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ABSTRACT

Three regions of the former Tethyan margin were selected to gain insights into the
sedimentary and geochemical evolution of the Valanginian shallow water carbonate
environment.
The facies of the shallow water arenitic limestone of the Jura Mountains changes

from oligotrophic conditions in the Berriasian to eutrophic conditions in the Valangin-
ian. This evolution reaches its maximum in the “middle” Valanginian where oysters
predominate. Simultaneously, limonitic iron ore was deposited near the shoreline.
The late Valanginian is missing or very thin. The Early Hauterivian starts with
hemipelagic, ammonite-bearing marls.
In the Provence, terrigeneous input increases throughout the Valanginian. The

“middle” Valanginian consists of very oyster-rich, arenitic limestones in shallow-
marine settings. Above, Late Valanginian sediments are missing or very thin in shal-
low environments, while thick successions of marly sediments were deposited in the
Vocontian trough. The Early Hauterivian is characterised by deeper depositional
environments.
On the isolated Friuli-platform, white fine-grained shallow-marine limestone with

karstic surfaces covered by green clay are found throughout the Valanginian and
Early Hauterivian. On the platform margin, there is a change from external to internal
carbonate platform facies in the “middle” Valanginian.
In order to test whether the composition of the sampled limestones influence their

bulk stable carbon isotope value, well preserved single components were analysed.
Rock-forming fossil groups, such as crinoids, echinoids, serpulids, calcareous
sponges, brachiopods and bryozoans show similar average values. Oysters
(Alectryonia) have distinctly, over 1‰ more positive carbon isotope values than bulk.
There is no difference between fine-grained material and calcarenite.
The influence of diagenetic alteration was also examined. Silicification, sulphate

reduction, early (emersion) and late (clefts) meteoric diagenesis can produce signifi-
cant negative shifts of the stable carbon isotope values. On the contrary, early
marine and burial diagenesis fix primary carbon isotope values. Facies-dependant
shifts of carbon isotope values are probably due to the varying composition of differ-
ent water-masses.
Carbon and oxygen stable isotopes were analysed at several sections. The carbon

isotopes of Valanginian shallow-marine environments show a reproducible positive
excursion which can be correlated with the one known from pelagic settings. Two
ammonite-dated sections allowed a correlation between the ammonite and stable
carbon isotope stratigraphies. The Valanginian stable carbon isotope excursion
starts with a minor negative shift of 0.4‰ in the Ct3-interval of the Early Valanginian
Campylotoxus zone. A continuous and rapid increase of +1.3‰ in the Ct4 interval
follows. In the V1 and V2 intervals of the Late Valanginian Verrucosum zone, values
fluctuate twice up to 0.8‰ and reach a maximum at the end of V2. During the latest
Verrucosum (V3) and earliest Trinodosum (T1) values fall rapidly by 1‰, later more
slowly until they reach pre-excursion values in the late Early Hauterivian. This
correlation allows to date biostratigraphically dated shallow-marine (and other)
sequences more precisely with stable carbon isotope stratigraphy.
Several samples of limonite iron ore from the Jura Mountains were examined by

electron microprobe in search of sedimentary and climatological information. Most
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oolithic and non-oolithic limonitic components consist either of a homogeneous iron
hydroxide phase (Goethite) or an intricate mixture of iron hydroxide and carbonates.
The iron hydroxide phase contains a varying amount of clay. Aluminium substitution
in Goethite is generally low and reaches a maximum of 13%. No indications for
bauxitic materials were found. No clearly defined chamosite, but glauconite was
found. There are few carbonate ooids with an iron ooid core, but no iron ooids with a
carbon ooid core.
Everything points to iron mobilisation on the continents due to a more humid climate

and the consequent deposition of iron ore on the transition from the continental to the
marine domain. The end of limonite ore deposition was presumably due to a cooler
climate in the Late Valanginian.
It is conspicuous that the “middle” (Campylotoxus - Verrucosum zones) Valanginian

sedimentary events are synchronous with the onset and the peak of the global stable
carbon isotope excursion. This confirms the linking between carbon cycle, climate,
weathering and its influence on shallow marine settings near continents.

ZUSAMMENFASSUNG

In drei verschiedenen Regionen des ehemaligen Tethys-Randes wurden Profile und
Lokalitäten ausgesucht, um Einblicke über die sedimentäre und geochemische
Entwicklung der Flachwasserablagerungen im Valanginien zu gewinnen.
Die arenitischen Flachwasserkalke des Jura fallen durch einen Wechsel von

oligotrophen Bedingungen im Berriasien zu eutrophen im Valanginien auf. Diese
Faziesentwicklung gipfelt in einer von Austern dominierten Fazies im “mittleren”
Valanginien. Zeitgleich wurden im küstennahen Bereich limonitische Eisenerze ab-
gelagert. Das obere Valanginien fehlt weitgehend. Das basale Hauterivien beginnt
mit einer hemipelagischen, ammonitenhaltigen Mergelabfolge.
In der Provence nimmt der terrigene Eintrag vom unteren bis ins obere Valanginien

stetig zu. Auch dort erscheint im “mittleren” Valanginien eine äusserst austernreiche
kalkarenitische Flachwasserfazies. Darüber sind die Sedimente des oberen
Valanginien im Flachwasserbereich sehr dünn, während gleichzeitig dicke Sedi-
mentpakete im Vokontischen Trog abgelagert wurden. Das basale Hauterivien wird
von tieferen Ablagerungsbedingungen geprägt.
Im internen Bereich der isolierten Friuli-Plattform werden durchgehend weisse

feinkörnige Flachwasserkalke abgelagert. Die Kalkbankfugen bestehen häufig aus
verkarsteten, mit grünem Ton überzogenen Oberflächen. Am Platformrand lösen im
“mittleren” Valanginien interne Faziestypen externe ab.
Um zu testen, inwiefern die Zusammensetzung der Kalke einen Einfluss auf die

Kohlenstoffisotopenwerte des Gesamtgesteins hat, wurden einzelne gut erhaltene
Komponenten gemessen. Gesteinsbildende Gruppen, wie Crinoiden, Seeigel, Ser-
puliden, Kalkschwämme, Brachiopoden und Bryozoen zeigen vergleichbare
Durchschnittswerte. Austern (Alectryonia) haben deutlich, d. h. um über 1‰ positiv-
ere Kohlenstoffisotopenwerte. Es wurde kein Unterschied zwischen feinkörnigem
Material und Kalkarenit gefunden.
Auch diagenetische Einflüsse wurden untersucht. Dabei wurde festgestellt, dass die

Silifizierung, die Sulfatreduktion, die frühe (Emersion) und die späte (Kluftbildung)
meteorische Diagenese deutliche, negative Abweichungen der Kohlenstoffiso-
topenwerte bewirken können. Im Gegenzug scheinen die frühe marine Diagenese
und die “burial” Diagenese ursprüngliche Kohlenstoffisotopenwerte zu fixieren. Fazi-
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esabhängige Verschiebungen der Kohlenstoffisotopenwerte des Gesamtgesteins
sind wahrscheinlich durch die unterschiedliche Zusammensetzung der Wassermas-
sen an verschiedenen Orten bedingt.
An mehreren Profilen wurden die stabilen Kohlenstoff- und Sauerstoffisotopen

gemessen. Auch in Flachwasserkalken zeigten die Kohlenstoffisotopen eine repro-
duzierbare und mit pelagischen Abfolgen korrelierbare positive Exkursion. Anhand
zweier gut datierter Profile wurde eine Korrelation zwischen Ammonitenbiostrati-
graphie und Kohlenstoffisotopenstratigraphie im Valanginien erreicht. Somit steht
fest, dass die stabilen Kohlenstoffisotopen im Intervall Ct3 der Campylotoxus Zone
(Frühes Valanginien) zunächst einen kleinen (ca. 0.4‰) negativen Ausschlag
zeigen, danach im Intervall Ct4 (oberste Campylotoxus zone) stetig und schnell um
1.3‰ ansteigen. In den zwei ersten Intervallen V1 und V2 der Verrucosum-Zone
(Spätes Valanginien) schwanken die Werte zweimal stark (bis 0.8‰) und erreichen
am Ende des Intervalls V2 ihren Höchswert. In der obersten Verrucosum-Zone (V3)
und in der untersten Trinodosum-Zone (T1) sinken die Werte rasch um 1‰, danach
gemächlicher bis sie am Ende des unteren Hauterivien Vorexkursionswerte
erreichen. Dank dieser Korrelation kann die Kohlenstoffisotopenstratigraphie
biostratigraphisch datierte Flachwassersequenzen (und andere) häufig genauer
datieren.
Einige Proben der Limonitablagerungen des Juragebirges wurden mit Hilfe einer

Elektronenmikrosonde auf ihre Ablagerungsbedingungen und auf Klimahinweise
untersucht. Die meisten oolithischen und nicht-oolithischen Limonitkomponenten
bestehen aus einer homogenen Eisenhydroxid-Phase (Goethit) oder aus einer
Mischung von Eisenhydroxid und Karbonat. Die Eisenhydroxid-Phase beinhaltet ver-
schieden starke Beimenungen von tonigem Material. Die Aluminium-Substitution im
Goethit ist generell tief, und erreicht Höchstwerte um die 13%. Es wurden keine
Hinweise für bauxitische Elemente gefunden. Eindeutiger Chamosit wurde nicht
gefunden, dafür aber Glaukonit. Es gibt Karbonatooide mit einem Eisenooidkern,
aber keine Eisenooide mit Karbonatooidkern.
Alle diese Hinweise deuten auf eine, von einem Feuchterwerden des Klimas

verursachte, Eisenmobilisierung auf dem Kontinent, und der Ablagerung von
Eisenerzen im Übergangsgebiet vom kontinentalen zum marinen Bereich. Das Ende
der Eisenerzablagerung deutet auf eine Abkühlung des Klimas im Späten
Valanginien hin.
Es fällt auf, dass die sedimentären Ereignisse “mittleren” Valanginien – Campylo-

toxus und Verrucosum Zonen - zeitgleich mit Beginn und Höhepunkt des globalen
Kohlenstoffisotopenpeaks sind. Damit ist die Koppelung zwischen Kohlenstoff-
kreislauf, Klima, Verwitterung auf dem Kontinent und deren Auswirkung auf
kontinentnahe Flachwasserablagerungen bestätigt.

RÉSUMÉ

Trois régions du bord de l’ancienne Tethys ont été choisies pour obtenir des infor-
mations sur l’évolution sédimentaire et géochimique des sédiments carbonatés peu
profonds du Valanginien.
Les calcarénites du Jura sont charactérisés par un changement de faciès, d’oligo-

trophique au Berriasien à eutrophique au Valanginien. Cette évolution atteint un
maximum au Valanginien “moyen” dans des sediments ou les huitres abondent. En
même temps, des limonites sont déposées près de la côte. Les sédiments du Valan-
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ginien supérieur sont très minces ou souvent absents. L’Hauterivien basal
commence avec des marnes hémipélagiques riches en ammonites.
En Provence, l’apport térrigène augmente du Valanginien inférieur au Valanginien

supérieur. Ici aussi apparait un facies très riche en huitres au Valanginien “moyen”.
Au-dessus, les sédiments du Valanginien supérieur sont très minces en régions peu
profondes tandis que d’épais paquets de marnes sont déposés dans le bassin
Vocontien. L’Hauterivien inférieur est typifié par des sédiments de mer plus
profonde.
Sur la plate-forme carbonatée isolée du Frioul, du Valanginien à l’Hauterivien

inférieur, sont déposés des calcaire à grain fin dont les bancs se terminent en
surfaces karstiques recouvertes d’argiles vertes. Au bord de la plate-forme, les
faciès externes sont relayés par des facies internes au Valanginien “moyen”.
Des bioclastes bien présérvés ont été analysés séparément, pour contrôler si la

composition des calcaire avait une influence sur les valeurs de roche totale des
isotopes stables du carbone. Les principaux constituants des roches, tels que
crinoides, oursins, sérpules, éponges calcaires, brachiopodes et bryozoaires ont des
valeurs moyennes comparables. Les huitres (Alectryonia) ont des valeurs nettement
plus élevées d’au moins 1‰. Il n’y a aucune différence entre des roches à grain fin
et des calcarénites.
L’influence de l’altération diagénétique a aussi êtée analysée. La silicification, la

pyritisation, la diagenèse météorique précoce (emersion) et tardive peuvent faire
nettement diminuer les valeurs de roche totale des isotope stables du carbone. Par
contre, la diagénèse précoce marine et la diagénèse d’enfouissement semblent fixer
la valeur originale. Les différences de valeurs des isotopes stables du carbone
dépendantes du faciès sont probablement dûes à la composition variable de l’eau
selont les endroits.
Des analyses des isotopes stables du carbone ont été effectuées sur plusieures

coupes. Même dans les calcaires de mer peu profonde, les isotopes stables du
carbone montrent une excursion positive Valanginienne que l’on peut corréler avec
celle connue des sédiments pélagiques.
Au moyen de deux coupes bien datées, la corrélation entre la biostratigraphie des

ammonites et la stratigraphie des isotopes stables du carbone a été établie pour le
Valanginien. Une petite déviation de -0.4‰ durant l’interval Ct3 (Zone à
Campylotoxus, Valanginien Inférieur) est suivie d’une augmentation rapide et
continue des valeurs de 1.3‰ durant l’interval Ct4. Pendant les intervals V1 et V2 de
la zone à Verrucosum (Valanginien Supérieur), les valeurs oscillent deux fois jusqu’à
0.8‰ et atteignent leur maximum à la fin de l’interval V2. Les valeurs baissent
rapidement de 1‰ pendant la fin de la zone à Verrucosum (V3) et le début de la
zone à Trinodosum (T1), puis plus lentement. Vers la fin de l’Hauterivien inférieur les
isotopes stables du carbone retrouvent les mêmes valeurs qu’avant l’excursion.
Grâce à cette corrélation, les coupes de mer peu profondes, telles que les plate-
formes carbonatées datées par biostratigraphie, peuvent être datées plus
précisément par la stratigraphie des isotopes stables du carbone.
Quelques échantillons des limonites du Jura ont été analysées par microsonde

éléctronique pour trouver des indication sur leur milieu de dépot et sur le climat. La
plupart des composantes limonitiques, oolithiques et non-oolithiques, sont
composées d’une phase homogène d’hydroxide de fer (Goethite) ou d’un mélange
d’hydroxide de fer et de carbonates. L’hydroxide de fer contient du matériel argileux



AbstractIX

en proportions diverses. La substitution de l’aluminium dans la goethite atteint 13%
au maximum. Il n’y a aucune indication pour la présence de matériel bauxitic. De la
chamosite clairement définie n’a pas été trouvée, par contre il y a souvent de la
glauconie. Il y a des ooides carbonatées avec un centre d’ooide limonitique, mais
pas d’ooide limonitique avec un centre d’ooide carbonatée.
Tous les indices indiquent une mobilisation du fer sur le continent dûe à une

humidification du climat, et à la déposition de minerai limonitique à la transition du
domaine continentale au domaine marin. La fin de la sédimentation de minerai
limonitique semble indiquer un refroidissement climatique au Valanginien supérieur.
La coincidence entre les événement du Valanginien “moyen” et le début et la

culmination de l’excursion des isotopes stables du carbone et frappante. Cela
confirme les liens étroits entre le cycle du carbone, le clima, l’altération sur les
continents et son influence sur le milieu marin près des côtes.
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CHAPTER 1 INTRODUCTION

Climatic changes and their impact on the environment are problems, which are
confronting our civilisation. Climatic models try to predict and characterise the
amount of environmental change in order to foretell natural catastrophes. These
models require a precise knowledge of biospheric processes and reaction mecha-
nism to be reasonably accurate.
Studying past environmental records gives essential information on the possible ex-

tent, property and duration of climatic events. It is also the only clue to the proc-
esses, which triggered environmental changes and the feedback mechanisms, which
restored original conditions.
In sedimentary rocks, facies evolution, fossil association and geochemical signals,

such as isotopic and chemical compositions, reflect environmental conditions in the
geological past. In sediments of the Valanginian (Early Cretaceous), geochemical
and sedimentological evidence point to important changes in the biosphere. Trying to
understand reaction mechanisms of the biosphere on environmental disturbances in
the Valanginian may help to clear some of the climatic questions of today. Thus,
even ancient rocks can be relevant for solving present day dilemmas.
The aim of this study is to try to connect observed "events", such as stable carbon

isotope shifts, marine "drowning events", eutrophication on shallow seas, increased
weathering on the continents and iron enrichment in sediments into a reasonably
coherent chronological and logical scheme.

1.1. THE VALANGINIAN , GENERAL OVERVIEW

The Valanginian (second stage of the Early Cretaceous) is characterised by a series
of "events" which point to environmental and climatic variations. These events are
neither "catastrophic" nor nearly instantaneous like the late Maastrichtian-event, but
rather reflect gradual changes of the global biospheric balance.
The three study areas Jura, Provence and Friuli are situated at the northern and

southern (Friuli) margins of the western Tethys.
-Pangaea was still breaking up and volcanism was very active in this time

(Rampino & Stothers 1988).
-The climate was warm and seasonally humid over most areas, the pol-aequator

temperature gradient was small due to efficient latitudinal heat transport
(dinosaurs in Antarctica, Ziegler et al. 1987). Glendonite occurrences in the
Late Valanginian point to a major climatic cooling at this time.

-The Valanginian to Early Hauterivian period is characterised by a positive car-
bonate carbon isotope excursion of 1.5‰ amplitude. It has been found in
pelagic sediments all over the world’s oceans (Lini 1994) and is therefore a
global event.

-Iron enrichment, even ore deposition, is quite common in Valanginian deposits.
Other enriched elements are manganese and possibly phosphorus (Kuhn
1996).

-Sea-level was rising (second order transgression) but still lower than in the mid-
Cretaceous. The Paris basin was not flooded (Rat et al. 1987, Clavel et al.
1992).
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-The Valanginian, first Cretaceous "Oceanic Anoxic Event" (OAE) produced less
source rock deposits than the later Aptian-Albian event (Scholle & Arthur
1980).

-The drowning of carbonate platforms is accompanied by a main sedimentary
break. Yet, some platforms survive (Adria), while others drown at different
times (fig. 1.1).

-Related to platform drowning is a crisis of the shallow water biota, illustrated by a
major turnover of floras and faunas.

Maastrichtian

Campanian

Santonian
Coniacian
Turonian
Cenomanian

Albian
Aptian
Barremian
Hauterivian

Valanginian
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tectonic event OAE Oceanic anoxic event BC "Crisis" of the shallow water biota
main sedimentary break H Hiatus HB Hiatus and bauxite deposits

Fig. 1.1: Schematic picture of Cretaceous carbonate platform evolution after Masse (1993b).

1.2. THE GLOBAL CARBON CYCLE

The best-studied Cretaceous isotopic events are the Aptian-Albian and Cenoma-
nian-Turonian positive δ13C excursions. These events are associated with large-
scale source-rock deposits and world wide oceanic anoxic events. They have been
interpreted as the result of higher pCO2 in the atmosphere resulting from intensified
volcanic and ocean-spreading activity and producing a warm, humid "greenhouse
climate" (Weissert et al. 1985, Weissert 1989). High eustatic sea-levels due to rapid
sea-floor spreading resulted in submerged shallow shelves and facilitated the mass
production and burial of organic matter. “Sluggish” oceanic circulation allowed the
oxygen minimum zone to expand, preserving organic matter from oxidation
(Schlanger & Jenkyns 1976, Schlanger et al. 1987). The enhanced Corg burial rates
are supposed to have depleted the biosphere in 12C thus producing the positive δ13C
excursions in marine and terrestrial organic matter and carbonate. As a conse-
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quence, weathering rates would have increased. Nutrient transfer to the ocean and
enhanced marine and terrestrial primary productivity acted as negative feedback
mechanism lowering the pCO2 (Weissert, 1985, Menegatti et al. 1998).
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Fig. 1.2: Simplified global carbon cycle with exogenic reservoirs drawn to scale from Kwon & Schnoor
(1994).

1.3. SCOPE OF STUDY

The long-term reactions of the biosphere to climatic changes are recorded as envi-
ronmental and facies changes in the geological record. One monitor of global
changes is the global carbon cycle. Especially sensitive areas such as shallow water
carbonate-seas should record both marine and terrestrial modifications.
In this study, the sedimentary evolutions of carbonate platforms on the Northern and

Southern Tethyan margins in the Valanginian are interpreted in terms of paleoenvi-
ronmental changes. These changes are linked with the evolution of the global carbon
cycle.
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CHAPTER 2: METHODOLOGY

2.1. SAMPLING

The investigated sections were chosen from the literature according to their bio-
stratigraphically determined Valanginian age and apparent continuity.
The different regions were selected in order to allow for a comparison of different

paleogeographic settings:
- Jura-platform and Helvetic shelf: strong continental influx
- Provence platform and the Vocontian basin: weaker continental influence
- Friuli platform: no direct continental input

2.1.A. JURA, SALÈVE, HELVETICS

A map with all sampled localities in the Jura region is given in chapter 4 (fig. 4.2).
For a description of the sections, see Baumberger (1903), Guillaume (1966), Stein-
hauser & Charollais (1971), Adatte (1988), Remane (1989b) and Walter (1991)
among others. Most descriptions are old, and several sections are now either cov-
ered with vegetation (e.g. Valangin), or have been covered by construction (Villers)
(Burri 1956). The Salève section is described in Charollais et al. (1992).
Very few sections in the Jura-mountains are continuous throughout the Valanginian.

This is due to two marly intervals, the "Marnes d'Arzier" at the base and the "Marnes
à Alectryonia rectangularis" followed by the "Marnes d'Hauterive" at the top of the
sequence. These two intervals are normally covered by vegetation. In addition, they
are frequently affected by tectonic dislocations because of their incompetent lithol-
ogy. Another cause for discontinuity within the Valanginian are primary sedimentary
gaps occurring from a regional to local scale.
Samples were taken on a meter to decimetre scale. Well preserved samples were

taken preferentially. This produced a strong collecting bias towards calcareous in
contrast to marly samples, due to the bad preservation of marls at the outcrop.
The samples from the SB2 (Sondierbohrung 2) at the Wellenberg were kindly cut

and lent by the NAGRA (Nationale Genossenschaft für die Lagerung von radioak-
tiven Abfällen).

2.1.B. PROVENCE

A description of the Marseille region (Massif d'Allauch, Taulières section) is to be
found in the regional geological guide (Gouvernet et al. 1979). The Carajuan section
is mentioned in Walter (1991) and dated in Arnaud & Bulot (1992).
Samples were taken on a meter scale in the Taulières and Carajuan sections. Marls

and limestones were collected evenly owing to good outcrop conditions and excellent
preservation.
The La Charce section is described in Bulot et al. (1992). The samples of the La

Charce section were taken from rocks stored at the University of Grenoble. Their
numbering is therefore identical to the one in the publication by Bulot et al. (1992).

