides eugenii (raispail) eugenii morph raspail (M). level 7, Mariae zone, Scarburgense Subzone, 
thuouxensis Biohorizon, no. dF 2655

Fig. 9a–c. Hecticoceras coelatum (coquand). level 8a, Mariae zone, Scarburgense Subzone, scarburgense Biohorizon, 
no. dF 1617

Fig. 10. Cardioceras aff. scarburgense (young et Bird). level 8a, base of the Mariae zone, Scarburgense Subzone, 
scarburgense Biohorizon, no. dF 18751

Fig. 11. Cardioceras aff. scarburgense (young et Bird). level 8a, base of the Mariae zone, Scarburgense Subzone, 
scarburgense Biohorizon, no. dF 18752

red dot: end of phragmocone
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Plate 3

Ammonites from Thuoux and Saint-Pierre d’Argençon. Specimens are from the collection of D. Fortwengler

Fig. 1a, b. Cardioceras aff. paucicostatum Lange (M) β morph. Level 8A, Mariae Zone, Scarburgense Subzone,  
base of the scarburgense Biohorizon, no. dF 3880: thuoux

Fig. 2. Cardioceras aff. paucicostatum Lange (m) β morph. Level 8A, Mariae Zone, Scarburgense Subzone, 
base of the scarburgense Biohorizon, no. dF 3883: thuoux

Fig. 3a, b. Cardioceras aff. paucicostatum Lange (M) β morph. Level 8A, Mariae Zone, Scarburgense Subzone,  
base of the scarburgense Biohorizon, no. dF 3881: thuoux

Fig. 4. Hecticoceras (Brightia) sp. (m). level 8a, Mariae zone, Scarburgense Subzone, base of the scarburgense 
Biohorizon, no. dF 1608: thuoux

Fig. 5. Cardioceras scarburgense (young et Bird). level 8a, Mariae zone, Scarburgense Subzone, base of the scarbur­
gense Biohorizon, no. dF 18419: thuoux

Fig. 6. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 8A, Mariae Zone, Scarburgense 
Subzone, base of the scarburgense Biohorizon, no. dF 18493: thuoux

Fig. 7. Hecticoceras (Brightia) chatillonense de loriol (M). level 8a, Mariae zone, Scarburgense Subzone,  
base of the scarburgense Biohorizon, no. dF 18767: thuoux

Fig. 8. Peltoceratoides eugenii (raspail) eugenii morph raspail (M). level 8a, Mariae zone, Scarburgense Subzone, 
base of the scarburgense Biohorizon, no. dF 3717: thuoux

Fig. 9. Peltoceratoides athletoides (lahusen) athletoides morph lahusen (M). level 8B, Mariae zone,  
Scarburgense Subzone, middle of the scarburgense Biohorizon, no. dF 1944: thuoux

Fig. 10. Peltoceratoides athletoides (lahusen) athletoides morph lahusen (M). level 8B, Mariae zone, Scarburgense 
Subzone, middle of the scarburgense Biohorizon, no. dF 18563: thuoux

Fig. 11. Hecticoceras (Brightia) chatillonense de loriol (M). level 8B, Mariae zone, Scarburgense Subzone,  
middle of the scarburgense Biohorizon, no. dF 1875: thuoux

Fig. 12. Eochetoceras villersense (d’orbigny) (m). level 8B, Mariae zone, Scarburgense Subzone, middle  
of the scarburgense Biohorizon, no. dF 1385: thuoux

Fig. 13. Cardioceras scarburgense (young et Bird). level 8B, Mariae zone, Scarburgense Subzone, middle  
of the scarburgense Biohorizon, no. dF 1659: thuoux

Fig. 14a, b. Taramelliceras episcopale (de loriol). level 8B, Mariae zone, Scarburgense Subzone, middle  
of the scarburgense Biohorizon, no. dF 19536: thuoux

Fig. 15. Poculisphinctes sp. (m). level 4, lamberti zone, henrici Subzone, no. dF 581: Saint-Pierre d’argençon

Fig. 16. Quenstedtoceras praelamberti (douville) (M). level 5a, lamberti zone, lamberti Subzone,  
praelamberti Biohorizon, no. dF 14517: Saint-Pierre d’argençon

Fig. 17. Hecticoceras (Lunuloceras) pseudopunctatum (lahusen) in de loriol 1914 (pl. 2: 2). level 5B,  
lamberti zone, lamberti Subzone, lamberti Biohorizon, no. dF 586: Saint- Pierre d’argençon.

Fig. 18a, b. Distichoceras bipartitum (zieten). level 5B, lamberti zone, lamberti Subzone, no. dF 2703:  
Saint-Pierre d’argençon.