2.1.C. FRIULI

The Val Cellina section was chosen from pers. com. of U. Schindler. It is described
in Ghetti (1987) and dated in Masse & Sentenac (1987).
Samples were taken on a meter scale in the continuous limestone succession.
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2.2. ANALYTICAL TECHNIQUES

2.2.1. Stable carbon and oxygen isotopes
Bulk rock samples for isotopic analysis were drilled with a dentists drill from a clean

rock surface, usually a cut plane. In order to control reproducibility, several rocks
were sampled twice or more. Marly samples, which were too soft to drill, were ground
with an agate mortar. Samples of bioclasts were either picked and ground or drilled
directly from the rock.
All measurements were performed at the stable isotope laboratory of the Geological

Institute at ETH Zurich. The powdered samples were reacted in 100% phosphoric
acid at 50°C (V.G. 903) and 90°C (V.G. PRISM) without further treatment. The δ13C
and δ18O compositions of the CO2 produced were analysed on two triple-collecting
isotope ratio mass spectrometers, a V.G. Micromass-903 and a V.G. PRISM. Instru-
mental drift was corrected with the use of the internal laboratory standard MS2 (Car-
rara marble, δ13C= 2.1‰, δ18O=-1.8‰). The results are reported in the ‰ δ-notation
with respect to the PDB (Pee Dee Belemnite) international isotopic standard for car-
bonates. They are Craig- corrected (Craig 1957) and corrected for the temperature
dependant fractionation of the oxygen isotopes during the reaction with phosphoric
acid. The reproducibility of individual samples was better than ± 0.05‰ for carbon
and ± 0.15 for oxygen.
All isotope measurements are listed in appendix A. Stable isotope sample numbers

are identical to rock numbers. Duplicate measurements are listed with the same
sample number; multiple samples from the same rock are listed as sample x/a, x/b,
x/c etc.

2.2.2. Electron microprobe analysis
The analyses were performed on polished thin sections coated with a 20 µm thick

carbon layer. The instrument is a Camebax SX50 electron microprobe, equipped
with five spectrometers. Its standard adjustments are 15 kV acceleration voltage and
20 nA current. The beam size was adjusted from 1 to 10 µm according to lithology. A
coupled microscope with a magnification of 400 allows control over the analysed
area or point.
Each element emits typical X-ray wavelengths when activated by an electron beam.

One wavelength (ideally the Kα) of a chosen element is set on a spectrometer. The
quantity of reflected X-rays is proportional with the content of the element.

Qualitative analysis
A qualitative wds (wavedispersive system) analysis over the complete range of

measurable X-ray wavelengths (λ ) on the available crystals (PC1, Pet, Tap, Lif)
shows the elements present at one point. This method allows a check for interfer-
ences among different elements. If interferences with a higher order (2, 3, 4, etc. λ)
of another element occurred, an energy filter was set (differential mode) to a spec-
trometer. The elements measured in this mode were potassium, phosphorus and
fluorine.

Pictures
Electronic pictures (backscattered, absorbed, secondary electrons) of a sector of a

thin section were taken. The magnification and contrasts were adjusted on the mi-
croprobe. Electrons are preferentially backscattered by heavy atoms. A backscatter
(BSEZ) picture therefore gives valuable information on compositional changes. The
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absorbed electron (ABS) picture is opposite to the BSEZ. The secondary electron
(SE) picture shows the surface structure.
Element distribution pictures were acquired with the wds. The spectrometers were

set at a given wavelength, usually the kα- wavelength of a chosen element (Lα for
Sr). An energy-filter (differential mode) was applied for K, P, S and Sr. Since the
spectrometers are set at a 40° angle to the surface, at low magnifications (up to 600)
the X-ray signal received at the spectrometers is not equal over the whole surface.
This produces a brighter central diagonal region in these images.

Quantitative measurements
The selected elements are calibrated on standards of known compositions. The

measured values are automatically ZAF-corrected.
The oxygen was not measured, but calculated on a stoichiometric basis. Since the

valence of certain elements, such as iron or manganese, is variable, the calculated
oxygen values do not usually represent the true content of the sample. Furthermore,
the oxygen was assumed to be the only anion, ignoring the possible presence of
carbonate-ions (CO3) and structurally bound water (OH).
Analysed points were chosen optically, with the coupled microscope and also with

the qualitative indications of the five spectrometers set for different elements (e.g. K,
Ca, Fe, Si, Mg).
The raw data are listed in Appendix C. The first row represents the measured

weight percentage of the selected elements. The second row depicts the mol per-
centage abundance of the elements normalised after the first row values. Since the
weight % oxygen values are usually to low, the mol % abundances cannot directly be
used as absolute values, but are the relative abundances of the elements in a given
sample.

2.2.3. Scanning electron microscope (SEM)
All SEM pictures were taken by Dr. Djordje Grujic on a JEOL JSM 840 at the "Labor

für Festkörperphysik" ETH Hönggerberg. The Acceleration voltage was 15 kV; the
current was adjusted from 0.03 to 0.1 nA according to magnification.

2.2.4. Inorganic carbon
The carbonate content of ground samples was measured on a Coulometer 5011

(Laborlux S. A.) at EAWAG, Dübendorf.
12-25g of rock powder were reacted with 2 ml 2N HCl. The resulting CO2 was led

into a cathodic solution causing changes in colour. The current needed to reestablish
the original colour is proportional to the inorganic carbon content of the sample. The
standard for calibration was pure Na2CO3. Background CO2 and instrumental drift
were corrected by measuring empty sample glasses. The resulting weight % Cinorg
was multiplied with 8.33 (=100/12) to obtain the weight % CaCO3. Reproduction error
was ± 1% CaCO3; mineralogical changes (dolomite, ankerite) are not accounted for.

2.2.5. Cathodoluminescence
A Technosyn Cold Cathode Luminescence Model 8200 Mkll mounted on a micro-

scope, with an acceleration voltage of 15-20 kV, an optimal current of 3000-5000 nA
and a beam size of approximately 4 mm was used. The illumination time for photo-
graphs was automatically calculated and ranged from 90 to 900 s depending on
sample luminescence and film sensitivity.
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CHAPTER 3: REGIONAL SETTINGS

3.1. GEOGRAPHIC & PALEOGEOGRAPHIC OVERVIEW

The study area consists of three distinct geographic and paleogeographic regions:
a) The northern Tethyan margin: Jura platform, Salève and basinal Helvetics

(sections 1-5)
b) The north-western Tethyan margin: Provence platform with adjoining Vocontian

basin (sections 6-8)
c) The southern Tethyan margin: Friuli platform (sections 9&10).
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Fig. 3.1: Geographic overview of the studied sections: 1) Lamoura, 2) Le Boulu, 3) Ste Croix, 4)
Salève, 5) Wellenberg SB2, 6) La Charce, 7) Pont de Carajuan, 8) Barre des Taulières, 9) Val
Cellina, 10) Furlani Sud.

3.1.1. Valanginian paleotectonic setting
All sections are located on passive continental margins of the Early Cretaceous

Tethys ocean. The beginning of alpine compressional tectonics was located farther
to the east and did not yet affect the studied regions (fig. 3.2).
The Jura, Salève and Helvetic realm were affected by sporadic extensional move-

ments (Wildi et al. 1989). Vertical movements on the Jura platform were small and
did not severely disturb the sedimentary pattern. Extensional tectonics influenced the
deposition of Upper Valanginian and Hauterivian sediments on the Helvetic shelf
(Funk & Wyssling 1987). There is a general increase of sediment thickness and
therefore of subsidence from the north to the south (fig. 3.4).
The Vocontian trough was probably a rhombic pull-apart basin within the northern

Tethyan margin (Ferry & Rubino 1989). Therefore, the tectonic history of the Vocon-
tian basin and the northern Provence platform margin was more complicated. Large
thickness-changes of contemporaneous sediments (Bulot 1993) reveal the existence
of synsedimentary tectonic movements (Masse & Lesbros 1987, Cotillon 1994,
Masse 1995). The central Provence Platform was stable from the Valanginian to the
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Aptian, with increasing subsidence rates towards the basin in the north (Masse
1993b).
For the southern Alpine sections, there is no indication of Early Cretaceous syn-

sedimentary tectonics (Schindler & Conrad 1994).
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Numbers see fig. 3.1.
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 3.2. VALANGINIAN : HISTORICAL EVOLUTION & STRATIGRAPHIC DEFINITION

The first denomination for the basal stages of the Cretaceous was "Neocomian",
called after the roman name of Neuchâtel.
In the middle of the 19th century, the need for more precision led to the definition of

the Berriasian (Coquand 1871), Valanginian (Desor & Gressly 1859), Hauterivian
(Renevier 1874), Barremian (Coquand 1862) and Aptian (D'Orbigny 1840) stages.
Some stratotypes are located in south-eastern France, others in the Swiss Jura
Mountains. Some stratotypes e.g. Valanginian, Hauterivian and Aptian are defined in
shallow water environment, others e.g. Berriasian and Barremian in a pelagic envi-
ronment (Cavelier & Roger 1980). This makes lithostratigraphic correlations among
all of them impossible. As a result, there was considerable insecurity about chrono-
logical gaps or overlaps between these stages. Most of the definitions have been
changed with time, and lack of consensus led to the parallel use of different
definitions.

Original definitions
The stratotype for the Valanginian stage is located at Valangin, Val de Ruz, 3 km to

the NNW of Neuchâtel.
"Valanginien" as stage name was first introduced by Desor (1854). Desor & Gressly

(1859) defined the Valanginian lithostratigraphic units (top to bottom):
a) Limonite ou calcaire ferrugineux
b) Calcaire compact ou marbre bâtard
c) Marnes valangiennes

The "marnes d'Hauterive" were covering, and the "terrain dubisien" (Purbeck)
underlying these Valanginian lithologies.
This definition was compatible with the one of the Hauterivian stage (Renevier

1874) (top to bottom):
- Pierre jaune de Neuchâtel
- Marnes d'Hauterive à Am. radiatus
- Marne jaune de Morteau à Am. astierianus.

The Berriasian was introduced as a sub-stage of the Valanginian by Coquand
(1871), (see Cavelier & Roger 1980) and was used as a synonym for the Lower
Valanginian (marbre bâtard & marnes valangiennes, e.g. Rittener 1902).

Evolution & confusion
The reasonably coherent original lithostratigraphic framework was changed by

Baumberger (1901). He used the Berriasian as full stage and placed the "Marnes à
Astieria" in the Valanginian for faunistic reasons. His Valanginian consists of:

1. Astieria- und Bryozoenmergel
2. Calcaire roux mit Limoniteinlagerungen
3. Marnes d'Arzier

Haefeli et al. (1965) redefined the Valanginian stratotype at Valangin (top to bottom,
calcaire roux is missing in the text):

- Astieria-Schicht
- Couche de Villers
- Calcaire roux
- Marnes d'Arzier
- Marbre bâtard
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- Mergel- und Kalkzone
They give the complete list of macrofossils found in Valangin by all authors and add

their own microfossil investigations (mainly ostracods and benthic foraminifera). They
insist on the fact, that "Marbre bâtard and calcaire roux have a Valanginian age ex-
definitione", since they build up the major part of the stratotype.
At the "Colloque sur le Crétacé inférieur" in 1963, the decision was taken to promote

the Berriasian from sub-stage of the Valanginian to an independent stage. The new
definition of the Berriasian stratotype in south-eastern France (Ardèche) was pub-
lished in Busnardo et al. (1965).
Consequently, the Valangin-stratotype had to be reconsidered: The main part

(Mergel- und Kalkzone and Marbre bâtard) was now attributed to the Berriasian. In
the remaining lithologies (Marnes d'Arzier, Calcaire Roux, Couche de Villers, Marnes
à Astieria) the sedimentary discontinuities, as well as the rarity of ammonites and
other leading fossils made precise correlations difficult.
The need for a clearly defined, ammonite based biozonation finally led to the defini-

tion of a hypostratotype. A continuous section in the pelagic facies of the Vocontian
domain near Angles was chosen as type-section (Busnardo et al. 1979). According
to this new, mainly ammonite-based definition, the following lithologies of the Jura
Mountains belong to the Valanginian (top to bottom):

- Marnes à Astieria
- Couche de Villers
- Calcaire Roux
- Marnes d'Arzier
- Formation de la Chambotte (= Marbre bâtard p.p.)

Definition used in this study
The standard ammonite zonation of Busnardo & Thieuloy (1979) in Busnardo et al.

(1979) was emended by Bulot (1993) and Blanc et al. (1994). The attribution of the
basal Valanginian ammonite-zone (Otopeta-zone) was changed and put into the Ber-
riasian (Bulot 1996). The other ammonite-zones of Busnardo & Thieuloy (1979) are
retained: pertransiens- and campylotoxus- zones for the Lower Valanginian, verruco-
sum-, trinodosum- and callidiscus- zones for the Upper Valanginian. This leads to the
following lithostratigraphy of the Valanginian in the Jura-mountains (fig. 3.6):

- Alectryonia-beds:
. Marnes à Astieria (Verrucosum, ?Trinodosum & ?Callidiscus)
. Couche de Villers (Verrucosum)
- Calcaire Roux (Pertransiens-Verrucosum)
- Marnes d'Arzier (Pertransiens)

The attribution of ammonite zones follows Busnardo et al. (1979), Bulot (1992) and
Charollais & Wernli (1995). This scheme corresponds exactly with the definition by
Baumberger (1901 & 1903). Numerous authors, however, still retain the Otopeta-
zone as basal Valanginian (Charollais et al. 1992, Funk et al. 1993, Hillgärtner 1999,
Mohr 1992) and many others. Another scheme where the Otopeta and the Radiatus
ammonite zones are attributed to the Valanginian is tentatively proposed in Reboulet
& Atrops (1999).
Lithologically, it is often impossible to differentiate the Couche de Villers from the

Marnes à Astieria. Therefore, in analogy to Guillaume (1966), the oyster-rich, marly
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and calcarenitic beds on top of the Calcaire Roux and below the marnes d'Hauterive
are called Alectryonia-beds (after Alectryonia rectangularis Röm., fig. 3.6).
For more details about the evolution of formation names and their stage-attribution,

see Steinhauser & Charollais (1971), Cavelier & Roger (1980), Darsac (1983), Co-
tillon et al. (1984), Adatte (1988) and Remane (1989a).

3.3. GEOLOGY & STRATIGRAPHY

3.3.a. JURA, SALÈVE, HELVETICS

3.3.a.1. Geological overview

Jura
The Jura is a small arcuate mountain chain, formed mainly during the Late Miocene

and the Pliocene. It corresponds to a basement high, which originated in the Oligo-
cene between the Tertiary basins of the Molasse Plateau to the south-east, the
Rhine Graben to the north and the Bresse Graben to the west. The Mesozoic cover
has been detached from its substratum, along incompetent members of Triassic for-
mations and moved for 2 to 25 km respective to the basement (Trümpy 1980). All
investigated sections belong to the folded part of the chain.
The Jura Mountains are a classic area for Middle Jurassic to Early Cretaceous

stratigraphy. They are the relics of a former carbonate platform growing on the
proximal part of the European margin of the Mesozoic Tethys Ocean. The subsi-
dence history in the Early Cretaceous is fairly constant. Values range from less than
10 m/my in the northern part to less than 20 m/my in the southern part (Wildi et al.
1989).
The first complete regional synthesis of the Lower Cretaceous stratigraphy based

on mapping and ammonite biostratigraphy was published by Baumberger (1903,
1906). A more recent overview of Cretaceous sediments in the Jura Mountains is
given in Guillaume (1966).

Salève
The Salève chain was an adjoining platform to the south-west of the Jura, separated

by paleo-faults. It now forms a spectacular relief above the Rhône-Valley south of
Geneva. Its geology and stratigraphic succession is described in Loriol (1861), Jouk-
owsky & Favre (1913) and Charollais & Badoux (1990).

Helvetics
The Helvetic nappes are part of the Alpine mountain belt. They represent the sedi-

mentary cover stripped off the continental crystalline basement of the European
Tethyan margin (Trümpy 1980).
The Helvetic domain corresponds to the northern continental shelf and proximal

margin of the Tethyan Ocean. Its paleogeographic position was to the east and to
the south of the Jura platform (Wildi et al. 1989).
In the Early Cretaceous the Helvetic domain depicts a transect from carbonate

platform facies in the north, to pelagic carbonates in the south (Funk et al. 1993).
Some extensional paleo-faults were active at the end of the Valanginian and influ-
enced the sedimentary pattern (Strasser 1979, Funk & Wyssling 1987).
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3.3.a.2. Stratigraphic setting

Jura

Introduction
The general evolution of the Jura carbonate platform in the Lower Cretaceous is

depicted in fig. 3.4.
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Fig. 3.4: Sedimentary sequence and facies distribution of the Jura carbonate platform simplified from
Baumberger (1901). The stage boundaries for the Berriasian and the Valanginian are
unchanged and correspond to the definitions used in this study.

Fig. 3.4 shows a symmetric structure starting from the Tithonian / Berriasian "clean"
carbonate platform facies, to detritally influenced sediments in the Valanginian and
Hauterivian, back to the recifal Urgonian limestone in the Barremian. The overall
geometry represents a homoclinal, gently sloping ramp (Read 1985).
At the base of the Valanginian, the marked increase in detrital and ferruginous input

starts above a major unconformity, recognised as exposure surface on top of the
Berriasian carbonate platform deposits (fig. 3.5) (Steinhauser & Charollais 1971,
Darsac 1983). During the Early Valanginian, carbonate production was dominated by
animals such as crinoids, bryozoans, several types of oysters, brachiopods, ser-
pulids, calcareous sponges and echinoids, which prefer nutrient-rich water
(Baumberger 1903, Walter 1972). Some oolites are present (Steinhauser & Charol-
lais 1971). Limonite-ore was accumulated near the shoreline (Cayeux 1922, Guil-
laume 1966). The Late Valanginian was characterised by sediment reworking, con-
densation and erosion. Almost no sediment was accumulated then on the platform
(Busnardo et al. 1979). At the base of the Hauterivian, an ammonite-bearing blue
marl covers all the platform deposits. Shallow water carbonate production resumed,
still in the Early Hauterivian, with a similar facies as in the Early Valanginian, but less
iron was deposited (Remane 1989b). Finally, oligotrophic conditions allow the Urgo-
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nian platform to grow on top of the Hauterivian sediments (Arnaud & Arnaud-
Vanneau 1991).

Lithostratigraphic terms and biostratigraphic control
For the studied region, which belongs to the "Jura neuchâtelois", "Jura vaudois" and

nearby French Jura, the following terms for lithostratigraphic units are usually em-
ployed (fig. 3.6, chapt. 3.2):

Berriasian p.p.
- "Marbre bâtard": This obsolete term was introduced for a fine-grained, massive

and clear limestone, excavated in Neuchâtel. This mining name was
subsequently used as a) stratigraphic term for part of the Lower Valanginian
(= Berriasian) sediments b) facies term for whitish, massive, peloidal and
oolitic limestone. Unfortunately, the "marbre bâtard" facies appears
heterochronously within the stratigraphic "marbre bâtard" (Guillaume 1966).
New formation names (Pierre Châtel, Vions, Chambotte), correlated from the
southern Jura have progressively replaced this old local term.

- "Formation de Pierre Châtel" (southern Jura) correlates with the "Unité moyenne
calcaire massive" sensu Steinhauser & Charollais (1971). This thick- bedded
carbonate platform limestone embodies the Subalpina, Privasensis and
Dalmasi ammonite zones (Charollais et al. 1992).

- "Formation de Vions" (southern Jura) corresponding to the "Unité supérieure
gréseuse" sensu Steinhauser & Charollais (1971). These sandy carbonate
platform deposits contain a tracer bed with Keramosphaera allobrogensis at
their base. After Charollais et al. (1992), this formation comprises the
Paramimonum, Picteti and Callisto ammonite zones (fig. 3.6).

- "Formation de la Chambotte" sensu (Charollais et al. 1992). White thick-bedded
platform deposits, with an intermediary thin bedded, marly member "membre
du Guiers". This formation is usually eroded away in the northern part of the
Jura (fig. 3.5). Small relics show that it was present but eroded before the
deposition of the Calcaire Roux. This formation is attributed to the Otopeta-
zone. Another interpretation is given in Hillgärtner (1999) where the „membre
du Guiers“ is correlated with the Marnes d’Arzier and the upper Chambotte
with part of the Calcaire Roux. This interpretation is based on new datations
of the upper Chambotte formation which put it into the pertransiens- and
campylotoxus zones of the Valanginian (Blanc 1996). Coming from the
Southern Jura, Hillgärtner (1999) places most of the “classical” Calcaire
Roux into the Chambotte formation.

Valanginian
- "Marnes d'Arzier", used by all authors, for marls at the base of the Calcaire

Roux. They have been dated at the type locality Arzier (see fig. 4.2), Carrière
de la Violette, by dinoflagellate cysts, and belong to the Pertransiens zone
(Charollais & Wernli 1995). They are very fossiliferous at Arzier, with
brachiopods, calcareous and siliceous sponges, colonial serpulids, stro-
matoporidae, etc. Marly intercalations at the base of the Calcaire Roux are
generally termed equivalents of the Marnes d'Arzier, but need not be syn-
chronous. This level may also be completely absent (Travers, see fig. 4.2,
Cornaux, fig. 3.5). The lithological equivalent in the southern Jura after, Hill-
gärtner (1999), is the „membre du Guiers“ of the Chambotte formation.
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- "Calcaire Roux", used by all authors, for black and reddish-brown oolitic and bio-
clastic (mainly echinoderm debris) current-deposited calcarenites. Few am-
monites have been found in this lithology. These disclose a heterochronous
distribution, ranging from the Pertransiens to the Verrucosum zones
(Busnardo et al. 1979). The Limonite is distributed within the Calcaire Roux
in an irregular pattern. The mined occurrences are generally in the upper
part of the formation, but iron-rich intercalations have also been found in the
lower and middle parts (Baumberger 1901). The lithological equivalent for-
mation in the southern part of the Jura is the "formation du Bourget"
(Steinhauser & Charollais 1971). The main part of the Calcaire Roux “Cal-
caire Roux s.l.“ is correlated with the upper Chambotte formation in Hillgärt-
ner (1999), his Calcaire Roux s.s. only starts in the Verrucosum zone.

Calcaire Roux

Formation de Vions

Discordance surface

Fig. 3.5: Erosive discordance between the Berriasian (Formation de Vions) and the Valanginian (Cal-
caire Roux) near Cornaux, Juracime-quarry. After Steinhauser & Charollais (1971).

 -"Alectryonia-beds", in analogy to (Guillaume 1966), for very fossiliferous, con-
densed, bioclastic marls and limestones containing the oyster "Alectryonia
rectangularis Röm” (also called Arctostrea or Lopha rectangularis). This
lithology usually lies on top of the Calcaire Roux, but can also be intercalated
within the upper part of this formation.

The Couche de Villers, Marnes à Astieria and Marnes à bryozoaires all fall within
the definition of the Alectryonia-beds. Different names were used, because the de-
posits may be diachronous, have a different facies and contain varying amounts of
different fossils. However, all of those lithologies lie on top (or in the upper part) of
the Calcaire Roux and below the Marnes d’Hauterive. Their facies is similar and their
age-range about the same („Middle“-Late Valanginian). All these lithologies may
contain limonitic components, and the clays are sometimes markedly enriched in
iron.
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These terms are referred to for historical reasons, in those sections where they
where defined. Their use in non historical sections makes little sense, as the names
usually show the (paleontological) preferences of the author, and several new names
could be created accordingly, increasing the terminological confusion.

-"Couche de Villers", sensu (Baumberger 1903). The type locality for this litho-
stratigraphic unit has disappeared. This facies-name has been defined as a
20 cm thick, limonitic, nodular, yellow, marly layer on top of the Calcaire
Roux at Villers (fig. 4.2). It contains a rich fauna (mainly brachiopods and
bivalves) including Alectryonia rectangularis Röm. In Valangin, the marker of
the base of the Verrucosum zone, Saynoceras verrucosum has been found
in this facies.

-"Marnes à Astieria", top of the Valanginian, defined by the presence of the am-
monite Astieria atherstoni Sharpe (Baumberger 1906), now Olcostephanus
(Olcostephanus) guebhardi Kilian (Bulot 1992), Astieria being an old name
for Olcostephanus. This very condensed, thin unit usually still contains Alec-
tryonia. Most authors (Remane 1989b) agreed to date it as latest Valangin-
ian, i. e. Callidiscus-zone. New investigations on the Olcostephaninae found
in the Jura (Bulot 1992) split this lithology into two age ranges: a) upper
Campylotoxus, Verrucosum- middle Trinodosum, b) uppermost Callidiscus.
All authors agree on the strong condensation, gaps and frequent reworking
within the Astieria-marls.

-"Marnes à bryozoaires" used by Aubert (1943) and Walter (1989). This bryozoan-
rich facies was put into the Marnes à Astieria by Rittener (1902).

Hauterivian p.p.
-"Marnes bleues" used by Remane (1989b) for dark blue silty marls above the

Calcaire Roux and below the Pierre jaune. This unit may include Valanginian
deposits, namely marly parts of the Alectryonia- beds and the Marnes à
Astieria. The bulk of it, however, consists of the Marne bleue d'Hauterive.
The name "Marnes bleues" is a practical, merely descriptive term for a litho-
logy that is difficult to date where ammonites are missing.

-"Marnes (bleues) d'Hauterive"- formation. The basis of the Hauterivian stage is
defined by the appearance of the ammonite Acanthodiscus radiatus (Bru-
guiere) and lies within the Marnes bleues. The marnes d'Hauterive range
from the Radiatus to the lower Loryi ammonite zones, though both zones are
characterised by Acanthodiscus radiatus on the Jura shelf (Remane 1989b).
Usually, the Mergelkalkzone, or zone marno-calcaire is considered as mem-
ber of the Marnes d'Hauterive.

-"Mergelkalkzone " sensu (Baumberger 1906, Remane 1989a), glauconitic, fos-
siliferous limestone and marl intercalated within the upper part of the Marnes
d'Hauterive. Acanthodiscus radiatus is still present, other ammonites indicate
a position in the upper Loryi zone (Bulot 1992).

-"Pierre Jaune de Neuchâtel" sensu Rittener (1902), Baumberger (1906) and Re-
mane (1989b), glauconitic, bioclastic, cross-stratified calcarenites above the
Marnes d'Hauterive. After Bulot (1992), this unit belongs to the Nodosopli-
catum- zone.
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under- and overlying formations. Tentative attribution to ammonite zones. Lithologies see fig.
3.4 (after: Steinhauser & Charollais (1971) for the Berriasian, Charollais et al. (1992) and
Baumberger (1903) for the Valanginian.)

Salève
The lithological succession of the Salève Mountain is very similar to the southern

Jura (Charollais & Badoux 1990, Charollais et al. 1992, Charollais & Wernli 1995,
Hillgärtner 1999).

Helvetics
The Helvetic shelf in the Valanginian is subject of a thesis, within the same research

project as this study (Kuhn 1996). The stratigraphic setting, geochemical and sedi-
mentological evolution are presented there. In addition, see Haldimann (1977),
Strasser (1979), Funk & Wyssling (1987), Funk et al. (1993) and Föllmi et al. (1994).
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3.3.b. PROVENCE

3.3.b.1. Geological overview

 Vocontian Domain 

6

7

8

 Provence Domain 

Fig. 3.7: Structural scheme of the Provence region, south-eastern France. 1. Fault, 2. Overthrust, 3.
Normal fault, 4. Geological contour, 5. Quaternary, 6. Continental Ponto-Pliocene deposits, 7.
Oligo- Miocene, 8. Jurassic & Cretaceous, 9. Triassic, 10. Permian, 11. Pre-Permian sediments
and basement (Gouvernet et al. 1979). Early Cretaceous boundary between the Vocontian and
Provence domains after (Cotillon et al. 1984). Sections: 6  La Charce, 7  Carajuan, 8
Taulières.

Vocontian domain & northern Provence platform margin
The main part of the Mesozoic Vocontian domain belongs to the subalpine zone of

south-eastern France (fig. 3.7). Folds and overthrusts from the main deformation
phases in Late Oligocene to Ponto-Pliocene are oriented towards the exterior of the
Alpine arc (Gouvernet et al. 1979).
The Vocontian trough was probably a small, rhombic pull-apart basin within the

Mesozoic northern Tethyan continental margin. It originated in the Jurassic from the
opening of the Bay of Biscaya and the consequent strike-slip movements along the
Pyrenees (Ferry & Rubino 1989) (fig. 3.8).
In the Early Cretaceous, the Vocontian domain includes a cross-section from plat-

form to basinal environments and is therefore an ideal study-area for sequence
stratigraphers (Ferry & Rubino 1989). Tectonic activity (strike-slip movements) in the
Early Valanginian produced tilted blocks on the platform margin (fig. 3.9). This led to
thickness changes of the contemporaneous sediments (Cotillon 1994, Masse 1995).
The basinal series are very fossiliferous and have been used as references for the
ammonite zonation of the Lower Cretaceous, i.e. Berrias, Apt and Barrême as stra-
totypes (Cavelier & Roger 1980) and Angles as hypostratotype for the Valanginian
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(Busnardo et al. 1979). The interdependence of ammonite zonation and sequence
stratigraphy is demonstrated in Arnaud & Bulot (1992) and Bulot (1993).

AFRICA

Atlantic Spain

APULIA

EUROPE

VOCONTIAN
BASIN

Tethys

Mesogée

APTIAN - 110 M.a.

Fig. 3.8: Paleotectonic situation of the Vocontian trough in the Aptian after Rubino (1989)

Provence platform
In the "Basse Provence" (central Provence domain) a variety of different geologic

features are the result of a complex tectonic history. Beginning in the Albian, local
domes formed, leading to extensive bauxitisation and erosion of exhumed land. "Les
Baux de Provence" is the origin of the term bauxite. The orogenic phase of the
Maastrichtian produced north-vergent folds. At the end of the Eocene, the elevation
of the hercynic basement allowed the detachment of nappes along Triassic
evaporites. These nappes moved over the autochthonous series for 8 to 20 km to-
wards the north. In the Oligocene, tectonic relaxation led to the development of topo-
graphic depressions, e.g. horst-graben tectonics in the Marseille region (Marseille in
a graben and massif d'Allauch as elevated horst). Later tectonic movements mainly
swapped the topographic position of the Basse Provence above or below sea-level
(Gouvernet et al. 1979).
The Jurassic-Cretaceous Provence Platform was a large isolated epicontinental

carbonate platform comprising the southern Provence, Corsica and Sardinia. Clay
minerals and Quartz silts, deposited during deepening phases, were mainly derived
from paleosols. These were formed on relatively distant continental zones, such as
the Massif Central (Masse, 1993b).
During the Early Cretaceous, sedimentation was dominated by prograding rudist-

rich carbonate platform deposits ("Urgonian facies"), interrupted by a few deeper ma-
rine, marly intervals. The average rate of progradation was nearly 14 km/m.y. (Early
Valanginian 6-8 km/m.y). The average rate of aggradation was about 70 m/m.y.
(Early Valanginian 25 m/m.y.). During the Valanginian-Late Barremian interval pro-
gradation and aggradation rates both increased (Masse 1993b).
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3.3.b.2. Stratigraphic setting
An overview of the Early Cretaceous stratigraphy and biozonation of south-eastern

France is given in Cotillon et al. (1984).

Vocontian domain & northern Provence platform margin
In the Early Valanginian, the stratigraphy of the Vocontian domain and the northern

Provence platform margin was strongly influenced by synsedimentary tectonics (fig.
3.9). This provoked the heterochronous drowning of the partly emerged upper "Cal-
caires blancs de Provence" (Cotillon 1994 = Calcaire blanc supérieur sensu Masse
1995). The tectonic activity also caused sediment reworking at the platform margins
and extended deposition of slumps and mudflows in the basin (Busnardo et al.,
1979, Blanc et al., 1994).

Berrias.

Tithonian

Platform Facies
Carajuan

Tithon.

Hemipelagic Facies Pelagic Facies

SW NE

2 km100
m

L. Val.

Vergons

Marls and marly limestone
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Limestones

Marls and limestones

Discontinuity
Debris flow
Sandy beds

"Calcaires en dalles"

Marl/ limest. alternation

Berrias.
L. Val.

Fig. 3.9: Theoretical cross-section across the Arc of Castellane in the Early Valanginian, after Cotillon
(1994).

In the Vocontian domain, the upper Pertransiens- and the Campylotoxus zones of
the Early Valanginian are characterised by platform backstepping and hemipelagic
marl deposition. This is in contrast to the southern Provence platform and the Ver-
cors, where platform progradation is registered in this time (Arnaud & Bulot 1992,
Masse 1993a, Masse 1993b).
In the Late Valanginian, the marly, hemipelagic sedimentation continued under tec-

tonically quiet conditions. On the platform margin, two bioclastic, fossiliferous lime-
stone intervals (Petite & Grande Lumachelle) interrupt the marly succession in the
upper Campylotoxus and upper Verrucosum zones. The sediments of the Verruco-
sum, Trinodosum and Callidiscus zones are usually condensed or even absent on
the platform margin (Arnaud & Bulot 1992), while they build up thick marly succes-
sions in the basin (Bulot et al. 1992). The condensation, accompanied by phosphatic
nodules, few iron ooids and pyritised ammonites persevered in the Radiatus zone of
the Lower Hauterivian. Above, "normal" hemipelagic sedimentation resumed, and
limestone/marl alternations were deposited in the basin.

Provence platform
Carbonate platform deposits accumulated on the Provence high already in the Mid-

dle and Late Jurassic. During the Cretaceous, episodes of platform progradation and
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backstepping ("drowning events") alternate from the Valanginian to the Aptian. Thus,
while in Toulon platform limestone deposition persists throughout this period, the
succession shows an alternation of "Urgonian" limestones and hemipelagic marls
from Marseille to the north (Masse & Lesbros 1987, Masse 1993a, Masse 1993b)
(fig. 3.10).

Mid Hauterivian drowning

Mid Valanginian drowning

Late Barremian drowning

Mid Aptian drowning

3

2

1

Early Aptian

Early
Valanginian

Late
Barremian

Hauterivian

Late
Valanginian

1.2.3. Main progradation phases
Carbonate
platform

Hemipelagic
basin

10 km

Ventoux Monts de
Vaucluse

Orgon La Fare Marseille Toulon

N S

Fig. 3.10: Time evolution diagram of the Urgonian Provence platform, slightly modified after (Masse
1993b)

In the latest Berriasian and the earliest Valanginian, the shallow water "Marnes
vertes" formation (green marl / limestone couplets of Purbeck-type facies) was de-
posited between two emersion phases (Virgone et al. 1994). The "Calcaire blanc
supérieur", inner platform deposits (rudist-rich pack-wackestones) in the Marseille
region and outer platform deposits (oobioclastic pack-grainstones) at La Fare, pro-
graded over the "Marnes vertes" in the Early Valanginian (Pertransiens and Campy-
lotoxus Zones). At some places (Niollon), an emersion surface with dissolution
features and hematite encrusting tops the Calcaire blanc supérieur.
An abrupt facies change from pure, white limestone to bluish, hemipelagic marl in

the middle Valanginian (called "Mid Valanginian drowning"), can be dated with am-
monites as upper Campylotoxus / lower Verrucosum zone. These fossiliferous, oys-
ter and echinoid-rich calcareous marls were formerly called "marnes inférieures
Hauteriviennes". They are very fossiliferous (condensed ?) at their base. In the Mas-
sif d'Allauch, an upper, marlier member consists mainly of gravitational deposits
(slumps / mudflows) with bioclastic limestones on top. It is intercalated below the
basal Hauterivian "Calcaire à silex" (see chapt. 4.b.2. and Masse 1993a).

3.3.c. FRIULI PLATFORM

3.3.c.1. Geological overview
The remnants of the Late Mesozoic to Cenozoic Friuli carbonate platform outcrop in

the Alps of north-eastern Italy. The former platform margin was involved in nappe
formation during the Late Tertiary Alpine orogeny, and major thrusts dissected the
paleogeographic zonation (Massari et al. 1986, Doglioni 1992).
The Friuli platform was the north-western edge of an extensive Late Mesozoic to

Early Cenozoic carbonate platform, extending from western Greece through Bosnia,
Croatia and Slovenia (Tisljar et al. 1983) into the eastern Southern Alps (Auboin et
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al. 1970). From the Liassic onward, the Friuli platform was bordered by the Belluno
basin on its north-western side and the Tolmin trough in the north-east. The growth
of the north-western Friuli platform was stopped by drowning in the Late Cretaceous,
followed by onlap of basinal mudstones.
In the Early Cretaceous, it was an isolated platform bordered by either steep, non-

depositional escarpments or slowly prograding margins. Overall subsidence rates
were in the order of 10-40 m/m.y. and vertical platform aggradation prevailed (Masse
& Sentenac 1987, Schindler & Conrad 1994).

9

10

Fig. 3.11: Tectonic sketch map of the eastern Southern Alps, showing the distribution of major sedi-
mentary and paleogeographic realms in the Cretaceous, from Schindler & Conrad (1994).
Sections: 9  Val Cellina, 10  Cimon dei Furlani south-eastern face.

3.3.c.2. Stratigraphic setting
In the Late Jurassic, an up to 20 km wide belt of coral-hydrozoan reefs rimmed the

Friuli platform. During latest Jurassic and Early Cretaceous, tidal flat and lagoonal
sediments ("Calcare del Cellina") covered most of the platform, while high energy
deposits were restricted to a narrow fringe. More open depositional environments
prevailed in the Late Aptian and Albian (Masse & Sentenac 1987), which might
reflect a change from long-term platform progradation to retrogradation (Schindler &
Conrad 1994).
Due to the absence of pelagic organisms, the dating of the platform sediments is

based on benthic foraminifera and calcareous algae (Ghetti 1987, Masse & Sente-
nac 1987, Schindler & Conrad 1994).



23 3-Regional Settings

Fig. 3.12 depicts the sedimentary evolution and sequential interpretation of the
north-western Friuli platform margin (Schindler & Conrad, 1994). The Upper
Tithonian to Lower Barremian succession is divided into two second order sedimen-
tary cycles Ce 1 and Ce 2 (Cellina 1 & 2). Sediments of the reef-complex prevail in
the lower parts of both cycles, whereas tidal flat deposits dominate in the uppermost
portions. The two second order cycles are further subdivided into third order cycles.
These are 50 to 110 m thick in the lower, "reefoidal" parts and 15 to 60 m thick in the
upper "restricted" parts of the second order cycles. Distinct exposure and truncation
surfaces bound the second and third order cycles. On a smaller scale, the Tithonian
to Barremian platform sediments show numerous meter-scale, shallowing upward
cycles, capped by a subaerial exposure surface (Schindler & Conrad 1994).
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Fig. 3.12: Facies distribution in the platform sediments of the Monte Cavallo Group. Horizontal lines
indicate the boundaries of 2nd and 3rd order sedimentary cycles. Projected position of columnar
section (FS: Cimon dei Furlani, south-east face) and mountain summits is shown by vertical
lines. After (Schindler & Conrad 1994).

The more internal Tithonian to Barremian platform sediments of the Val Cellina lack
the reef- and back-reef facies. They consist essentially of lagoonal wackestones and
packstones with few stromatolitic laminites. Frequent (m-scale) emersion surfaces
show karstic dissolution features and/ or are covered by green marl (Masse &
Sentenac 1987).
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CHAPTER 4: L ITHOSTRATIGRAPHY AND SEDIMENTOLOGY

The numbers listed in the descriptions of the sections are referring to samples and
are also used to identify beds. The numbering starts anew for each section or local-
ity, with a specific prefix, usually the initial letter(s) of the locality.

Legend for lithological sections
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Fig. 4.1: Legend for lithological sections.
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4.a. JURA & SALÈVE

4.a.1. SECTIONS AND LOCALITIES

Detailed sections were taken at Lamoura, Le Boulu, Sainte-Croix (Colas I & II) and
in the Salève (detailed descriptions in app. A). Supplementary stratigraphical and
sedimentological evidence was collected at Arzier, Sainte-Croix (Etroits), Travers
and Villers. Valangin, La Neuveville and Le Landeron are important sites, but their
outcrops are now mainly covered. The descriptions were taken from the literature
(Haefeli et al. 1965, Remane et al. 1989). All localities are depicted in fig. 4.2.

Villers
Morteau

Sa
lè

ve

Lamoura

Travers
Valangin

Le Landeron
La Neuveville

Arzier

20 km

Neuchâtel

St. Claude

Le Boulu

Vuache

St. Cergues

Pontarlier

Yverdon

Genève

Bienne

Geological locality

Important city

Besançon

Lausanne

Ste Croix

Métabief

Les Rousses

Fig. 4.2: Geographic overview of the investigated localities in the Jura region.

The terminology for recent bedforms is in general taken from Stride (1982). Sand
ripples are up to 5 cm high, with a maximal wavelength of 60 cm. The term sand
wave is used for bedforms higher than 5 cm, with wavelengths many times 50 cm
(Belderson et al. 1982).
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4.a.2. LAMOURA & LE BOULU

Two sections have been investigated near Lamoura, Franche-Comté (France),
between St. Claude and les Rousses.
The first section is located on the road D25 from Lamoura to La Cure, at the south-

ern end of the village Lamoura (Coord: 5°58'15''E, 46°23'40''N). The second section
is at a locality called Le Boulu, also on the road D25 (Lamoura-La Cure, Coord:
6°0'19''E, 46°25'18''N).

4.a.2.1. Lamoura (L)
The Lamoura section is remarkable because of its exceptionally good outcrop con-

ditions. It is succinctly described in Guillaume (1966). She mentioned it as one of the
very rare sections where the transition Valanginian-Hauterivian is visible. This al-
lowed a fairly continuous sampling throughout the upper part of the Valanginian suc-
cession (complete Calcaire Roux and Alectryonia beds).

Summary Description
The whole section is of a rusty red colour, typical for the Calcaire Roux. For a de-

tailed description see appendix a.
Calcaire Roux, lower part (0-15.5 m): The section starts in the Calcaire Roux with

thin, cross-bedded bioclastic and oolitic calcarenites (mainly grainstone) with rare
thin, marly interlayers. Oolite beds are well sorted (0.2-0.5 mm). Bioclasts are gener-
ally coarser (max. 5 mm). Chert nodule layers occur from 3 to 5 m. The cross-
stratified beds (main orientation: E-W, secondary orientation W-E) build up small
units (sand waves or sand bars, 30-60 cm height). These display a thickening up-
wards trend and reach a maximal thickness of 60 cm at about 10 m. The top bed is a
strongly bored and encrusted hardground (L 17).
Above the hardground, bioturbation increases and no internal stratification is visible.

The calcarenites (grainstone-packstone) are almost purely bioclastic (no oolites),
with a few limonitic nodules, rare chert nodule layers and quartz grains. Upwards, the
bed thickness of calcarenites is gradually decreasing while the marly interlayers are
expanding. In addition, the bedding is blurred by bioturbation, which mixes cal-
carenite and marl layers. The transition to the Alectryonia-beds, although partly cov-
ered by vegetation, appears to be gradual.
Alectryonia-beds  (15.5-22 m):  In the lower part, the Alectryonia-beds consist of

fossiliferous, bioclastic marls. There is one lithified fossiliferous (brachiopods, echi-
noids, siliceous sponges), bioclastic bed with silicified Alectryonia and limonite peb-
bles (L 29). Some of the marly layers contain numerous oysters, bivalves and cal-
careous sponges, but no brachiopods, usually a very common fossil. About 2 m of
this marly lithology is covered by vegetation.
In the upper part, bioclastic calcarenite beds alternate with fossiliferous marls. Some

bed surfaces are encrusted by large (15 cm) oysters, themselves encrusted by ser-
pulids and bryozoans and bored, possibly by sponges (Cliona). Various types of ex-
cellently preserved calcareous sponges are very abundant in the marly layers.
Calcaire Roux, upper part  (22-26 m):  Above the path, few dm-thick bioclastic cal-

carenite beds with fossiliferous (big gastropods, brachiopods, regular echinoids, etc.)
marly interlayers occur. Endobenthic bivalves get frequent. Above, about 2.5 m tec-
tonically disrupted, fossiliferous calcarenite follows.
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Glauconitic unit (26-28.5 m):  A striking lithological change to micritic, glauconitic,
bioclastic, fossiliferous, marly limestone occurs at 26 m. They contain a very rich and
diverse fauna (Trigonia, gastropods, colonial serpulids, bivalves, rare Alectryonia,
etc.) that is different from the Calcaire Roux.

Dating
Guillaume mentions the presence of "Leopoldia aff. biassalensis Karak", now Kara-

kaschiceras aff. biassalensis Karak in the last bed of the Alectryonia-limestone
(?L38-42). After Bulot (1993), the genus Karakaschiceras occurs from the middle of
the Campylotoxus- to the base of the Trinodosum-zone.
The macrofossil content of the glauconitic unit induced (Guillaume 1966) to place

this lithology into the Hauterivian, although paleontological proofs are missing.