Fig. 19. Poculisphinctes poculum (leckenby) (M). level 5B, lamberti zone, lamberti Subzone, lamberti Biohorizon, 
no. dF 2727: Saint-Pierre d’argençon. 

red dot: end of phragmocone
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Plate 4

Ammonites from Saint-Pierre d’Argençon. Specimens are from the collection of D. Fortwengler

Fig. 1. Hecticoceras (Orbignyceras) paulowi (de tsytovich) (M). level 5B, lamberti zone, lamberti Subzone, 
lamberti Biohorizon, no. dF 2719

Fig. 2. Alligaticeras aff. alligatum leckenby (M). level 5B, lamberti zone, lamberti Subzone, lamberti Biohorizon, 
no. dF 14518

Fig. 3a, b. Euaspidoceras subbabeanum (Sintzov), subbabeanum morph Sintzov (M). level 5B, lamberti zone, lamberti 
Subzone, lamberti Biohorizon, no. dF 2734

Fig. 4. Hecticoceras (Lunuloceras) pseudopunctatum (lahusen) (M). level 5B, lamberti zone, lamberti Subzone, 
lamberti Biohorizon, no. dF 19527

Fig. 5. Cardioceras paucicostatum lange α morph. level 6, lamberti zone, lamberti Subzone, paucicostatum 
Biohorizon, no. dF 4063

Fig. 6. Cardioceras aff. paucicostatum lange β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 2814

Fig. 7. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 19532

Fig. 8. Cardioceras scarburgense (young et Bird). Base of level 8a. Mariae zone, Scarburgense Subzone,  
base of the scarburgense Biohorizon, no. dF 4076

Fig. 9. Hecticoceras (Brightia) chatillonense de loriol (M). level 8a, Mariae zone, Scarburgense Subzone, base of 
the scarburgense Biohorizon, no. dF 19533

Fig. 10. Peltoceratoides eugenii (raspail) (m). level 8a, Mariae zone, Scarburgense Subzone, base of the scarburgense 
Biohorizon, no. dF 19537

Fig. 11. Peltoceratoides eugenii (raspail) eugenii morph raspail (M). level 8a, Mariae zone, Scarburgense Subzone, 
base of the scarburgense Biohorizon, no. dF 19528

Fig. 12. Cardioceras aff. paucicostatum Lange, specimen with thick, well-spaced ribs. Level 8A, Mariae Zone, Scarbur-
gense Subzone, no.dF 694

Fig. 13. Peltoceratoides athletoïdes (lahusen), athletoides morph lahusen (M). level 8B, Mariae zone, Scarburgense 
Subzone, middle of the scarburgense Biohorizon, no. dF 19523

Fig. 14a, b.  Cardioceras scarburgense (young et Bird), thick specimen. level 8B, Mariae zone, Scarburgense Subzone, 
middle of the scarburgense Biohorizon, no. dF 19534

Fig. 15. Hecticoceras (Brightia) chatillonense de loriol (M). level 8B, Mariae zone, Scarburgense Subzone, middle  
of the scarburgense Biohorizon, no.d F 19530

Fig. 16. Mirosphinctes sp. level 9, Mariae zone, Scarburgense Subzone, top of the scarburgense Biohorizon, no. dF 
19539

Fig. 17. Eochetoceras villersense (d’orbigny) (M). level 9, Mariae zone, Scarburgense Subzone, top of the scarbur­
gense Biohorizon, no. dF 19513

red dot: end of phragmocone
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Plate 5

Ammonites from Thuoux – Les Richers, Level 7 (thuouxensis Biohorizon).  
Specimens are from the collection of D. Fortwengler

Fig. 1. Cardioceras paucicostatum lange (M), β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 18705

Fig. 2. Cardioceras paucicostatum lange (M), β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 925

Fig. 3. Cardioceras paucicostatum Lange (m ?), β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 932

Fig. 4. Cardioceras paucicostatum Lange (M ?), β morph, fine-ribbed specimen. Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 918

Fig. 5. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 1028

Fig. 6. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 19273

Fig. 7. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (M). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 1024

Fig. 8. Peltoceratoides eugenii (raspail) eugenii morph raspail (M). level 7, Mariae zone, Scarburgense Subzone, 
thuouxensis Biohorizon, no. dF 1703

Fig. 9. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (M). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 1071

Fig. 10. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (m). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 1030

Fig. 11. Cardioceras paucicostatum Lange, β morph. Level 7, Mariae Zone, Scarburgense Subzone, thuouxensis 
Biohorizon, no. dF 928

Fig. 12. Hecticoceras (Brightia) thuouxensis Fortwengler et Marchand (M). Level 7, Mariae Zone, Scarburgense 
Subzone, thuouxensis Biohorizon, no. dF 1036

red dot: end of phragmocone
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Plate 6

Calcareous nannofossils and dinoflagellate cysts. Biometric measurements performed  
on Stephanolithion bigotii specimens from the studied sections

Fig. 1. Stephanolithion bigotii bigotii, St Pierre d’argençon section (47.9 m), lamberti zone

Fig. 2. Stephanolithion bigotii bigotii, thuoux section (10.3 m), lamberti zone

Fig. 3. Stephanolithion bigotii bigotii, thuoux section (12.14 m), lamberti zone

Fig. 4. Stephanolithion bigotii bigotii, large-sized specimen, Savournon section

Fig. 5. Stephanolithion bigotii bigotii, large-sized specimen, Savournon section

Fig. 6. Stephanolithion bigotii maximum, Jonquière section

Fig. 7. Stephanolithion bigotii bigotii and Stephanolithion bigotii maximum, Jonquière section

Fig. 8. Wanaea fimbriata Sarjeant 1961, thuoux section (26.49 m), Mariae zone

Fig. 9. Wanaea thysanota woollam 1982, thuoux section (34.16 m), Mariae zone

All micrographs are taken with an optical microscope without polarizers. Scale is reported on each micrograph
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