Sedimentological Interpretation
Calcaire Roux, lower part:
Large clasts of fragile organisms (bryozoans), and the generally coarse bioclastic

debris, indicate a short distance of transport from their living grounds. The deposited
sediment, oolites and bioclasts, was probably produced in situ and was constantly
reworked. The almost absent bioturbation is consistent with active bedforms such as
sand waves (Wilson 1982). Bipolar cross-stratification documents tidal influence,
while the dominant E-W oblique stratification indicates the predominance of either
flood or ebb current. Altogether, sedimentary structures as well as components out-
line an offshore (no channelling visible) shallow water sandbar complex with active
carbonate production, which was swept by tidal currents and occasional storms
(tempestites, L 9, Stride 1982).
The general thickening and coarsening upwards trend of the sandbars marks fast

aggradation and sedimentation. The hard-ground (L 17) documents the end of avail-
able accommodation for aggradation. This is supported by meteoric cement infillings
in serpulids encrusted on the hardground (plate 4.3,6), which suggest a temporary
emersion after a first marine non-depositional period. Thus, this part of the section,
where new accommodation space was rapidly filled, corresponds to a marine trans-
gressive phase (fast relative sea-level rise (Jacquin et al. 1991, Schlager 1993).
The increasing bioturbation obliterating the laminations above the hardground and

the augmenting marl content point to a slackening of the currents and a slower sedi-
mentation rate (Wilson 1982). Numerous organisms had time to colonize and bio-
turbate the muddy sand-flats, while the absence of constant current reworking hin-
dered the formation of calcareous oolites. This sedimentary environment presumably
corresponds to tidal flat deposition overlying sand banks, (Stride et al. 1982, Enos
1983). The sand bar probably prograded outwards for lack of accommodation space
(Jacquin et al. 1991), thus gradually protecting this site (Lamoura) from strong cur-
rents (loss of current energy through bottom friction, Howarth 1982). The more
internal facies produced by the progradation of the sandbar possibly resulted from a
slowing down of the rising sea-level.
Alectryonia-beds: Many fossils within the marls are unbroken and presumably

autochthonous. Bioclasts were produced in situ by wave action or occasionally swept
in from the external sandbars or from the coast. The abundance of oysters and the
absence of brachiopods in some beds indicate restricted, possibly partly brackish
conditions (Enos 1983). Deposition of fine-grained, bioturbated mud mixed with sand
is characteristic for tidal flat deposition. On the recent Korean detrital tidal flats,
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occasional storms produce layers of coarser grained sediments, and crabs, poly-
chaetes and suspension-feeding molluscs, including oysters are the dominant or-
ganisms (Park et al. 1995). In the upper Alectryonia-beds, a strong condensation is
demonstrated by the heavily oyster- and serpulid- encrusted surfaces and the
abounding calcareous sponges. The restricted facies and the slow sedimentation
represent a facies regression (Jacquin et al. 1991), with reduced available accom-
modation space (constant or falling relative sea-level).
Calcaire Roux, upper part:  The gradual return to an arenitic lithology indicates an

intensification of current activity. Possibly, the external sandbars broke down (storm)
and allowed the currents to sweep over the formerly protected site, or a sand bar
moved towards the coast first eroding (longshore current trough) and then covering
the more internal deposits (Davidson-Arnott & Greenwood 1974). A minor transgres-
sion could also be responsible for the more open facies (Jacquin et al. 1991). There
is no visible internal stratification and therefore the interpretation remains uncertain.
Since the presence of this upper Calcaire Roux is restricted to Lamoura and Le

Boulu, and since the Alectryonia-beds are frequently calcarenitic in the southern Jura
(Guillaume 1966, Steinhauser & Charollais 1971) a local explanation, such as the
shoreward migration of a sandbar is quite probable.
Glauconitic Unit: The glauconitic unit consists of fossiliferous and bioclastic, glau-

conitic, marly limestone with a micritic matrix. It is different from the Calcaire Roux in
both, facies and fossil content. Some fossils, however, are common to both litholo-
gies, namely echinoderms, bryozoans, colonial serpulids, Alectryonia and gastro-
pods. Numerous large bivalve moulds (Trigonia), less oysters and more benthic
foraminifera are characteristic for the glauconitic unit.
The high content of sometimes fragile fossils within the micritic matrix suggests

partly in situ preservation. Yet, the high bioclast content indicates reworking. The
matrix, which consists of a micritic marly limestone points to a less current dominated
depositional environment.
Since only 2.5 m are exposed, the sedimentary evolution of the glauconitic unit can-

not be assessed. Sedimentologically, it offers the same paradox as the Marnes
d'Arzier (Schnorf-Steiner 1963a, see below), a mixture of high and low energy indi-
cators within a fossiliferous, shallow marine marl. It is therefore probable, that it oc-
cupies a position similar to the Marnes d'Arzier: the base of a transgressive cycle
above an emersion surface.
Whether this cycle belongs to the Marnes d'Hauterive and whether it started in the

Valanginian or in the Hauterivian is difficult to establish, and will be discussed in
chap. 5, 7&8. For faunistic reasons, but without clear datations, Guillaume (1966)
considered the glauconitic unit to be the base of the Marnes d'Hauterive.

4.a.2.2. Le Boulu (Bo)
The section Le Boulu is quite fresh and was in a small quarry. Its material was

probably used for gravel. The free space is now a parking-area. The section is not
described in the literature and is therefore not dated. However, it is only 4 km away
from Lamoura and can be correlated with some confidence.

Summary Description
Vions (0-1.2 m):  The lowermost part of the section is constituted of dark, massive

(20-80 cm) calcarenite beds with hardgrounds on top. The transition from the Ber-
riasian to the Valanginian (Calcaire Roux / Marnes d'Arzier) is overprinted by a fault.
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Calcaire Roux (Marnes d'Arzier?) (1.2-5.5 m):  The base of the Calcaire Roux is
formed by thin-bedded, coarse-grained, bioclastic calcarenites with marly, ankeritic
interlayers. It may represent the level of the Marnes d'Arzier.
Calcaire Roux, lower part (5.5-19.3 m):  The generally coarse-grained calcarenites

are arranged in packages of sand waves and channel fills which increase in size up
to 1.5 m at 15 m. Wave ripples are present at 13 m. Above 15 m the packages de-
crease in thickness and show clear small-scale structures, such as bipolar cross-
bedding and herring-bones. The uppermost bed is marked by a heavily bored and
encrusted hardground.
Alectryonia-beds (19.3-22.3 m):  The Alectryonia-beds start with yellow, argilla-

ceous, fossiliferous (brachiopods) marls. One white, more calcareous layer is an
Alectryonia-filled bed (BO 47&48). A fault dislocates the upper yellow, arenitic, fos-
siliferous marls. In contrast to Lamoura, limonite pebbles are absent.
Calcaire Roux, upper part (22.3-23.6 m):  Weathered, coarse-grained, bioclastic

calcarenite with green marl pebbles and bioturbation fillings outcrop at the base. Due
to bad outcrop conditions, only few, strongly weathered calcarenite beds are visible
above.
Glauconitic Unit (23.6-24 m):  The topmost two, poorly outcropping beds show a

change to glauconitic, micritic, bioclastic marly limestones.

Sedimentological Interpretation
Vions: These thick-bedded carbonate platform arenites show condensation (hard-

grounds) on top of the beds. The transition from these deposits (Berriasian) to the
thin-bedded alternation marl / bioclastic calcarenites (Valanginian) is very abrupt. It
marks a sedimentological break, probably an erosion-emersion surface (see fig. 3.6).
Calcaire Roux (Marnes d'Arzier?): The coarse bioclasts, which com_pose the

thin-bedded calcarenites, suggest a short transport in a shallow marine, carbonatic
environment. The presence of uncemented ankerite (iron-rich calcium/magnesium-
carbonate) in the marly interlayers and in the burrows within the calcarenite indicate
a special, iron-rich environment (see chapt. 7).
Calcaire Roux,  lower part: The obliquely stratified, bioclastic and oolitic cal-

carenites indicate a very dynamic, current dominated environment. The rapid suc-
cession of channel fills and sand waves with various current directions, and the
presence of herring-bones and wave ripples suggests a strong tidal influence,
probably combined with longshore currents, and a more nearshore position than at
Lamoura.
The facies evolution reflects a transgressive-regressive cycle: Upwards, the initially

thin calcarenite beds grow thicker, and form sand bars and channel fills of increasing
thickness (increasing accommodation space, rising sea-level, Jacquin et al. 1991). A
wave-rippled bed occurs shortly before the turning point. After this, the gradual de-
crease of sand wave height and the parallel multiplication of small-scale tidal struc-
tures ends in a hardground. This evolution points to a diminishing accommodation
space possibly due to a stillstand or fall of the sea-level.
Alectryonia-beds: The deposition of the very fossiliferous (oysters, fish teeth)

marls following the non-depositional hardground and the moderate thickness of the
Alectryonia-beds (only 3 m) indicate condensed sedimentation. The predominance of
Alectryonia (oysters) in the fine-grained marl also indicates restricted conditions
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(Biggs 1978, Enos 1983). A restricted facies and reduced sedimentation are both
probably due to the continued regressive phase (Jacquin et al. 1991).
Calcaire Roux, upper part:  The repeated occurrence of bioclastic calcarenites

documents intensified current activity and may be due to the lateral migration or the
local break-down of the external sandbars. The presence of marl pebbles and marly
bioturbation fillings within the lower calcarenite beds further illustrates the lateral co-
existence of calcarenitic and marly facies.
The bioclastic calcarenites above the Alectryonia-beds are much thinner than at

Lamoura (1.3 m). This enhances their strictly local importance and their lateral
variability.
Glauconitic Unit:  The abrupt facies change to glauconitic, micritic, bioclastic, marly

limestones points to a gap between the upper Calcaire Roux and the Glauconitic
unit. This gap suggests a major event such as erosion or emersion. The facies
change is hardly visible in the field. This may, however, simply be due to the medio-
cre outcrop conditions.
In Le Boulu, the lithology of the glauconitic unit is the same as in Lamoura. These

fossiliferous, shallow marine marls indicate less current dominated, open marine
conditions and may represent the base of a transgressive cycle above an emersion
surface.

4.a.2.3. Lamoura - Le Boulu: Correlation and Discussion
Both sections, Lamoura and Le Boulu, show a clear transgressive-regressive cycle

within the Calcaire Roux and Alectryonia-beds.
The gradual transitions from the lower part of the Calcaire Roux to the Alectryonia-

beds and from the Alectryonia-beds to the upper part of the Calcaire Roux show, that
these two lithologies belong to the same depositional cycle. The major breaks are
the emersive contact Berriasian/Valanginian and the change to the glauconitic unit,
which probably belongs to the depositional cycle of the Marnes d'Hauterive.
In Le Boulu, the uppermost Berriasian formation (Chambotte) is missing, due to the

emersion of the Berriasian formations during a former regression (Steinhauser &
Charollais, 1971). The transgression of marine sediments in the Valanginian starts
with marls and bioclastic calcarenites. The gradual replacement of the marls by bio-
clasts and oolites records the development of a carbonate producing platform on the
Jura-ramp.
In both sections, the thickening upwards trend of bedding and sedimentary struc-

tures (sandwaves) in the Calcaire Roux documents increasing accommodation
space caused by a rapidly rising sea level (Schlager 1993). The end of this trans-
gression (maximum flooding) is marked by a hardground recording emersion at
Lamoura and by a wave-rippled bed at Le Boulu. Thus in both sections, the probably
highest relative sea-level is marked by a very shallow bathymetry. This shows that
carbonate production and platform growth could keep up with the increasing accom-
modation space created by the marine transgression (Jacquin et al. 1991).
The following slowing down of the sea level rise or even its stillstand caused the re-

duction of accommodation space (assuming a more or less constant subsidence),
which is evidenced by a thinning upwards trend of the bedding in the Calcaire Roux
in both sections. A transition to more nearshore facies was accompanied by a weak-
ening of currents. At Lamoura, this produced a gradual increase of marl deposition
and of bioturbation. At Le Boulu, small scale bipolar cross-stratification shows the
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predominance of tidal versus long-shore currents. Probably this period corresponds
to a progradation of the carbonate platform during the early highstand (Jacquin et al.
1991).
The hardground at the base of the Alectryonia-beds in Le Boulu and the following

very fossiliferous (oysters, sponges, brachiopods, bivalves, fish teeth etc.) marls and
marly limestones (Alectryonia-beds) in Lamoura and Le Boulu indicate non-deposi-
tion and condensed sedimentation above the Calcaire Roux. This points to even less
accommodation space, possibly due to a marine regression (Schlager 1993).
The recurrence of Calcaire Roux above the Alectryonia-beds in both sections

documents a retrogradation of the facies belts ("backstepping", Arnaud & Bulot
1992). This is possibly caused by a small-scale sea-level oscillation (sea-level rise).
However, the return to bioclastic sedimentation is a local phenomenon and could
therefore be due to internal dynamics of the carbonate platform.
In both sections, the contact between the Calcaire Roux and the Glauconitic unit

shows no spectacular surface on top of the Calcaire Roux (no hardground, no limo-
nite, no visible karst, no hematite). Unfortunately, cataclastic overprinting at Lamoura
and mediocre outcrop conditions at Le Boulu make detailed investigations difficult.
Considering the important facies change (regressive to transgressive facies evolu-
tion), the contact between the Calcaire Roux and the Glauconitic unit probably repre-
sents a major sequence boundary. Therefore, the top of the Calcaire Roux was
probably eroded or at least non-depositional for some time.
The onset of the Gauconitic unit probably marks the beginning of a new transgres-

sion. The abundance of shallow benthic organisms (serpulids, gastropods, bivalves,
sponges, foraminifera) in the glauconitic marl indicates an open marine, shallow-
water (no ammonites) environment and slightly condensed sedimentation.

4.a.3. ARZIER - ST. CERGUE

4.a.3.1. Carrière de La Violette (A)
The ancient quarry "Carrière de la Violette", between Arzier and St. Cergue is the

type locality for the Marnes d'Arzier. The transition from Berriasian (Lower Cham-
botte) to Valanginian (Marnes d'Arzier) is outcropping there. Since the Marnes
d'Arzier are very fossiliferous, this locality has been studied by numerous authors
(Loriol 1868, Jaccard 1869, Lagotala 1920, Schnorf-Steiner 1963a, Walter 1972).
The old quarry was cut along the hill. A long (ca. 100 m), crumbly cliff is now ex-

posed showing the lithological succession of the Lower Chambotte, Marnes d'Arzier,
marl/Calcaire Roux alternation and Calcaire Roux (fig. 4.5). This general scheme is
constant over the whole quarry-front, but in detail, the thicknesses and lithologies
vary from one place to another (Schnorf-Steiner 1963a, Walter 1972). Therefore,
only a schematic description will be given here.

Schematic Description
Chambotte, "Marbre bâtard" (about 5 m exposed):  White, m-thick bedded lime-

stone (oosparite or wackestone with foraminifera, peloids and lithoclasts). The up-
permost surface is reddish, bored and with an irregular topography. In the voids,
different lithoclasts are embedded in a reddish limestone matrix.
Marnes d'Arzier  (2-4.5 m): The lowermost ca. 30 cm consist of an alternation of

marly calcarenite and marl. Some calcarenite beds are blood-red (hematite). The
bulk of the marls are either dark-grey, fossiliferous, arenitic marls with arenitic
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(oolites and bioclasts), fossiliferous, partly encrusted nodules, or dark-grey, argilla-
ceous marls with fewer fossils. At some places, the marls are weathered to an ochre
colour. The most frequent fossils are brachiopods (terebratulids & rhynchionellids),
sponges, chaetetids and colonial serpulids.
Marl/Calcaire Roux alternation (1.5-2 m):  Gradual transition of arenitic marl with

calcarenite beds to calcarenite beds with marly interlayers.
The Calcaire Roux is hardly accessible at the quarry. A perfect outcrop is located

along the street from Arzier to St. Cergue, only a few 100 m away from the junction
to the quarry.
One stratigraphic property of this type-locality is the gradual transition from Marnes

d'Arzier to Calcaire Roux. No clear limit can be defined. As a consequence, alterna-
tions between Marnes d'Arzier and Calcaire Roux have been attributed to either for-
mation by different authors.

Marl/ Calcaire Roux
alternation

 Lower Chambotte 

 Marnes d'Arzier 

 Calcaire Roux N

2 m

Fig. 4.5: Central part of the Carrière de la Violette with the lithological succession from the Lower
Chambotte to the Calcaire Roux.

Dating
The Marnes d'Arzier of the Carrière de la Violette have been precisely dated with

dinoflagellates (Charollais & Wernli 1995): they belong to the pertransiens-zone
(Busnardo & Thieuloy 1979), the basal zone of the Valanginian (Bulot 1996).

Sedimentological Interpretation
Lower Chambotte:  This formation consists of white carbonate platform sediments

and was therefore deposited in a warm, shallow-water environment with little terrige-
nous input.
The top of the Lower Chambotte is marked by erosion and emersion features.

Probable karstic voids document the chemical weathering, while the presence of
lithoclasts in the filled voids indicates also physical erosion. The hematite impregna-
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tion of the uppermost bed documents an increase of terrigeneous influence (iron)
during the emersion.
Marnes d'Arzier:  The continued presence of hematite (iron oxide) in the lowermost

beds of the Marnes d'Arzier suggests frequent emersion phases, as the marine iron
oxide/hydroxide phase is generally preserved as goethite (iron hydroxide). This
points to a slow onset of the marine transgression. The following fossiliferous, areni-
tic blue marls document marine conditions, without visible signs of emersion. There-
fore, the sea-level rise was faster than the accumulation of marls.
The most spectacular aspect of the Marnes d'Arzier is the abundance of gregarious

benthic organisms. Individual organisms (brachiopods, molluscs, echinoids) lived in
patches, grouped around calcareous colonies (corals, chaetetids, stromatopores,
sponges, bryozoans, serpulids) and all were occasionally buried by oolitic or bioclas-
tic sand. These communities are now found as hard calcareous nodules within the
marls ("foisonnement organique", Schnorf-Steiner 1963b).
The hydrozoans (Steinerella) are found in two very different forms (Schnorf-Steiner

1963a). One abundant and very fragile form could only subsist in calm water. Other,
very massive and current-resisting forms are eroded on their surface and encrusted
by oysters, serpulids and bryozoans. These colonies must have lived in very agitated
water. (Schnorf-Steiner 1963a) illustrates these discrepancies and she infers a very
irregular sea-bottom topography with sharp, current exposed crests protecting calm
depressions between them (see also Guillaume 1966). The presence of strong and
weak current indicators is confirmed by the presence of oolites (constant reworking)
within the marls (calm sedimentation).
Marl/Calcaire Roux alternation:  The onset of purely calcarenitic beds within the

marls documents the increasing carbonate production (oolites & bioclasts) on the
Jura platform. This resulted in higher accumulation rates, filling the accommodation
space created by the transgression (Schlager 1993). The inherited topography of the
emersion and erosion surface probably gradually changed into a carbonate ramp
structure (Read 1985).
Calcaire Roux:  The carbonatic Calcaire Roux documents the intensive carbonate

production and the constant currents, which hindered the deposition of clay- and silt-
sized clastics.

4.a.3.2. Road Arzier - St. Cergue (CA)
Along the road from Arzier to St. Cergue, after the turn to the Carrière de la Violette,

there is a long outcrop of Calcaire Roux. This outcrop lies stratigraphically above the
exposed Calcaire Roux at the Carrière de la Violette and is remarkable for the ex-
posed sedimentary structures.

Summary Description
Calcaire Roux (6-7 m exposed): The first clearly outcropping bed consists of yel-

low, poorly sorted, bioturbated, marly calcarenite with a bored and oyster-encrusted
surface. The following 1.4 m are thick-bedded (40-60 cm) bioturbated and unsorted
calcarenites, with limonite components on top of the uppermost bed. Above, the
bioturbation almost disappears, and the sedimentary structures are very well pre-
served. The calcarenites are arranged in m-thick packages of rippled, obliquely or
cross-stratified beds, with smooth, erosive contacts. Single beds at the base of these
packages are marly, coarse-grained and fossiliferous. There is one small-scale,
almost conglomeratic channel-fill with steep borders. The uppermost part consists of
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variously oriented, bioclastic and oolitic sandwaves with internal cross-stratification
and erosive contacts.

Sedimentological Interpretation
Calcaire Roux:  The transition from bioturbated marly calcarenites to calcarenites

without bioturbation documents increasing current activity and a change to active
bedforms on the sea-floor (Belderson et al. 1982, Wilson 1982, Wilson & Jordan
1983). The sedimentary structures (ripples, steep channel fills, bipolar cross-stratifi-
cation, sandwaves) clearly indicate a very shallow, subtidal (intertidal?), current-
dominated depositional environment (Stride 1982). The sequence of marly, fossilifer-
ous coarse-grained beds overlain by medium scale cross-stratified beds is typical for
sandbars migrating over longshore troughs (Davidson-Arnott & Greenwood 1974)
see also chapt. 4.a.7.2.

4.a.3.3. Arzier - St. Cergue: Discussion
The stratigraphic gap between Berriasian and Valanginian rocks is smaller in Arzier

than farther to the North (see fig. 3.6). The Lower Chambotte is attributed to the
Otopeta-ammonite zone, while the Marnes d'Arzier are dated as Pertransiens
(Charollais et al. 1992, Charollais & Wernli 1995). Emersion features, however, are
more visible on top of the Chambotte than above the Vions.
The onset of the marine Marnes d'Arzier is marked by frequent hematite impregna-

tions and therefore probably frequent emersions. This indicates a rather slow onset
of the transgression. The change to fully marine conditions stimulated the vitality of
numerous and various benthic organisms (Schnorf-Steiner 1963b, Walter 1972). The
large variety of fossils points to adjacent, very diverse (high and low energy) living
habitats on an irregular topography (Schnorf-Steiner 1963a). The diversity of the
former sea-bottom of the Marnes d'Arzier is further confirmed by the presence of
oolites within the marls. This indicates contemporaneous oolite production, and pos-
sibly the deposition of oolitic and bioclastic Calcaire Roux at some other place on the
Jura platform.
The gradual transition from the Marnes d'Arzier to the Calcaire Roux shows clearly

that there is no major unconformity between these units (Detraz 1989). The progres-
sive increase of calcarenite deposition, first subordinated to the marls then gradually
dominating, points to increasing carbonate production creating a successively more
uniform sea bottom.
The purely arenitic Calcaire Roux documents the final establishment of a productive

carbonate platform, where marl deposition and bioturbation was hindered by con-
stant current reworking (Wilson 1982). The very shallow water-depth indicated by the
sedimentary structures confirms that carbonate production and deposition during the
Calcaire Roux did keep up with the sea-level rise, which started with the Marnes
d'Arzier (e. g. Lamoura & Le Boulu, Jacquin et al. 1991).

4.a.4. SAINTE-CROIX REGION

Three localities were sampled:
Colas I section (St): 6°31'17''/ 46°49' 01'', Arnon ravine
Colas II section (SC): 6°30'48''/ 46°48'45'', Arnon ravine
Col des Etroits (E): 6°30' 00''/ 46°51'24'', road Col des Etroits-Fleurier, about 1 km

north of the pass in direction of Fleurier.
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4.a.4.1. Colas I (St)
This is a classic section, described and/or dated by several authors: (Jaccard 1893,

Schardt 1895, Rittener 1902, Baumberger 1903, Burri 1956, Walter 1972, Adatte
1988, Clavel 1989, Manivit 1989, Remane et al. 1989).
To the South-East of Sainte-Croix the Arnon-river cuts into Lower Cretaceous rocks

over a few kilometres. At 1.5 km to the south of Sainte-Croix, the original "Colas"
section lies in the Arnon ravine, right beneath the railway Yverdon-Sainte-Croix. It is
subvertical-overturned and starts in the Berriasian to end in the Lower Hauterivian.

Historical Evolution:
The Colas section described by Rittener (1902) and taken up by Baumberger (1903)

combines information from the ravine and from the, at that time, fresh cut along the
railway. Most authors refer to this description, though now only the ravine is still out-
cropping.
In the course of sampling for the papers published in Remane (1989b) a lot of mate-

rial was removed (B. Clavel, pers. comm.) on the right side of the river. The slope
from the railway to the Arnon had to be secured by coarse blocks. A long part of the
marly succession is thus now permanently inaccessible.
Adatte (1988) published a description of a "Colas" section, which, according to him,

lies 200 m away from the railway and therefore cannot be identical to the classic
section.

Summary Description
“Berriasian” (0-6.8 m):  This marl-oolitic limestone succession ends with a corru-

gated, yellowish, disrupted and nodular oolitic limestone bed with numerous voids.
Marnes d'Arzier (6.8-10.5 m):  The very fossiliferous marl/marly limestone alterna-

tion contains numerous gastropods (Harpagodes sp. plate 4.2-1), oysters, bivalves
and brachiopods. Some marly, calcarenitic limestone beds have carbonised plant
remains. The top is marked by a limonitic, fossiliferous (fish teeth, oysters) argilla-
ceous green and ochre bed.
Calcaire Roux (10.5-13.2 m): The unusually thin Calcaire Roux starts with black,

obliquely stratified, dm-bedded, bioclastic calcarenites. In the upper part, the transi-
tion to the marly Alectryonia-beds is marked by marly, fossiliferous interlayers
between bioclastic calcarenite beds. These calcarenites are very rich in limonite
pebbles and glauconite (St 12, plate 4.2-7). At some places, bioturbation obliterates
the bedding of the uppermost beds.
Alectryonia-beds (13.2-17 m):
"Couche de Villers":  The lower part of the Alectryonia beds (1.6 m) consists of

fossiliferous (calcareous sponges, crinoids, bryozoans, brachiopods, Alectryonia,
bivalves) arenitic marls with pyrite concretions. Some layers are very rich in calcare-
ous sponges. A 2 cm thick bioclastic bed is located on top.
"Marnes à Astieria":  The more or less arenitic marl of the upper Alectryonia beds

contains Alectryonia, bryozoans, brachiopods, bivalves, calcareous sponges, colo-
nial serpulids, echinoids and crinoids. Small pyrite concretions are still present.
Marnes bleues d'Hauterive (17-20.6 m):  The homogeneous, blue, silty marls are

interrupted by rare, nodular, more calcareous beds and contain only few fossils
(Exogyra, Toxaster).
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Dating
The Alectryonia-beds are dated with ammonites and nannofossils as Late

Valanginian (Busnardo & Thieuloy 1989, Manivit 1989). The position of the transition
to the Hauterivian is less clearly defined with echinoids (Clavel 1989).

Sedimentological Interpretation
“Berriasian”:  The presence of marls is unusual for the Berriasian. Possibly, this

site was a protected depression, where marl deposition was only sporadically inter-
rupted by oolite beds. The uppermost bed may represent a paleosol, and witness the
emersion before the deposition of the Marnes d'Arzier.
Marnes d'Arzier:  The very fossiliferous marls (Baumberger 1903) document fully

marine and generally calm conditions. The abundance of bivalves and gastropod
moulds (Harpagodes sp.) shows that benthic organisms lived on top of and in the
muddy sediment (Biggs 1978). Most of the fragile gastropods are preserved as com-
plete moulds. They were not broken by continuous wave action and must have been
deposited below fair-weather wave base (Walter 1972). The calcarenitic beds are
presumably storm deposits, which imported coastal sediments and terrigeneous
debris (plant remains, Reading 1986).
In the uppermost part, the increasing abundance of gastropods and the accumula-

tion of limonite pebbles and fish teeth indicates restricted (Enos 1983), condensed
sedimentation below the onset of the Calcaire Roux. Probably the water dynamics
gradually changed to a higher energy environment, winnowing the marl, but not yet
depositing calcarenites (Stride 1982).
Calcaire Roux:  The exceptionally small thickness of the Calcaire Roux (less than

2 m) is probably due to a fault cutting the vertical to overturned succession. Only
40 m away, at the railroad, the Calcaire Roux is 10 m thick (Baumberger 1903).
In the lower part, the remnants of the Calcaire Roux are very similar to any other

Calcaire Roux outcrop, with thin-bedded obliquely stratified calcarenites, probably
forming sand waves or bars (Wilson & Jordan 1983), now hardly visible because of
the tectonic disturbances. In the upper part, the transition to the marly Alectryonia-
beds appears to be gradual and somewhat condensed. The bioturbation shows that
for some time oxic conditions above and within the sediments prevailed.
Alectryonia-beds : The lowermost 60 cm of the dark-grey Alectryonia-beds are rich

in partly pyritised bryozoans. Walter (1972) suggests a reducing accumulation envi-
ronment and postulates that the bryozoans could not have lived there, but must have
been transported by currents, together with the clay and the quartz grains. The cal-
carenitic components confirm the import of biogenic debris, while the abundance of
heavy calcareous sponges in some beds rather points to little transport. This indi-
cates a system, where periods of relatively calm (below fair weather wave base)
marly deposition and in situ growth of sponges and oysters were interrupted by spo-
radic tempest wave action or currents (Reading 1986). Numerous echinoids (Clavel
1989) imply oxic conditions within the superficial sediments, thus, the pyritisation
must have happened later and at greater depth within the sediment.
Marnes bleues d'Hauterive:  The transition to the Marnes d'Hauterive is very indis-

tinct and the exact limit is still undefined (Remane 1989b). The main difference is the
greater homogeneity of the Marnes d'Hauterive, due to the decrease in fossils, cal-
carenites and iron components. This reflects quiet depositional conditions, below fair
weather and maybe also below storm wave base (Reading 1986). The rare fossils
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and unusual thickness of this lithology point to rapid accumulation at this site (Clavel
1989).

4.a.4.2. Colas II (SC)
This section is not described in the literature. It is located 1 km down-river, from the

Colas I section and starts in the "Marnes bleues" to end in the lower part of the Pierre
Jaune de Neuchâtel.

Summary Description
Marnes bleues d'Hauterive (0-6.5 m):
"Mergelkalkzone" (0-3.5 m):  The base of the Colas II section consists of a dark,

glauconitic, arenitic, fossiliferous (crinoids, brachiopods, bivalves, echinoids, ser-
pulids) calcareous marl/marly limestone alternation with brachiopod-bivalve beds.
Upper Marnes d'Hauterive (3.5-8.2 m): These mainly dark, partly light grey fos-

siliferous marls contain rhynchionellids, bivalves, serpulids and ammonites. There is
one light grey marl bed (SC 9) with many, homogeneously distributed, not oriented
small rhynchionellids and, in its upper part, dark burrows filled with material from
overlying bed. In the upper part of the marls, the fossils are partly dissolved.
"Pierre Jaune de Neuchâtel" (8.2-18.5 m):  The lower part (ca. 3 m) is character-

ised by thin, cross-bedded glauconitic, bioclastic calcarenites with yellow marly lay-
ers, partly fossiliferous (brachiopods and bryozoans) partly with carbonate nodules or
thin layers. Then three thickening upwards foreset sequences follow, consisting of
slightly glauconitic, oolitic and bioclastic calcarenite. The uppermost calcarenites with
bipolar cross-stratification are topped by an erosional surface.
? Marnes à Eudesia (18.5-ca. 23 m):  The yellow and reddish, marly part interca-

lated within the Pierre jaune shows no sedimentary structures except for an indistinct
planar bedding, and yielded no fossils. Cross-bedded calcarenite beds appear in the
upper part (above 20.5 m).

Dating
The Colas II-section can be correlated with the descriptions of the Colas I and

l'Auberson sections published in Rittener (1902). It starts in the Loryi- and probably
ends in the Nodosoplicatum ammonite zones of the Lower Hauterivian (Remane
1989b). After Remane (1989b) there must be a stratigraphic gap of about 18 m of
Marnes bleues between the Colas I (historical, in its present form) and the Colas II
sections.

Sedimentological Interpretation
Marnes bleues d'Hauterive:
"Mergelkalkzone": The presence of brachiopod-bivalve beds points to a reduction

of the terrigeneous deposition, which allowed benthic organisms to settle down and
grow over each other, without being suffocated by mud. These growth phases were
periodically interrupted by mud deposition. The paleo-water depth probably was be-
tween fair weather and storm wave base (no continuous but occasional reworking
(Reading 1986).
Upper Marnes d'Hauterive: These marls are less homogeneous than the lower

Marnes d'Hauterive of the Colas I section. The light grey marl bed (SC 9) with the
rhynchionellids is most probably a mud flow. The presence of ammonites documents
access to the open sea. The absence of fossil beds is probably due to a renewed
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increase of terrigeneous input, which hindered the extensive settlement of benthic
organisms.
Pierre Jaune de Neuchâtel":  The basal portion (SC 13), with its coarse-grained

bioclasts represents the onset of widespread biogenic carbonate production. Proba-
bly, the terrigeneous input weakened, or the fine fraction was winnowed by stronger
currents, allowing benthic organisms to fix and grow on a stable substrate. Above,
still in the lower part, the Pierre Jaune shows a return to very shallow sedimentation
(ripples, cross-bedding, thin beds).
The unidirectional foresets are typical for advancing sand waves or bars (Wilson &

Jordan 1983). Because sand bars tend to grow to sea surface (Stride 1982), their
thickening upward trend points to an increase of accommodation space presumably
due to a transgression. This trend ends below the Marnes à Eudesia, where sand
wave thickness decreases again, and the bipolar cross-stratification indicates pre-
dominantly tidal influence.
? "Marnes à Eudesia":  The absence of fossils points to very restricted conditions

(Enos 1983). Therefore, the yellow marls were probably deposited in a current pro-
tected environment near the shoreline (lagoon). The persistent presence of marls
suggests that some terrigeneous input continued throughout the deposition of the
Pierre Jaune.

4.a.4.3. Col des Etroits (E)
This locality is mentioned in Schardt (1895), Rittener (1902) and Walter (1991). The

section is overturned and poorly exposed along the road Sainte-Croix-Fleurier (about
1 km N-E of the Col des Etroits, opposite the bifurcation to La côte aux Fées).
The chronostratigraphic correlation of the marls at this locality to either the "Couche

de Villers" or the "Marnes à Astieria" has long been disputed (Schardt 1895, Rittener
1902). Consequently, they obtained their own name, "Marnes à Bryozoaires" (Walter
1972). The marls certainly belong to the Alectryonia-beds, since they are filled with
Alectryonia debris.

Summary Description
The succession Calcaire Roux (E4-9), Alectryonia-beds (E1-3) and ?Pierre jaune

(E10) is badly exposed, tectonically disturbed and in an overturned position. The
Alectryonia-beds appear in a very bryozoan-rich, yellow, marly facies. Some bio-
clasts (crinoid columnals, echinoid spikes, ophiurids) in these marls are exceptionally
well preserved (plate 5.1), others are abraded or limonitised. All large fossils (except
rare brachiopods) are broken.

Dating
The "Marnes à Bryozoaires" are dated with ostracods, which indicate a Trinodosum

age (Walter 1972, Walter 1989).

Sedimentological Interpretation
The yellow marls are famous because of the good preservation of the incorporated

fossils. Although some fine structures are still visible, the fossils are generally bro-
ken, and some are abraded. This points to in situ reworking, where some fossils
were immediately embedded in the soft marls and others reworked for some time.
Walter (1972) observes that the species variety is less rich than at the nearby site
Chalet du Marais, l'Auberson. He suggests a shallow water depth (less than 20 m)
with wave activity breaking the fossils, and intermittent currents conveying clays and
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quartz. Confirming this estimation, recent limonitisation of carbonate particles on a
carbonate platform in water depths between 20 m to 40 m is described in Boichard et
al. (1985). The presence of rare ammonites (Rittener 1902) documents access to the
open sea (Enos 1983).

4.a.4.4. Sainte-Croix Region: Discussion
The region around Sainte-Croix has been famous as a fossiliferous site since Pictet

& Campiche (1860) published their paleontological work. This fossil abundance, at
least for the Valanginian, is due to the predominantly marly lithology, which allows a
fair preservation and a comparatively easy collection. Originally, the marls must have
been a good biotope for many benthic organisms.
This predominance of marls around Sainte-Croix is not typical for the Valanginian in

the Jura region, where the Calcaire Roux usually forms the bulk of the sediment.
Maybe these sediments were deposited in a depression protected from currents
through some paleotectonic control. Alternatively, terrigeneous input from the conti-
nent was possibly concentrated there. The interferences between siliciclastic deposi-
tion and in situ carbonate production are more visible here, than in the rest of the
Jura.
In the Marnes d'Arzier, the marine transgression allowed terrigeneous mud, mixed

with marine carbonate to settle down. Benthic animals colonialised these muds but
did not form stable build-ups or reefs. Apparently, the terrigeneous input was con-
stant, while stronger currents only sporadically affected this site. This constant mud
deposition changes on the top of the marls, where a thin limonite-pebble bed points
to changing hydrodynamic conditions and condensed sedimentation.
The Calcaire Roux documents carbonate production, continuous reworking and the

bypass of most terrigeneous material to deeper depositional sites. These calcarenitic
carbonate platform deposits formed because of constant currents sweeping along
the coast (Belderson et al. 1982), winnowing the clays and assuring sufficient food
for suspension feeders (crinoids, brachiopods, bryozoans, oysters) (Biggs 1978).
The marly interlayers in the upper part show that the terrigeneous influence did not
stop. Lithological changes from calcarenites to marls were caused by different hy-
drodynamic conditions and/or by fluctuations of the terrigeneous input.
The marly Alectryonia-beds document weaker currents, which still carried clay and

food for suspension feeders such as crinoids, oysters, bryozoans and sponges, but
did not winnow the marls any more (Wilson 1982). Possibly, the sea-bottom was too
shallow over a large surface to allow for strong currents moving large water-masses
(Wilson & Jordan 1983).
The homogeneity of the marnes d'Hauterive implicates an almost complete stop of

benthic carbonate production. Only rare oysters (Exogyra) and echinoids subsisted
on the sea-bottom (Clavel 1989).
The combination of two causes probably produced this progressive disappearance

of sessile benthic organisms from the Upper Valanginian to the basal Hauterivian:
a) A sea-way opening to the boreal realm, which allowed boreal ammonites

(Dichotomites) to invade the Jura in the late Valanginian (Busnardo & Thieuloy 1989,
Bulot 1992) may have brought colder water masses to the northern Tethyan coast.
Possibly, a temperature threshold was crossed, which inhibited oolite formation and
reduced the biologic activity of several fossil groups, such as crinoids, brachiopods,
bryozoans etc. (Wells 1957, Reading 1986). After Walter (1989) this cooling occurred
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before the deposition of the "Marnes à Bryozoaires" and caused a major turnover of
bryozoan fauna.
b) Increasing terrigeneous input hindered the settlement and growth of sessile ben-

thic organisms. The organisms were continuously suffocated by mud (Hallock &
Schlager 1986).
The reappearance of benthic organisms in the "Mergelkalkzone" or upper Marnes

d'Hauterive is an indicator of reduced terrigeneous input, which allowed brachiopods
and bivalves to settle and grow. The return to the calcarenitic sedimentation of the
Pierre Jaune indicates comparable environmental conditions as in the Calcaire Roux,
with carbonate production on the platform, but less terrigeneous iron input (no limo-
nite, yellow instead of rusty coloured).

4.A.5. Other Jura Localities
Several additional localities in the Jura were chosen in order to obtain more infor-

mation about the sedimentary patterns in the Jura region. For some localities (e. g.
Le Landeron), rock samples were taken from the "Geologische Sammlung" of the
Geological Institute ETH-Zürich. The lithological description was taken from the
published literature.

4.a.5.1. Travers
This section, also called "Crêt de l'anneau", outcrops in an abandoned quarry near

the road Travers-Noiraigue (Val de Travers), about 1 km from Travers. The quarry
was cut mainly into Berriasian limestones (Pierre Châtel and Vions). Calcaire Roux
outcrops on top of it at the north-western side of the quarry (fig. 4.8).

 Vions 

 Calcaire Roux 

N

Fig. 4.8: North-western side of the quarry "Crêt de l'anneau" near Travers. Direct transition from Vions
to Calcaire Roux, Marnes d'Arzier and Chambotte are missing.

The complete section is described in Steinhauser & Charollais (1971), whereas
special attention to the Pierre Châtel and Vions-formations is given in Pasquier &
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Strasser (1995). A newer sedimentological and sequential interpretation is found in
Hillgärtner (1999).

Summary Description
Pierre Chatel (16 m):  The thick-bedded shallow-water limestones have emersion

horizons covered by marls and contain little quartz. Some bed surfaces show dino-
saur tracks (Pasquier & Strasser 1995).
Vions (11 m):  The thick-bedded, partly cross-stratified, calcarenitic shallow-water

limestone beds show emersion horizons covered by marls. Some layers with Kera-
mosphaera allobrogensis occur at the base. The quartz content is up to 30% in the
upper part (Pasquier & Strasser 1995).
The transition Vions - Calcaire Roux is disturbed by cataclastic overprinting.
Calcaire Roux (ca. 10 m):  The lowermost bed (15 cm) is a calcarenitic limestone

with soft clay pebbles. Ca. 3-4 m obliquely stratified calcarenite beds follow above,
forming sandwaves (ca. 1 m high, estimated at least 8-10 m wavelength). They are
covered by obliquely stratified, 5-20 cm thick, calcarenite beds with coarser compo-
nents and yellow marl pebbles, marly interlayers and bioturbation on top of the beds.
The uppermost 3 m consist of bioturbated, 5-20 cm bedded, obliquely stratified, cal-
carenite beds with marly interlayers. Rare encrusted and bored surfaces occur. The
marly interlayers are expanding towards the top. The top of the section ends in a
very red marly soil.

Dating
The foraminifer Montsalevia salevensis was found in the upper part of the Calcaire

Roux formation, indicating a pertransiens- campylotoxus age-range (Hillgärtner
1999).

Discussion
The exact timing of the onset of Valanginian sedimentation at Travers is not known.

It therefore cannot be assessed whether the Marnes d'Arzier were deposited and
eroded, whether the Calcaire Roux was deposited instead of the Marnes d'Arzier or
whether this place was still non-depositional or emerged at that time. Some erosion
of marly material must have taken place, since marl pebbles are unusually frequent
in the Calcaire Roux.
The discordance between Vions and Calcaire Roux is hardly noticeable in the field

(no visible angular unconformity, similar lithologies and facies). Despite this, it repre-
sents an important stratigraphic gap, comprising probably the upper Vions, the com-
plete Chambotte and the Marnes d'Arzier (Otopeta –zone & Pertransiens-zone p.p.,
see fig. 3.6).
The sedimentary succession of the Calcaire Roux is similar to the one in Lamoura:

In the lower part, not bioturbated sand waves predominate, indicating constant cur-
rent reworking (Belderson et al. 1982, Wilson 1982). The upper part of the section is
increasingly more marly and more bioturbated, which is consistent with weaker cur-
rents and the transition to tidal flat sedimentation (Park et al. 1995). The absence of
oysters and other fossils may indicate restricted conditions (Enos 1983).
The red marl on top of the section points to increasing input of terrigeneous material

(more clay and iron) and/or condensed sedimentation.
In Hillgärtner (1999) the section continues into bioclastic bar deposits, topped by

ammonite-bearing Hauterivian marls. These non-continuous outcrops are not located
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in the quarry, but along a nearby small forest road (not mentioned in Hillgärtner).
Stratigraphic continuity is not secure, since tectonic displacements are quite prob-
able, as the entire section is located on the flank of a fold. However, this bioclastic
bar may be an equivalent to the “upper” Calcaire Roux in Lamoura, indicating a
return to more open, high-energy conditions.

4.a.5.2. Villers-le-Lac (V)
The type-locality of the facies "Couche de Villers", defined by Baumberger (1903)

does not exist any more (Burri 1956). Instead, the basal contact of the Calcaire Roux
in limonitic facies over Berriasian limestone outcrops along a new road.
On the right side of the Doubs, still within Villers, a new steep, small street cuts into

white, marly limestone (Berriasian). The uppermost white, micritic bed is perforated
on top and filled with rusty-coloured material (V1). The outcrop ends there in a field,
but Calcaire Roux blocks from excavations for new buildings were lying around
nearby. The Calcaire Roux contains oyster shells and iron ooids (V2).

4.a.5.3. Le Landeron (LL)
Baumberger (1903) described the complete Valanginian succession in Le Landeron

(fig. 4.9). A summary of all previous work and a section of the upper part (Upper
Valanginian-Lower Hauterivian) are published in Remane et al. (1989).

Rue du Landeron

Hauterivian

Limonite

Calcaire Roux

Marnes d'Arzier

Marbre bâtard

Fig. 4.9: Section of the "combe von Landeron" re-drawn after Baumberger (1903).

Description
The description of the complete section is translated from Baumberger (1903):
"Marbre bâtard:  Rusty-yellow limestone with rare gastropods.
1. Marnes d'Arzier (1.8 m):

a) (0.5 m) nodular, oolitic marly limestone with concretions. (Terebratula)
b) (0.7 m) black-spotted grey marls with concretions, gradually changing into

sandy marls. (Natica, Pholadomya and Cardium)
c) (0.6 m) rusty-yellow marly limestone, gradually changing into Calcaire Roux.

(Terebratula, Lima, Pholadomya, Rhynchionella)
2. Calcaire Roux (5 m):  Well bedded, soft Calcaire Roux with 10-30 cm thick beds.

Individual beds are pure echinoderm-"breccia". (Terebratula, Waldheimia, crayfish
claws)
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3. Limonitic limestone and limonite (1-1.25 m):  (Waldheimia, Pleurotomaria,
Pygurus, Belemnites, Oxynoticeras)
4. Astieria-zone: There is no evidence for its presence neither in Le Landeron nor

in Cressier."
For the upper part of this section, we add the description translated from Remane et

al. (1989):
"The upper part of the Calcaire Roux consists of a ferruginous biosparite, irregularly

bedded with rusty argillaceous interlayers. Towards the top, the layers dissociate into
irregular nodules, covered by 10 cm ochre-coloured, oyster-rich marls. These marls
are equivalent to the Marnes à Astieria, without Astieria. The only diagnostic fossils
are rare echinoids indicating a Valanginian age (Clavel 1989)."

Discussion
The Le Landeron section shows some aspects of the Valanginian succession in the

Neuchâtel-area:
- The whole section is relatively thin (8 m).
- Marly limonite is present on top of the Calcaire Roux.
- The Alectryonia-beds are very thin or absent.

The thickness of the Marnes d'Arzier is not typical, since this lithology is absent or
very thin in Cornaux, Valangin and Travers. This enhances the patchy distribution of
the basal Valanginian marls, which is probably due to the irregular depositional sur-
face produced by the late Berriasian emersion (Guillaume 1966).

4.a.5.4. Valangin
The type locality of the Valanginian stage has lost most of its former significance.

38 m out of the originally 53 m thick Valanginian stratotype (Haefeli et al. 1965) today
are attributed to the Berriasian (Haefeli et al. 1965, Bulot 1992). The remaining 15 m
consist essentially of Calcaire Roux. The outcrop is in a bad condition, excavations
are necessary, particularly to uncover the thin marly layers. However, the site is typi-
cal for the Valanginian succession in the Neuchâtel region. Therefore a translation of
the main points of the description by Haefeli et al. (1965) is given here.

Summary Description
"26. Marnes d'Arzier (0.2 m):  yellow, cryptocristalline nodular limestone with nu-

merous thin dark yellow marly limestone to marl layers. 20% quartz.
27. Calcaire Roux in sparry facies (10.1 m):  Yellow to brownish, coarse-

grained, arenitic echinoderm-breccia, getting finer-grained towards the top.
28a. Calcaire Roux in limonitic facies (3.2 m):  Dark-yellow to brown, arenitic

echinoderm-breccia. Strong increase of limonitic calcareous and marly
arenite grains and ooids towards the top. The limestone beds are broken on
top and the interstices filled with marly material (transition to 28b). 3%
quartz.

28b. --- (0.9 m):  Yellow-brown marl with dark and light brown limonite grains, in-
corporating hard, brown, bioclastic (echinoderm debris) limestone nodules
containing up to 40% arenitic and oolitic, partly marly limonite grains.
Decrease of limestone nodules in upper part. 7% quartz, 15% Fe2O3.

29. "Couche de Villers" (0.2 m):  Limestone nodules similar to 28b, disorderly
incorporated in dark yellow, plastic marl, which contains limonite grains
mainly in the lower part.



4-Stratigraphy and Sedimentology 44

30. "Astieriaschicht" (0.15 m):  Dark yellow marl."

Dating
There is much controversy about the determination of the ammonites found in the

Valangin section (Busnardo et al. 1979, Bulot 1992). One clear data is the presence
of Saynoceras verrucosum, type-fossil of the basal Verrucosum zone in the Couche
de Villers.

Discussion
As in Le Landeron, the upper part of the section gets increasingly marly and iron-

rich. This tendency is present in all sections of the Neuchâtel-area, where the Upper
Valanginian is preserved. It documents increasing input of the terrigenous weather-
ing products iron and clay, which was presumably accompanied, by an increased
river input of dissolved nutrients.
Environmental conditions were apparently difficult for most carbonate producing

organisms. Only oysters, typical estuarine organisms, locally resisted to the high
suspension load (Biggs 1978). The turbidity and the high nutrient content of the wa-
ter seemingly reduced the carbonate production (Hallock & Schlager 1986).

4.a.6. SALÈVE (S)
Due to the spectacular exposure and its vicinity to Geneva, the Salève Mountain

has been intensely investigated. The first complete study was published by
Joukowsky & Favre (1913).
A very active group of micropaleontologists and geologists from the University of

Geneva have made the Salève region famous, among others, as type-locality for
several benthic foraminifera (Montsalevia (Pseudotextulariella) salevensis, Haplo-
phragmoides joukovski and Citaella? favrei CHAROLLAIS, BRÖNNIMANN &
ZANINETTI). These foraminifera, found in the Calcaire Roux (Charollais & Wernli
1995), are used for biostratigraphy on the carbonate platforms of the Tethyan realm.
They are an independent correlation tool to the southern alpine region, where the
ammonite association is very different from the Vocontian domain.
The section is published in Charollais et al. (1992) and was taken on the south-

western slope of the grand Salève, in view of the "Trou de la Tine". It starts on top of
a vertical wall formed by the lower Chambotte-formation and ends above a small cliff
of coarse bioclastic calcarenite (basal Hauterivian?) in the flat top of the Salève.

Summary Description
Chambotte (-x-0 m): Thick-bedded, white oolitic and bioclastic limestone, with

karst-holes in the upper part.
Calcaire Roux, lower part (0-8.5 m): Thin-bedded, marly, coarse grained, bioclas-

tic calcarenite with wave-ripples alternating with thicker bedded, finer grained oolitic
and bioclastic, cross-bedded calcarenites (grainstones). Bioturbation increases in the
upper part. Two very fossiliferous layers in the middle and upper part, with complete
bryozoans, oysters, Alectryonia, irregular echinoids, colonial serpulids, calcareous
sponges and fish teeth. Some rounded and bored pebbles in the lower part and in
the uppermost, oyster-rich bed. ("plage", Joukowsky & Favre 1913).
Calcaire Roux, middle part (8.5-18.5 m):  Mainly oolitic, slightly bioclastic cal-

carenite (grainstone), arranged in small (20-40 cm high) sandwaves.
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Calcaire Roux, upper part (18.5-23.3 m): Oolitic calcarenite getting coarser and
more bioclastic towards the top. Thin beds (1-4 cm) build up small sand waves and
current-rippled units. Some marly interlayers. Very fossiliferous bed with calcareous
sponges, bivalves, oysters and bryozoans in the upper part.
Marly Calcarenite (23.3-30.3 m):  About 4 m arenitic marl, with an oyster-bed in the

upper part. Then, 3 m dm-bedded coarse bioclastic calcarenite, arranged in 20-
70 cm high sand waves in the lower part and finer grained, with marly layers and few
chert concretions in the upper part.

Dating
The holotypes of the benthic foraminifera Montsalevia (Pseudotextulariella)

salevensis, Haplophragmoides joukovski and Citae l la? favrei CHAROLLAIS,
BRÖNNIMANN & ZANINETTI were found in the lower part of the Calcaire Roux at
another locality on the Salève mountain (Charollais & Wernli 1995). In this section,
Montsalevia (Pseudotextulariella) salevensis was found in the lower part of the Cal-
caire Roux, below the bored pebble horizon (Hillgärtner 1999).

Sedimentological Interpretation
Chambotte : These "clean" carbonate platform deposits are topped by a major

emersion surface. This surface had to be above sea level for a long time, since clear
karstic features and holes refilled with meteoric cement can be observed (Charollais
et al. 1992).
Calcaire Roux, lower part: The transgressive, marine sediments bear signs of a

very shallow depositional environment. The normal sedimentation of marly cal-
carenites with wave ripples and coarse bioclasts was frequently disturbed by prob-
able tempestites or spring-tide deposits with thicker beds of oolitic and bioclastic
grainstones. This wave dominated environment points to deposition above ca. 20 m
(Allen 1982). The very fossiliferous layers indicate a nutrient-rich environment
(mainly suspension-feeders, Biggs 1978) and temporarily more quiet conditions
(unbroken fossils, Wilson 1982). These very shallow water deposits end with a
nodular, oyster-rich bed, which was considered already by Joukovski & Favre (1903)
to represent a shoreline environment (beach or "plage").
Calcaire Roux, middle part:  The change from wave-dominated to current-

dominated deposition and the parallel increase of oolites indicates slightly deeper
conditions (oolite shoal) and less fossil input from the shoreline (Wilson & Jordan
1983). The continuity of deposition indicates a persisting transgression where the
created accommodation space was continually filled with sediment.
Calcaire Roux, upper part: This part shows a return to more bioclastic deposition,

still in a current-dominated environment. The increasing coarseness of the bioclasts
indicates a progressively smaller distance of transport. This trend ends in the fossilif-
erous layer indicating no transport at all and deposition in situ. It can be interpreted
as the progradation of a sponge and bivalve bar over the oolite shoal. The prograda-
tion points to diminishing accommodation space for carbonate accumulation and to a
possible stillstand of the transgression (Jacquin et al. 1991).
Marly Calcarenite : The fine-grained marly calcarenite documents increasing input

or less bypass (protected conditions) of terrigeneous material. The uppermost cal-
carenites indicate again current dominated shallow water carbonate production and
sedimentation. The abundance of oysters points to a restricted, nutrient-rich envi-
ronment (Biggs 1978, Enos 1983).
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Discussion
The main problem in this section is the lack of precise chronological data. The pres-

ence of Alectryonia in the basal beds is confusing and underlines that this fossil can
only be used as a facies and not as a time indicator. One section published by
Charollais et al. (1992) correlates the upper part of the Calcaire Roux to the Alectry-
onia-beds and the marly calcarenites to the Marnes d'Hauterive (Acanthodiscus
radiatus Bruguiere). A comparison with the Valanginian stratigraphic pattern of the
Jura region shows the similarities, although now the Salève belongs to a different
tectonic entity (tab. 4.1).

Jura region Salève

Marnes bleues d'Hauterive

? Alectryonia-beds

Marly calcarenites:

Marls in the uppermost part

Alectryonia-beds Calcaire Roux, upper part:

More bioclastic and fossiliferous (oysters) sediments

Calcaire Roux Calcaire Roux, middle part:

Current-dominated, oolitic calcarenites

Marnes d'Arzier Calcaire Roux, lower part:

Shallow marine marly deposits

Marked emersion in the late

Berriasian

Marked emersion in the late

Berriasian

Tab. 4.1: Comparison of the Valanginian lithostratigraphic succession in the Jura region with the
Salève section. There is no chronological evidence for this lithostratigraphic correlation

The main difference between the two regions is the absence of limonite and the
more calcareous (= less marly) lithology in the Salève.

4.a.7. SYNTHESIS

4.a.7.1. Stratigraphy and lithology

Transition Berriasian-Valanginian
The transition from the Berriasian to the Valanginian is always marked by a signifi-

cant lithological change and a stratigraphic gap with an angular exposure
unconformity (fig. 3.5, fig. 4.5) (Darsac 1983, Detraz 1989). The change from mainly
white platform limestone to coloured, mixed siliciclastic-carbonate platform sediments
(Marnes d'Arzier, Calcaire Roux) shows an increase of detrital input in the
Valanginian.
The stratigraphic gap varies and generally comprises more time towards the North.

Subaerial karstification and erosion (Salève, Arzier, Villers), due to an emersion
phase in the Late Berriasian/Early Valanginian produced an irregular surface with
topographic highs and depressions (Guillaume 1966). The erosion cut deeper into
the higher, northern part of the Jura ramp (Detraz 1989).

Marnes d'Arzier
The Marnes d'Arzier, dark-grey fossiliferous, arenitic marls, are not a laterally con-

tinuous lithology. Their thickness varies and generally increases towards the south
(Guillaume 1966). They were deposited at the beginning of the Valanginian marine
transgression in topographic depressions produced by the preceding emersion. Their
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age was determined with palynomorphs at Arzier as basal Valanginian (Pertransiens
ammonite zone, Charollais & Wernli 1995).
The transition to the Calcaires Roux is generally continuous, an alternation of marls

and calcarenites getting more calcarenitic towards the Calcaire Roux (Arzier, Le
Landeron). More rarely, it is marked by a condensed layer (Colas I).
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Fig. 4.11. Lithological correlation of the Jura sections.

Calcaire Roux
The Calcaire Roux is the dominant lithology of the Valanginian sediments in the

Jura mountains. It consists of thin-bedded, black or rusty-coloured, bioclastic and
oolitic calcarenites with well preserved sedimentary structures (plate 4.1). The Cal-
caire Roux was probably deposited during later phases of the progressing Valangin-
ian transgression, which started with the Marnes d'Arzier. Few ammonites and con-
straints from top (verrucosum zone in the “Couche de Villers”) and bottom
(pertransiens zone in the Marnes d’Arzier) date it as early to early late Valanginian
(Pertransiens-Campylotoxus-? Verrucosum ammonite-zones, Busnardo et al. 1979,
Bulot 1992).

Limonite
Limonite occurs at the base, in the middle and on top of the Calcaire Roux

(Baumberger 1901), but is more frequent in the upper part (Neuchâtel area). No
fresh outcrops were found since it was exploited till the middle of the 19th century
(Cayeux 1922). Its geochemical composition and probable depositional environment
will be presented in chapter 7.
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Limonite occurs only along the northern continental shoreline (fig. 4.12). This docu-
ments the direct terrigeneous input from the hinterland. It points to strong chemical
weathering on the continent, which mobilised iron, clays and silica (see chapt. 7).

Alectryonia-beds
The Alectryonia-beds comprise different types of fossiliferous marly or arenitic

lithologies on top of the Calcaires Roux and below the Marnes d'Hauterive. Very
marly and thin (or absent) in the Neuchâtel-area, these lithologies get more calcare-
ous and thicker (several meters) in the southern Jura (Guillaume 1966). Their diver-
sity led to the creation of several names: Couche de Villers, Marnes à Bryozoaires,
Marnes à Astieria, and Calcaire à Alectryonia rectangularis. Few, usually abraded
ammonites were found, which resulted in contradictory datations and diverging
opinions among the palaeontologists. Generally, a middle-Late Valanginian age and
a diachronous sedimentation are agreed upon (Busnardo & Thieuloy 1989, Bulot
1992). The term “Alectryonia-beds” is used in this study to identify a lithostratigraphic
unit which is easily recognised in the field.
The Alectryonia-beds are difficult to investigate in the northern Jura, since the out-

crops are usually covered, or in the absence of ammonites, they cannot be differen-
tiated from the Marnes d'Hauterive. In the middle to southern Jura, the transition from
Calcaires Roux to Alectryonia-beds is either continuous (Lamoura) or marked by a
hardground (Le Boulu, Guillaume 1966).
The Alectryonia-beds represent the entire sedimentation of the Upper Valanginian in

the Jura. They are always thinner than the Lower Valanginian deposits, Marnes
d'Arzier and Calcaire Roux. Many authors (Busnardo et al. 1979, Persoz 1982,
Remane 1989b, Bulot 1992) mention reworking and erosion within and on top of the
Alectryonia beds, but there is no clear exposure unconformity like the one at the
base of the Marnes d'Arzier.

Glauconitic unit
The Glauconitic unit, a glauconitic, fossiliferous marly limestone, present in Lamoura

and Le Boulu, is not dated. It is, probably, a fossiliferous and calcareous variation of
the Marnes d'Hauterive (Guillaume 1966). Therefore, the Glauconitic unit possibly
represents the onset of the Hauterivian transgression.

Marne bleue d'Hauterive
The Marne d'Hauterive, a homogeneous blue marl, with fossiliferous and more cal-

careous zones (Mergelkalkzone) in the upper part, is always present but rarely out-
cropping in the Jura (Guillaume, 1966). It is characterised by the presence of
Acanthodiscus radiatus (Bruguiere). This guide fossil of the basal Hauterivian Ra-
diatus-zone is also present in the Jura in the following Loryi-zone (Remane 1989b).
The hemipelagic Marne bleue was deposited during the basal Hauterivian trans-

gression, which flooded large parts of the formerly predominantly emerged Paris
basin (Rat et al. 1987). High rates of subsidence enhanced the relative sea-level rise
and, coupled with terrigenous input, "drowned" the Jura carbonate platform (Hallock
& Schlager 1986, Jacquin et al. 1991).

Pierre Jaune de Neuchâtel
The Pierre Jaune consists of yellow, bioclastic, oolitic, cross-bedded and obliquely

stratified calcarenites. They are characterised by very glauconitic levels at the base
and by one marly intercalation (Marnes à Eudesia semistriata). They get generally
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thicker towards the South-East. The transition Mergelkalkzone-Pierre Jaune is
diachronous (Remane 1989a), from the Loryi to the Nodosoplicatum ammonite
zones (Busnardo & Thieuloy 1989, Bulot 1992).
The Pierre Jaune was deposited in the beginning of the regressive phase after the

maximum transgression of the Marne bleue (Jacquin et al. 1991, Clavel et al. 1992).

4.a.7.2. Sedimentology

Marnes d'Arzier
The Marnes d'Arzier are frequently barren grey marls, but at some places, they are

filled with various and numerous fossils (Guillaume 1966). The fossil association is
dominated by benthic sessile animals (brachiopods, chaetetids, sponges, serpulids,
bivalves), with some vagile echinoids and locally abundant gastropods (Schnorf-
Steiner 1963a, Schnorf-Steiner 1963b). Very few rudists were found (Loriol 1868,
Baumberger 1903).
At the base, layers rich in hematite (Arzier) may record temporary emersions and

lateritisation processes. Both hematite and goethite are typical lateritic minerals
(Meyer 1987, Tardy 1993), but goethite predominates in the marine environments
(Gehring 1989, Young 1989, see chapt. 7).
The abundance and diversity of the fossil assemblage and the preservation of nu-

merous complete fossils indicate generally shallow marine, protected conditions and
deposition below fair weather wave base (Wilson 1982, Read 1985). The intermittent
high energy indicators (current abraded fossils, and calcarenite beds) witness spo-
radic current activity, presumably due to storms. Resedimented oolites document
contemporary active carbonate production on a nearby carbonate platform, the
Calcaire Roux platform (Schnorf-Steiner 1963b).
Marly deposition was apparently only possible as long as the topographic depres-

sions due to the former emersion were present (Guillaume 1966). These current
protected sites were filled gradually by marl and calcarenites and covered every-
where by Calcaire Roux, which indicates an evolution to a uniform ramp topography
(Read 1985).

Calcaire Roux
In the Calcaire Roux, there is a wide variety of sedimentary structures (sand waves,

channel fills, bipolar cross-bedding, herring bones, wave ripples etc., see plate 4.1).
Localities, which are relatively near to each other, can have a very different set of
sedimentary structures (Lamoura-Le Boulu).
In tidal current dominated offshore systems with abundant sediment supply, sand

banks ("sand ridges") consisting of large and small sand waves with sand ripples are
expected (Field et al. 1981, Stride et al. 1982). Sand wave height correlates with
water depth and current activity; deeper water and stronger currents resulting in
higher sand waves (Allen 1982, Belderson et al. 1982). Weak currents produce cur-
rent ripples on bed surfaces (Boothroyd 1978).
In the Calcaire Roux, only small sand waves of max. ca. 1 m height were observed

(wavelength not visible on outcrop, at least ca. 8-10 m). Bed surfaces in the Calcaire
Roux are generally plane and frequently erosive, which points to strong currents. It is
therefore very probable that sand wave growth was limited by shallow water depth.
Recent bedforms, such as nearshore sand bars migrating laterally or shorewards

over longshore current troughs, but also migrating linear sand waves produce
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obliquely stratified beds consisting entirely of foresets (Davidson-Arnott &
Greenwood 1974, Boothroyd 1978, Hunter et al. 1979). Multiple offshore bars in
water depth of less than 10 m are quite common in recent settings (Short 1975). In
the Calcaire Roux, obliquely stratified beds consisting entirely of foresets are more
common than clearly visible sand waves.
Channelling is not expected in the offshore, but filled channels are common in

estuarine sand banks (Boothroyd 1978, Stride et al. 1982). Therefore, the filled
channels in Le Boulu indicate a rather nearshore (near offshore?) deposition.
The common smaller-scale structures in the Calcaire Roux, such as herring bones

and bipolar cross stratification are generally indicative of tidal current activity (Stride
1982). As clearest indicators of water depth, the wave ripples in Le Boulu testify
shallow water depth above ca. 25 m (Allen 1982).
In summary, all the observed sedimentary structures in the Calcaire Roux can be

compared with recent tidally influenced, shallow marine near- and offshore struc-
tures, and there are no indications for water depths deeper than about 25 m in the
investigated sections.
The progressive change to bioturbated, thin-bedded (5-10 cm) calcarenites with

marly interlayers in the upper part of the Calcaire Roux (Lamoura, Travers) indicates
less frequent sediment reworking. Decreasing current velocities allowed finer com-
ponents to be deposited from suspension and benthic communities to settle down
(Wilson 1982). This evolution is best explained by a progradation of the sandbar
system, where tidal currents loose their energy by friction (Wilson & Jordan 1983).
The facies change corresponds to the transition from sand bank to more internal tidal
flat sedimentation (Stride et al. 1982).
The Valanginian Calcaire Roux are not "typical" carbonate platform deposits. Reef

organisms such as rudists, dasycladal algae and hermatypic corals (Masse & Philip
1986, Beauvais 1992, Masse 1993a) as well as reefs or organic build-ups are miss-
ing. This non-rimmed ramp geometry (Read 1985, Schlager 1993) may explain why
the sedimentary structures are so comparable with siliciclastic depositional environ-
ments (Stride 1982). However, there are also recent carbonatic systems, which show
a lateral transition of sand banks into muddy tidal flats (Enos 1983, Read 1985).
Instead of light-dependent, photosymbiontic reef organisms, suspension feeders

(bryozoans, crinoids, serpulids, brachiopods, oysters and other bivalves) and detritus
feeders (gastropods, echinoids) dominated the faunal assemblage. In addition, the
sometimes small but constant presence of detrital material (clay) staining the rocks,
clearly indicate relatively turbid water. High suspension load and abundant filter
feeders are typical near river mouths (Biggs 1978). The absence of hermatypic cor-
als and dasycladal algae is therefore presumably due to eutrophic conditions and
turbidity of water rather than to deeper depositional environments (Beauvais 1992).
The rarity of pelagic organisms such as ammonites and belemnites further confirms
shallow marine conditions.
The major difference between siliciclastic and carbonatic shallow marine systems is

the source for the sediment; river input and coastal erosion for siliciclastics, and in
situ carbonate production on the platform (Swift & Thorne 1991, Schlager 1993). The
Valanginian Calcaires Roux (and Alectryonia-beds) are a mixture of both, since clay
and quartz grains must have been delivered by streams, while bioclasts and oolites
were produced in situ.
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Plate 4.1: Sedimentary structures in the Calcaire Roux

1: Bioturbated bed. Road Arzier-St. Cergue, basal part of the Calcaire Roux.

2: Cross-bedding. Road Arzier-St. Cergue.

3: Small micro-conglomeratic channel-fill. Road Arzier-St. Cergue.

4: Obliquely stratified sandwave. Travers, Calcaire Roux, lower part.

5: Bioturbated slightly marly bed. Lamoura, transition Calcaire Roux- Alectryonia-beds.

6: Small obliquely stratified sandwaves oriented in different directions. Lamoura, lower Calcaire Roux.

7: Channel-fills and obliquely stratified beds. Le Boulu, lower Calcaire Roux.

8: Wave ripples on obliquely stratified beds. Le Boulu, lower Calcaire Roux.

Alectryonia beds
The distinctive ecological feature of the Alectryonia beds is the abundance of oys-

ters (Alectryonia, Exogyra, and other oysters), usually associated with other suspen-
sion feeders (bryozoans, crinoids, other bivalves, calcareous sponges, serpulids and
brachiopods), and detritus feeders (echinoids and gastropods). Oysters, serpulids
and gastropods are common taxons for restricted shelf, bay or lagoon environment
(Enos 1983). Clams, oysters and mussels are important estuarine filter feeders, while
worms, gastropods and arthropods are the most important estuarine detritus feeders.
Suspension feeders and detritus feeders have a capacity to remove an enormous
volume of material from suspension by ingestion and, by excretion, fix this material in
a rapidly deposited form (Biggs 1978).
The depositional environment of the Alectryonia beds was therefore presumably

near river mouths, where terrigeneous detritus was delivered by streams. The floc-
culation of clay particles and the ingestion of suspension by organisms (Biggs 1978)
enhanced the fixation of clay and fine-grained particles and resulted in the deposition
of predominantly marly sediments.
In Lamoura, where there is a gradual transition from Calcaire Roux to Alectryonia-

beds and back to Calcaire Roux, their association indicates the lateral coexistence of
these two facies within the same sedimentary cycle. The Alectryonia beds can be
compared with recent tidal flat sedimentation (see above), although, similarly to the
Calcaire Roux, it is not a purely carbonatic, but a mixed siliciclastic-carbonatic sys-
tem (Shinn 1983, Park et al. 1995).
At other sites, the sedimentary facies of the Alectryonia beds is difficult to evaluate

since they are either very thin (erosional relics?), absent, and/or partly covered.
Walter (1972) assumes wave action for the fragmentation of most fossils in Etroits,
and induces shallow water depths, above ca. 20 m. However, a varying bathymetry
and sporadic access to the open sea is suggested by the occurrence of ammonites
and belemnites predominantly in the upper part of the Alectryonia-beds (Rittener
1902, Bulot 1992).
Water temperature may also have changed during deposition of the Alectryonia

beds. Walter (1989) ascribes a significant turnover and impoverishment of bryozoan
species to an important cooling on the Jura platform. Water temperature is a control-
ling factor for recent carbonate platform growth (Wells 1957, Grigg 1982). However,
eutrophication alone can provoke similar faunal changes, notably the shift from
chlorozoan "warm water" to foramol "temperate-water" carbonate grain association
(Hallock & Schlager 1986). An independent temperature indicator is therefore
needed to confirm the cooling theory (see chapt. 5.6.).
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Glauconitic unit
The diverse and abundant fossils point to rather shallow marine deposition and the

glauconite to slightly condensed sedimentation (Van Houten & Purucker 1984).
Similarly to the Alectryonia-beds, suspension and detritus feeders predominate, but
oysters are replaced by Trigonia as most abundant bivalves. This points to a less
restricted depositional environment with open access to the sea (Enos 1983).

Marnes bleues d'Hauterive
In the Marnes bleues, the hemipelagic marl deposition over the entire Jura platform

marks the temporary demise of benthic carbonate production (Remane 1989b). Car-
bonatic benthic communities reappear in the Mergelkalkzone.

Pierre Jaune de Neuchâtel
The Pierre Jaune marks the return to shallow water carbonate platform deposition.

With its cross-bedded oolitic and bioclastic calcarenites it is quite similar to the Cal-
caire Roux. The main differences are the less intensive iron impregnation and the
larger scale sedimentary structures implying temporarily deeper water depths
(Belderson et al. 1982, Wilson & Jordan 1983). The fossil content is still dominated
by suspension feeders (bryozoans, brachiopods) which points to continued terrige-
nous influence (Biggs 1978). Some reworked dasycladal algae (Conrad & Masse
1989) indicate clear water in the littoral zone.
Finally, "clean" typical (for the Early Cretaceous) carbonate platform deposits with

rudists and algae reappear in the Urgonian limestone (Remane 1989b).
Plate 4.2: Macrofossils from the Jura Mountains

1: Gastropod, Harpagodes sp. Colas I, Marnes d'Arzier.

2: Oyster, encrusted with serpulids and Cliona furrows. Lamoura, Alectryonia-beds.

3: Grinding-type, lateral tooth of Asteracanthus sp. (Determination: Heinz Furrer). Lamoura, lower
Calcaire Roux below hardground (L16).

4: Bryozoan colony. Lamoura, Alectryonia-beds.

5: Regular echinoid. Lamoura, upper Calcaire Roux.

6: Terebratulid brachiopod. Lamoura, Alectryonia-beds.

7: Rhynchionellid brachiopod. Arzier, Marnes d'Arzier.

8: Calcareous sponge. Lamoura, Alectryonia-beds.

9: Calcareous sponge. Lamoura, Alectryonia-beds

All photographs were done by Mr. U. Gerber, photograph at the Geological Institute.
Plate 4.3: Microfacies and diagenesis of Valanginian rocks.

1: Contact Berriasian/Valanginian. Top of micritic limestone bored and corroded. Filled with fine-
grained quartz and limestone lithoclasts. Villers le Lac. Polarised light, crossed nicols.

2: Same as 1. Geopetal filling of burrows and bright, meteoric calcite cement above. Cathodolumines-
cence.

3: Lower Calcaire Roux. Oosparite, grainstone. Ooids with bioclast and peloidal cores and partly
micritised. Thin A-cement rim. Lamoura. Polarised light, crossed nicols.

4: Lower Calcaire Roux. Biosparite with few lithoclasts, oolites and quartz grains, grainstone. Most
grains with micritic rim. Predominant bioclasts: crinoids with single crystal extinction. No syn-
taxial cements. Lamoura. Polarised light, crossed nicols.

5: Same as 4. Brighter micritic rim around clasts. Dark marine cement. Cathodoluminescence.

6: Hardground, lower Calcaire Roux. Serpulid worm tube with geopetal sediment filling and bright
meteoric cement above. Lamoura, L17. Cathodoluminescence.
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7: Uppermost Calcaire Roux. Glauconitised echinoderm spine with perfectly preserved lacy pattern.

Colas I St12. Cathodoluminescence.

8: Glauconitic Unit. Bored crinoid fragment with primary coarse porous structure filled with glauconitic
micrite. Micritic matrix. Le Boulu. Polarised light.

9: Glauconitic Unit. Biomicrite, packstone with secondary cement. Large bryozoan clast, smaller cri-
noids and benthic foraminifera. Pores filled with matrix. Lamoura. Polarised light.

4.a.7.2. The Valanginian sedimentary evolution in the Jura region
The cartographic work of Baumberger (1901) and Guillaume (1966) allows a fairly

precise reconstruction of the distribution of land and sea in the Jura region during the
Early Cretaceous. The overall geometry shows a bay, open in the south-east
towards the Tethys Ocean, limited to the North by the Vosges- and to the Southwest
by the Morvan- massifs. The Bourgogne threshold ("seuil de Bourgogne") led to the
Paris basin (fig. 4.12, see fig. 3.3).
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The Valanginian sediments are slightly thinner than both the Berriasian and Lower
Hauterivian ones (Marnes d'Hauterive and Mergelkalkzone, isopach maps in
Guillaume 1966).
Therefore, similar overall sedimentation rates can be assumed for the 5 my

Valanginian stage and the 2 my longer Berriasian. Contrarily, the early Hauterivian
(Radiatus and Loryi ammonite zones) lasted only about 1.5 my (Gradstein et al.
1994). Its sedimentation rate was drastically (four times) higher than that of both pre-
ceding stages. This can be explained by the basal Hauterivian transgression which
created new accommodation space allowing fast accumulation of sediments. Car-
bonate production was still significant but shifted from predominantly benthic to
planktonic (Remane et al. 1989). Sediment supply, both pelagic and detrital, must
have been important at this time.
With the help of the geographic information from Baumberger (1901) and Guillaume

(1966) and the stratigraphical and sedimentological evidence, the following sche-
matic sedimentary evolution was reconstructed for the Valanginian (fig. 4.13):
Preceding history:
At the end of the Berriasian, a major regression of the sea-level resulted in the em-

ersion of extensive land-masses in the Jura-region (Baumberger 1903). The formerly
active carbonate platform development was interrupted by non-deposition and
erosion.
Chemical weathering (karst, e.g. Salève) and physical erosion cut into the Ber-

riasian deposits and produced an irregular surface. Some iron was enriched in soils,
but terrigeneous material (clay and quartz sand) was essentially transported by rivers
to deeper, still marine locations (Helvetic margin).
Pertransiens chron
In the Early Valanginian, a marine transgression flooded the previously emerged

land.
The interaction of longshore- and tidal currents with detrital input from the continent

and the irregular sea-bottom topography resulted in a patchy distribution of marly
and calcarenitic sediments. Marls (Marnes d'Arzier) were deposited in protected
depressions. Strong currents swept over exposed crests favouring the formation of
oolitic and bioclastic beds (Calcaire Roux).
Pertransiens - Campylotoxus chron
The continuing transgression during the Early Valanginian allowed the growth of a

carbonate platform. Carbonate deposition (Calcaire Roux) kept up with the rising
sea-level.
The former topography was levelled and oolitic - bioclastic sandwaves and sand-

flats occupied most of the surface. The high energy environment with tidal, storm and
longshore currents sweeping the platform hindered the deposition of micritic beds.
Along the coast, sandbars may have emerged and protected open, small, muddy
lagoons.
The near hinterland, under the influence of a warm and, at least, seasonally wet

climate supplied iron, clay and quartz grains as typical weathering products (Chapt.
6). This terrigeneous material was transported by streams and redistributed along
the coast by longshore currents. The fine-grained clays could only accumulate in
protected areas.
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The dominant carbonate producers were suspension-feeders, such as crinoids,
bryozoans, serpulids, bivalves and brachiopods. The turbidity of the water hindered
the growth of sessile algae, hermatypic corals and rudists.
More terrigeneous input and/or slackening of currents due to growing platform width

resulted in a trend to marlier beds with oysters and sponges in the upper Campylo-
toxus-zone (Alectryonia-beds).
Campylotoxus - Verrucosum chron
In the middle- to late Valanginian, the slowing down and stopping of the transgres-

sion reduced the available accommodation space.
Several small-scale trans- and regressions resulted in erosion, reworking, and/or

deposition of a variety of thin diachronous marly sediments (Alectryonia-beds).
Large-scale carbonate production was hindered by lack of space, drowning in mud,
and possibly cold water temperatures.
The increasing detrital input imported quartz sand and riverine clays. Most material

was bypassed to distal locations (Southern Helvetics).
The predominant benthic calcareous organisms were oysters (Alectryonia and

others) indicating confined environments on the platform due to larger platform width.
Closed lagoons offered special conditions for iron-rich mixed carbonate-siliceous

deposition (chapt. 6).
Radiatus chron
The basal Hauterivian transgression flooded the Jura and the formerly predomi-

nantly emerged Paris basin (maximal water depth about 35 ± 15 m (Rat et al. 1987).
The entire platform was draped by rapidly deposited blue marl (Marnes bleues

d'Hauterive).
Benthic carbonate platform organisms were suffocated in mud and carbonate pro-

duction was taken over by planktonic organisms (coccoliths).
Succeeding events:
The reduction of terrigeneous input and possibly a regressive sea-level allowed the

progressive re-establishment of a new carbonate platform (Mergelkalkzone - Pierre
Jaune).

Fig. 4.13: Schematic reconstruction of depositional environments, sedimentation and relative sea-level
changes in the Valanginian and Early Hauterivian in the Jura region. Topography based on the
isopach map (fig. 4.12) modified after Guillaume (1966). Time lapse of about 1 m.y. between
the pictures (Gradstein et al. 1994), except for the Verrucosum/ Radiatus with ca 2 m.y. Subsi-
dence 0 for northern part, 10 m/my in southern part (Wildi et al. 1989). Sea-level estimates in
the Valanginian after facies and sediment thickness. For the Radiatus about +30 m above high-
est Valanginian sea-level (Bertrand 1953, Rat et al. 1987). Small tectonic movements, although
probable (Rat et al. 1987) are not accounted for.



4-Stratigraphy and Sedimentology 56

Long-shore currents
ca

. 5
0 

m

Tidal currents

N
20 km20 km

Radiatus

   - Marnes d' Hauterive

Verrucosum

   - Alectryonia Beds

   - Calcaire Roux

Campylotoxus

   - Calcaire Roux

Pertransiens

   - Marnes d'Arzier

   - Calcaire Roux

Start ofTransgression

End of Transgression

Regression / Stagnation

New Transgression

Long-shore currents

Tidal currents

Lamoura Le Boulu
Arzier

Ste. Croix

Travers

Besançon

 Bienne 

Genève

Tidal currents



57 4-Stratigraphy and Sedimentology

4.b PROVENCE

4.b.1. VOCONTIAN DOMAIN

4.b.1.1. La Charce (LC)
This ammonite-rich section in the pelagic part of the Vocontian domain is described

in Bulot et al. (1992). It is now used as a reference section for the Late Valanginian
to Early Hauterivian ammonite zonation of south-eastern France (Bulot et al. 1992).
Its lithology consists of hemipelagic, fossiliferous, cyclic marl-limestone alternations.

The Lower Valanginian and the Lower Hauterivian are more calcareous than the
Upper Valanginian where marls predominate.

4.b.1.2. Carajuan (PC)
This section, also called Pont de Carajuan, has been studied by various authors

(Ferry & Rubino 1989, Walter 1991, Arnaud & Bulot 1992). It is located within the
"réserve géologique de Haute Provence"; consequently, a special authorisation is
needed to work there. The section is situated on the slope from "La Beule" to "Cara-
juan", above the street D952 between Castellane and la Palud-sur-Verdon (Coord:
6°26'E, 43°48'N, plate 4.4).

Summary description
?- (-x-0 m): These massive, thick-bedded grey limestones outcrop in the "ravin des

Fondis". The top is a bivalve-rich marly limestone layer.
Karakaschiceras beds (0-10.2 m): The basal 3.5 m consist of ammonite and

bivalve-bearing marly limestone. The middle 3 m show an alternation of marl with
Toxaster and limestone with bivalves and ammonites. The uppermost 3.5 m are pre-
dominantly marly, with marly limestone beds getting more fossiliferous (brachiopods,
serpulids, bivalves and ammonites) towards the top.
Marnes à Toxaster (10.2-35.5 m): The lowermost 2 m are very fossiliferous marl

and marly limestone with abundant small terebratulids, small oysters, colonial ser-
pulids and Toxaster. Above, 2.5 m marl with few Toxaster and terebratulids, and
yellow or green argillaceous layers follow. The overlying thick (ca. 19 m) homogene-
ous marly succession (plate 4.4-3: Pinna sp. PC33) is interrupted by a small cal-
carenite bed (PC22) at 15 m. The uppermost 2 m are fossiliferous marly limestone
and marl with a slightly encrusted top.
Petite Lumachelle (35.5-45.8 m): Alternation of fossiliferous marl (bivalves (plate

4.4-1), brachiopods, Toxaster, ammonites (Karakaschiceras biassalense), bryozo-
ans, shark teeth) and fossiliferous calcarenitic limestone (bivalves, brachiopods).
Some calcarenitic beds are obliquely stratified with an erosive base and a biotur-
bated top.
Marnes à Toxaster (45.8-58.9 m): Alternation of bioturbated marl, calcareous marl

and marly limestone, with Toxaster, bivalves, oysters, bryozoans, colonial serpulids
and ammonites (Olcostephanus guebhardi-querolensis, Karakaschiceras cf. proene-
costatum). Some beds with abundant fossils are resedimented (plate 4.4-4: accu-
mulated Toxaster, PC64). One bed in the middle part contains vertical concentric
limestone concretions with pyrite and layers of green clay around burrows (PC67,
plate 4.4-5).
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Grande Lumachelle (58.9-65.2 m): Very fossiliferous alternation of bioclastic Alec-
tryonia-limestone and marl with Alectryonia (plate 4.4-2) in situ oysters, bivalves,
serpulids, brachiopods, bryozoans and crinoids.
Calcareous marl with limestone beds (65.2-69.3 m): Mainly covered. Calcareous

marl with nodular limestone beds containing shell debris and pyritised serpulids. One
limestone bed with bivalves and ammonites (Neohoploceras depereti) at the base.
Lower Hauterivian limestone (69.3-71.9 m): Thin-bedded white nodular limestone

with numerous, large, partly pyritised ammonites at the base. Above, lime-
stone/calcareous marl alternation with Toxaster, ammonites and belemnites. Phos-
phatised nodules and ammonites in some layers. Two calcarenitic beds.
Lower Hauterivian marl (71.9-74- ?m): Bluish marl with few fossils, some calcare-

ous marl beds with partly pyritised ammonites and belemnites.

Dating
The ammonite stratigraphy for the whole section is published in Arnaud & Bulot

(1992). The section starts in the upper Campylotoxus zone. The "Grande Luma-
chelle" is dated as upper Verrucosum zone (Peregrinus-horizon, Arnaud & Bulot
1992) and correlated by Walter (1991) with the "Marnes à Bryozoaires" and the Cal-
caire à Alectryonia of the Jura Mountains.
Some ammonites were found when the section was sampled and were later

determined by Dr. Luc Bulot at the University of Grenoble.

Sedimentological Interpretation
? -:  This fossiliferous marly limestone was probably deposited in a shallow-water

environment with a little terrigeneous input.
Karakaschiceras beds:  The change to ammonite-bearing, marly limestone indi-

cates a deepening of the depositional environment and marks the beginning of signi-
ficant terrigeneous influence.
Marnes à Toxaster: Increasing detrital input is documented by the predominance of

marls. The fossil association, a mixture of benthic (brachiopods, bivalves) and pe-
lagic (ammonites) organisms, points to open marine neritic conditions. Rapid deposi-
tion in a current-protected environment is indicated by the homogeneity of the marls
and the relative scarcity of fossils
Petite Lumachelle:  The change to less marly, calcarenitic and fossiliferous sedi-

mentation indicates shallowing water-depth, associated with intermittent, strong cur-
rents (oblique stratification, erosive contacts).
Marnes à Toxaster: The abundance of fossils documents still rather shallow but

open marine deposition (ammonites). Some beds are resedimented (tempestites) as
is visible by the agglomeration of Toxaster (plate 4.4-4, PC64) or the accumulation of
small oysters. Additional increase of detrital input (clay) led to marlier lithologies than
in the lower part of the Marnes à Toxaster (see app. b, calcimetry). The fossil asso-
ciation is dominated by filter feeders, which indicates a high suspension load (Biggs
1978).
Grande Lumachelle:  This lithology probably represents the shallowest part of the

whole Valanginian succession in Carajuan. A framework of oysters (predominantly
Alectryonia, plate 4.4-2) and other bivalves led to the build up of small "reefs". This
filter-feeding fossil association confirms the eutrophic, nutrient-rich environmental
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Plate 4.4: Pont de Carajuan 
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conditions (Hallock & Schlager 1986). The thick marly interlayers indicate persisting
terrigeneous input.
Calcareous marl with limestone beds: At the base, the ammonites and pyritised

serpulids may point to an open marine, condensed sedimentation. The following in-
terval is difficult to interpret since the marls are fossil-free (L. Bulot, pers. comm.).
Lower Hauterivian limestone: The numerous, partly pyritised ammonites and the

phosphate nodules indicate relatively deep, open marine, condensed sedimentation,
while the calcarenites document reworking. Probably, the thin succession represents
only small relics of mainly bypassed sediment material.
Lower Hauterivian marl: This thick, marly succession represents the return to

hemipelagic sedimentation.

4.b.1.3 Discussion
The Carajuan section is located at the border of the Provence platform to the Vo-

contian domain and was subjected to synsedimentary tectonics during the Early
Cretaceous (see chapt. 3, fig. 3.9). Relative sea-level changes derived from the
sedimentological evolution are therefore not necessarily eustatic.
The overall sedimentary evolution points to a deepening in the Early Valanginian

reaching a maximum during the sedimentation of the lower Marnes à Toxaster. Suc-
cessive shallowing first in the upper Campylotoxus (Petite Lumachelle) and then in
the upper Verrucosum (Grande Lumachelle) lead to apparently very shallow water
depths. Sedimentation rates were high (compared with basinal sections) up to the
Grande Lumachelle (Arnaud & Bulot 1992).
The following period is characterised by lower sedimentation rates and is difficult to

interpret. The uppermost Valanginian beds with their marly lithology may be ero-
sional relics of a formerly thicker succession. In contrast, the basal Hauterivian
shows clear signs of condensation with its ammonite-rich beds and phosphatic nod-
ules. Clearly, sedimentation was not homogeneous throughout this period but condi-
tions changed, possibly several times.
One significant aspect is the increasing clay content throughout the Valanginian,

from the underlying limestone to the lower "Marnes à Toxaster", and the additional
increase in the upper "Marnes à Toxaster" (Appendix b, calcimetry of the Carajuan
section). This trend is also present in the basinal sections (Busnardo et al. 1979,
Bulot et al. 1992). It documents increasing terrigeneous input from the continent.
The fossil association consists of bivalves, serpulids, brachiopods and oysters

throughout the succession and indicates eutrophic conditions (Biggs 1978, Hallock &
Schlager 1986) with a "peak" in the Grande Lumachelle where oysters predominate.
Plate 4.4: Carajuan

Carajuan section with lithological succession

1: Bivalve, Petite Lumachelle

2: Alectryonia sp., Grande Lumachelle

3: Pinna sp., lower Marnes à Toxaster

4: Agglomerated Toxaster sp. upper Marnes à Toxaster

5: Carbonate concretion, PC67 upper Marnes à Toxaster

The photographs 2-5 were done by U. Gerber.
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4.b.2. PROVENCE PLATFORM

4.b.2.1. Massif d'Allauch: Barre des Taulières (TA)
This section was chosen after (Gouvernet et al. 1979). It is located in the Massif

d'Allauch (North-East of Marseille), at the northern flank of the edge of the Barre des
Taulières (plate 4.5-1&2), above an ancient water-reservoir.

Summary description
The bedding of the whole section is subhorizontal (ca. 10° dip). Small extensional

faults slightly displace the succession.
Calcaire blanc supérieur (-x--0.2 m): The base of the section is a wall of thick-

bedded, white limestone, foraminiferal wackestones with large gastropods and small
bivalves. The uppermost bed consists of nodular limestone (foraminiferal wacke-
stone) with rusty-coloured limestone between the nodules. The undulating, burrowed
surface on top builds small (up to 1 m) topographic reliefs (plate 4.5-3).
Marnes à Toxaster, calcareous member (-0.2-22.1 m): At the base, occurs a very

fossiliferous marly limestone with Alectryonia, oysters, colonial serpulids, terebratu-
lids, Toxaster, bivalves, gastropods and large Ammonite fragments (ca. 3 kg, Kara-
kaschiceras biassalense). It contains small red components (iron ooids?) and is bur-
rowed. Above, follows an alternation of partly bioclastic marl with Toxaster and very
fossiliferous calcareous marl and marly limestone beds with oysters (Exogyra in liv-
ing position, plate 4.5-5), bivalves, Toxaster, brachiopods (rhynchionellids and tere-
bratulids), gastropods (plate 4.5-4), colonial serpulids and occasional fish teeth.
Alectryonia and red components are most frequent in the lower and upper part. At
the top, there is one very fossiliferous calcareous marl layer with bivalve moulds,
colonial serpulids, brachiopods and Alectryonia.
Marnes à Toxaster, marly member (22.1-35.9 m):  At the base, an erosional sur-

face is covered by (condensed?) fossiliferous bio-calcarenite with brachiopods and
ammonites (Karakaschiceras proenecostatum). The lower part (ca. 2.5 m) consists of
fossiliferous (Toxaster, ammonites, bivalves, oysters, brachiopods) marl with many
large, reddish brachiopods. Above, dark marl with numerous resedimented, fossilif-
erous beds follow. The upper part is covered by debris.
Marnes à Toxaster, calcarenite member (35.9-40.7 m):  The arenitic, partly marly

limestone beds are very fossiliferous (brachiopods, oysters, serpulids, Toxaster).
There are some resedimented beds and encrusted tops. The limestone is covered by
30 cm green marl.
Calcaire à silex (40.7-45.5 m): The white, fine-grained limestone wall contains

darker silex bands in the middle part.

Dating
On old geological maps, the marly succession (Marnes à Toxaster) is described as

an Hauterivian, fossiliferous site, the first segment of the "Trilogie Hauterivienne"
("Marne inférieure hauterivienne"). No recent formation names have been published
in the literature (Arnaud-Vanneau et al. 1982).
The underlying Calcaire blanc supérieur is dated as latest Berriasian / earliest

Valanginian, the basal "Marnes inférieure hauterivienne" (= Marnes à Toxaster) as
late Campylotoxus / early Verrucosum and the overlying Calcaire à silex as Radiatus
to Loryi (Masse 1993a).
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Two leading ammonites (Karakaschiceras biassalense & K. proenecostatum) were
found, which allow to confirm the dating of the base of the marly succession as late
Campylotoxus / early Verrucosum (TA2) and additionally date the base of the
Marnes à Toxaster, marly member, as late Verrucosum (TA49) (determination by Luc
Bulot at the University of Marseille).

Sedimentological Interpretation
Calcaire blanc supérieur: Typical shallow-water, carbonate platform limestone.

The top (plate 4.5-3) denotes a period of non-deposition and erosion, but no direct
evidence for emersion.
Marnes à Toxaster, calcareous member: The very fossiliferous base with its large

Karakaschiceras documents open marine conditions and reduced sedimentation
rates. The bathymetry is difficult to evaluate since there are no fossil algae (Masse
1993a). However, the richness and diversity of the fossil association points to rather
shallow conditions. In the overlying succession, ammonites are absent, while
oysters, bivalves, gastropods and echinoids are very frequent. Soft mud beds were
colonialised by Toxaster and oyster-bivalve levels could evolve. This indicates a
calm, shallow-water sedimentary environment with a continuous but moderate
terrigeneous input.
Marnes à Toxaster, marly member: This succession documents less stable sedi-

mentary environments with alternations of erosional and depositional phases. Marls
predominate, which documents more terrigeneous input than in the calcareous
member. Because gravitational deposits and ammonites are more frequent, the
depositional environment was probably deeper (Cook & Mullins 1983).
Marnes à Toxaster, calcarenite member:  The similarity of the fossil content and

the presence of marls in the calcareous and calcarenite members point to similar
environmental conditions regarding water depth and terrigeneous input. The main
difference is the more important current reworking in the calcarenite member.
The top green marl documents the end of the current-influenced sedimentation.
Calcaire à silex:  The termination of benthic carbonate production is marked by the

clear change to fine-grained, homogeneous pelagic sedimentation.

4.b.2.2. Niollon (N)
This locality is situated in the Chaîne de l'Estaque to the East of Marseille, on the

road D48 (le Rove-Niollon) at the bifurcation to la Vesse (introduction by A. Virgone,
Marseille).

Summary Description
The lithological succession is faulted, and interrupted by the road.
Calcaire blanc supérieur:  White rudist limestone and foraminiferal grain- and

wackestones. The uppermost 50 cm show solution replacement of foraminiferal tests
by iron rich minerals (rusty patches, plate 4.5-6). The top layer bears karstic dissolu-
tion features and holes of 10-20 cm. The surface and dissolution voids are covered
by blood-red hematite.
Marnes à Toxaster:  Bluish calcareous marl with large bioclasts of Toxaster and

Alectryonia.
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Sedimentological and environmental interpretation
Calcaire blanc supérieur: Typical carbonate platform limestone indicating shallow-

water, warm environmental conditions (rudists & benthic foraminifera). The top
shows characteristic emersion features and meteoric vadose diagenesis. The hema-
tite enrichment may have accompanied soil-building processes (Meyer 1987).
Marnes à Toxaster:  Shallow-water marine, mixed carbonatic-siliciclastic

sedimentation.

4.b.2.3 Discussion
In Niollon and at the Barre des Taulières, the lithological change from white carbon-

ate platform limestone (Calcaire blanc supérieur) to grey, calcareous marls (Marnes
à Toxaster) is very abrupt. It is accompanied by a complete change in fossil associa-
tion, which documents a change from oligotrophic (rudists) to eutrophic (oysters)
conditions (Hallock & Schlager 1986).
In Niollon, the change is preceded by a clear emersion phase. Therefore, a lowering

of the relative sea-level on the Provence platform before the "mid-Valanginian
drowning" (Masse 1993b) is certain, even if no emersion is visible at Taulières.
The following transgression is dated with rare ammonites found at the base of the

marls. Its age is truly mid-Valanginian, as it is either upper Campylotoxus (uppermost
Lower Valanginian) or lower Verrucosum (lowermost Upper Valanginian, datations:
Dr. L. Bulot).
The "drowning" of the platform is characterised by the disappearance of rudists and

calcareous algae (Masse & Philip 1986, Masse 1993a) and the widespread occur-
rence of marl. This event can be interpreted as drowning sensu stricto of Schlager
(1989), as the absence of light-dependent organisms points to killing of the carbon-
ate platform by submergence below the euphotic zone. On the other hand, "the term
excludes termination by significant falls of sea level with the formation of lowstand
wedges" (Schlager 1989). The emersion at Niollon documents a fall of sea-level, but
was it significant, and where (if any) is its lowstand wedge? The synsedimentary
tectonics at the northern border of the Provence platform (Cotillon 1994) makes such
interpretations rather hazardous. Concluding, even if the term "drowning" is now es-
tablished for this event (Masse 1993b), the preceding emersion may have helped to
"kill" the platform.
In the lower part of the Marnes à Toxaster (calcareous member), there are no indi-

cations for really deep water depths. Typical pelagic organisms, such as ammonites
and belemnites are very rare. Similarly to the Calcaire Roux and Alectryonia-beds,
deposit and suspension feeders predominate. This indicates turbid water, as wit-
nessed by the deposition of marls, and a thin euphotic layer (Hallock & Schlager
1986). Therefore, the drowning of the platform did not require deep water depths. In
analogy with the Jura, a shallow bathymetry is quite probable, even if clear sedi-
mentary structures are missing. The low energy setting may be due to the width of
the Provence platform where currents lost their energy by friction (Enos 1983, Wilson
& Jordan 1983).
In the marly member of the Marnes à Toxaster, relatively more abundant ammonites

and the numerous resedimented beds point to temporarily deeper water depth (Cook
& Mullins 1983). The uppermost calcarenite member indicates higher current veloci-
ties, which may be due to a return to rather shallow environments. The pelagic sedi-
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ments of the white, fossil-free Calcaire à silex draping the Marnes à Toxaster-suc-
cession document the temporary cessation of siliciclastic input.
It is intriguing, that iron enrichment (hematite) occurs before the onset of the marls,

at approximately the same time as limonite is deposited on the Jura-platform. The
source for iron is difficult to assess, but was probably related with continental weath-
ering and soil processes (Stucki et al. 1988).

4.B.3 ASPECTS OF THE VALANGINIAN EVOLUTION IN THE PROVENCE

The analysed sections agree with published data of both, the Vocontian domain and
the Provence platform (Arnaud-Vanneau et al. 1982, Ferry & Rubino 1989, Walter
1991, Arnaud & Bulot 1992, Masse 1993a, Masse 1993b, Cotillon 1994, Virgone et
al. 1994, see chapt. 3.3.b.). A few important facts can be summarised:
- A regression phase is documented by emersion on the platform (Niollon) before

the onset of the "middle" Valanginian transgression.
- The "mid-Valanginian drowning"-event (Masse 1993b) is characterised by a facies

change from white platform limestone to marlier lithologies indicating open marine
(ammonites) sedimentary conditions. The parallel variation of fossil association
documents modification from oligotrophic (rudists) to eutrophic (oysters) environ-
mental conditions and a higher turbidity of the water (suspension feeders). In
Taulières, shallow-water sedimentation (below a thin euphotic zone) most probably
persisted.
- Comparatively deep water depths (less benthic carbonate production) are appar-

ently reached during the deposition of the marly intervals (Marnes à Toxaster in
Carajuan, marly member of the Marnes à Toxaster in Taulières). However, this may
be an artefact due to increased terrigeneous input.
- There is a recurrence of rather shallow-water calcareous sediments above the

marls (Lumachelle-beds in Carajuan, calcarenitic top of the marnes à Toxaster in
Taulières).
- The terrigeneous input increases throughout the Lower and lower Upper

Valanginian reaching a maximum in the Verrucosum-zone.
- The transition to the Hauterivian is characterised by a decreasing terrigeneous in-

put (limestone) and a change to deeper (ammonites & belemnites in Carajuan,
pelagic limestone in Taulières), open marine sedimentation.

Plate 4.5: Provence platform

1: Aerial photograph of the Barre des Taulières (kindly offered by A. Virgone, Marseille)

2: Section at the Barre des Taulières, Marnes à Toxaster and Calcaire à Silex on top.

3: Contact Calcaire blanc supérieur - Marnes à Toxaster at the Barre des Taulières

4: Large specimen of Harpagodes sp. from the calcareous member of the Marnes à Toxaster in the
Barre des Taulières

5: Exogyra sp. from the calcareous member of the Marnes à Toxaster in the Barre des Taulières.

6: Microfacies of the Calcaire blanc supérieur, below the contact to the Marnes à Toxaster in Niollon.
Note iron phase within chambers of benthic foraminifer.

The photographs 4 & 5 were done by U. Gerber
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4.c. FRIULI PLATFORM

The isolated Friuli platform was not affected directly by continental influence. It thus
represents a contrasting study to the Jura- and Provence-platform sediments.

4.c.1. INTERNAL PLATFORM : VAL CELLINA (C)
The cluse of the Val Cellina offers a spectacular exposure of hundreds of meters of

Jurassic, Cretaceous and Tertiary limestone (plate 4.6-1&2). The Lower Cretaceous
is characterised by internal carbonate platform deposits (Ghetti 1987, Masse & Sen-
tenac 1987).
The Valanginian section is described and dated in Ghetti (1987) and Masse & Sen-

tenac (1987). It lies near Maniago (Friuli province, NE Italy) in the Val Cellina, on the
old road Montereale-Barcis, ca. 4 km after the bifurcation from the new road.

Summary description
The entire section belongs to the Calcare del Cellina-formation (Ghetti 1987). Bed

surfaces are generally irregular due to karstification and/or stylolithisation. Smooth
surfaces are generally thrust planes.
Calcare del Cellina-formation
Base: Thrust surface with source. Partial dolomitisation, porous rocks.
C1-6, 0-12.5 m: Thick-bedded white limestone. Pack- and grainstone in the lower

part. Mainly wackestone with void structures and a few macrofossil layers (probably
bivalves) in the upper part. Green clay on top of some beds.
C7-23, 12.5-31.5 m: Mainly grain- and packstone, rare wackestone partly with void

structures (bird's eyes? and dissolution voids). Components: peloids, intraclasts and
microfossils (mainly benthic foraminifera and algae). Some mudstone layers with
parallel lamination and void structures. Few green clay interlayers.
Gap: 1.5 m.
C25-72, 33-67 m: Predominantly grain- and packstone (components: peloids, intra-

clasts and benthic foraminifera), often very fine-grained ("micriti del Cellina", Ghetti
1987) frequently with void structures. Micrite restricted to top or base of beds and
always with void structures. Bed surfaces are frequently capped by paleo-
karstification and covered with green clay. Three intervals (ca. at 35 m, 47 m & 55 m)
with oblique stratification and truncation of beds. Truncation surfaces show erosional
contacts (47 m) or karstification (35 m & 55 m).
C73-82, 67-73 m: Mainly wackestone and micrite with void structures. Rare beds

with macrofossils (bivalves, C76&78). Top of beds usually karstified. Less green clay
between limestone beds. In the upper part, transition to predominantly grain- and
packstone.
Gap: 2.5 m.
C84-97, 75.5-86.5 m: Essentially grain- and packstone, micrite with void structures

in the upper part of beds. Generally karstified top of beds. Very little green clay.

Dating
The section was dated with foraminifera and algae in Ghetti (1987) and Masse &

Sentenac (1987). Both studies date the major part of the section as Valanginian
without further specification. There is some disagreement about the age of the base:
Late Berriasian in Masse & Sentenac (1987), middle to Late Valanginian in Ghetti
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(1987). The top of the section may be Hauterivian, although the transition Valangin-
ian-Hauterivian is not clearly defined in either study.
Some foraminifera (plate 4.6-3 to 9) were determined by Ueli Schindler. They fit with

the stratigraphic scheme presented in Schindler & Conrad (1994) and confirm the
Valanginian dating, yet give no further precision.

Sedimentological and environmental interpretation
The entire lithological succession is rather homogeneous and consists predomi-

nantly of grain- and packstones. The major components, peloids, intraclasts and
microfossils (benthic foraminifera) show only little variations. Karstification and green
clay layers on top of the white limestone beds are common throughout the section.
The recurrent karstification and the void structures indicate very shallow marine,

inter- to supratidal deposition. The wackestone layers at the base and in the upper
part of the section indicate low energy, protected conditions. The grain- and pack-
stones were probably deposited in higher energy, tidal environments. The oblique
stratification and truncation of beds points to tidal channels. The thin micritic partly
laminated layers are the probable remnants of supratidal algal mats and represent
the shallowest depositional environment (usually on top of beds = bed-scale shal-
lowing upward cycles). The green clay layers may be eolian dust, which could accu-
mulate when no limestone was deposited, i.e. during emersion.
All these features point to a stable carbonate platform, tidal flat depositional envi-

ronment (Shinn 1983) , with little variations through time.
The karstic dissolution on top of most beds and some characean algae found in the

green marls (Ghetti 1987) indicate the formation of freshwater ponds on the platform
between the deposition of the limestone beds. The absence of evaporites and dolo-
mite confirms rather humid conditions with generally more rainfall than evaporation.

Plate 4.6: Val Cellina

1: Section of the Val Cellina along the road and in the ravine in front of the high cliff.

2: Approximate position of the section (yellow bar) within the eastern wall of the Val Cellina.

3: C6b Pseudocyclammina cf. lituus

4: C6c Haplophragmoides joukowskyi?

5: C15 Wacke- to packstone with several benthic foraminifera (miliolids, trocholinids?)

6: C29 Possibly Citaella ? favrei

7: C15 Vercorsella camposauri?

8: C46 Vercorsella camposauri?

9: C64 Pseudotextulariella salevensis
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4.c.2. PLATFORM MARGIN

4.c.2.1. Cimon dei Furlani, Southern Part (FS)
This section is published in Schindler & Conrad (1994) and dated as non-earliest

Valanginian to Hauterivian.
Contrarily to the Val Cellina, the lithological succession of the Cimon dei Furlani is

characterised by major facies changes within the carbonate platform sediments
(Schindler & Conrad 1994).
The base of the section consists mainly of reef-complex calcarenites with rudists,

which are abruptly overlain by micritic marsh and pond deposits (see fig. 3.12). This
shallowing facies evolution parallels the coeval progradation of the reefs observed in
the northern wall of Cimon dei Furlani (Upper Valanginian third order cycle Ce 2.3 in
Schindler & Conrad 1994).

4.C.3. DISCUSSION

Neither in the Val Cellina nor on the Cimon dei Furlani, there is any trace of unusual
change in the organisation of the carbonate platform in the Valanginian. Carbonate
production did "keep up" with sea-level variations, the fossil associations (rudists,
benthic foraminifera and calcareous algae) remained stable and typical for
oligotrophic carbonate platform environmental conditions (Hallock & Schlager 1986).
The (eustatic?) sea-level history of the Valanginian on the Friuli-platform is charac-

terised by initial deepening in the "non-basal" Valanginian (U. Schindler, pers.
comm.) followed by a shallowing near the Valanginian / Hauterivian transition
(Schindler & Conrad 1994).
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CHAPTER 5: STABLE CARBON AND OXYGEN ISOTOPE GEOCHEMISTRY

5.1. INTRODUCTION

The stable carbon and oxygen isotopic ratios of sediments have proved to be
excellent tracers for several geological processes (Anderson & Arthur 1983, Weissert
1989).
The relative abundances of the isotopic species in nature are as follows (Hoefs

1987):
Carbon: 12C = 98.89%, 13C = 1.11 %
Oxygen: 16O = 99.763%, 17O = 0.0375%, 18O = 0.1995 %

Isotopic ratios in a sample are expressed in the δ-notation, indicating the ‰
deviation from the isotopic ratios of a standard substance:

δ13C(sample) [Ω ] =
13C/12C(sample) − 13C/12C(standard)

13C/12C(standard)
∗ 1000

δ18O(sample) [Ω ] =
18C/16O(sample) − 18O/16O(standard)

18O/16O(standard)
∗ 1000

The values for both, oxygen and carbon stable isotopes in carbonates are reported
relative to the international VPDB-standard (originally, a belemnite of the Pee Dee
formation (Cretaceous, USA), now, the new Vienna standard) (Craig 1957). The
oxygen value of water is reported to SMOW (Standard Mean Ocean Water) (Epstein
et al. 1953).
Deviations of isotopic ratios are due to the selective enrichment of one isotope. This

fractionation occurs because of the mass-difference. Generally, the heavier isotope
favours the liquid to the gaseous, and the solid to the liquid state. The lighter isotope
is more mobile and incorporated more rapidly during reactions (e.g. photosynthesis).

5.1.1. Carbon Isotopes and the Global Carbon Cycle
The carbon present in the biosphere ultimately results from the degassing of the

earth's crust and mantle (Walker et al. 1983). This volcanic CO2 has an isotopic
value around -7‰ (Arthur 1982). From the atmosphere, carbon is bipartitioned into
two very distinct pools: the organic matter pool with isotopic values around -25‰,
and the inorganic carbonate pool with values around 1‰ (Arthur 1982, Galimov
1985, fig. 5.1).
The main reservoirs for the circulating carbon in the biosphere are oceanic DIC

(dissolved inorganic carbon, 88.5%), soil humus (5.2%), oceanic DOC (dissolved
organic carbon, 2.6%), terrestrial biomass (2.1%), and CO2 in the atmosphere (1.6%)
(Anderson & Arthur 1983, Kwon & Schnoor 1994).
Oceanic DIC (average ca. +1‰ PDB) is the dominant carbon reservoir. Through

continuous exchange, it is in long-term isotopic equilibrium with the atmosphere and
thus buffers its CO2 concentration and isotopic composition.
Atmospheric CO2 is the carbon source for terrestrial biomass. During photosynthe-

sis, kinetic effects fractionate the carbon isotopes. Lighter 12C is incorporated prefer-
entially, which results in an average value of -25‰ for terrestrial organic matter.
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Weathering of siliceous and carbonatic rocks is an additional important terrestrial
sink for atmospheric CO2. The dissolved and particulate (clays) weathering products
are washed out of soils together with dissolved and particulate organic matter. By
rivers, this mixture is finally transported to the ocean. During transport, most DOC is
oxidised and mixed with the original DIC. This results in an average value of river-
input DIC into the ocean of about -7‰ (Arthur 1982).
Carbon is removed from the biospheric cycle by sedimentation of carbonates (ca.

+1 to +2‰) and marine and terrestrial organic matter (ca. -23 to -25‰, fig. 5.1). On
geological time scales, changes in the relative importance of organic versus inor-
ganic carbon deposition (ratio of Corg/Ccarb burial) modify the isotopic composition of
oceanic DIC (Schidlowski & Aharon 1992). This causes a parallel change of the iso-
topic composition of marine carbonates and organic matter. Changes in their carbon
isotopic composition through time thus mirror modifications in the global carbon cycle
(Weissert 1989).
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Fig. 5.1: Carbon reservoirs and their stable carbon isotopic composition (Galimov 1985).

One intermediate organic carbon reservoir between the very long term, such as coal
deposits and oil reserve and the circulating biospheric organic carbon are oceanic
methane hydrates. These icy components are trapped in sediments along continen-
tal margins and have carbon isotope values of about -60‰ PDB (Dickens et al.
1995). If suddenly released by melting into the biospheric carbon cycle they would
amount to ca. 20% of its total carbon content (present day estimate) and change its
isotopic values by ca. –11‰.
The partial melting of methane hydrates through bottom water temperature in-

crease, and the following oxidation of isotopically very light methane to CO2 has been
invoked to explain sudden negative shifts in stable carbon isotope records of the
Late Paleocene (Dickens et al. 1995), Toarcian (Hesselbo et al. 2000) and Mid-
Cretaceous (Wissler 2001). Possibly, methane hydrates also played a minor role in
the Valanginian.
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Is there a causal relationship between eustacy and δ13C?
Several authors favour a parallelism between eustatic sea-level and δ13C-values.

Mitchell et al. (1996): Long term: Changes in the burial of organic carbon are re-
lated to increases in the area of ocean floor (i.e. proportional to sea-level)
and increasing lock-up of particulate organic matter in low-oxygen deep and
intermediate water masses.
Short term: Reworking of soil nutrients during transgressions increases sur-
face water primary productivity and transport of particulate organic matter to
deep and intermediate water masses and sediments.
High δ13C-values are found in the lowstand and transgressive systems.

Grötsch et al. (1998): Rapid rate of eustatic sea-level rise increases organic car-
bon burial and produces strong positive δ13C shifts. Observation: “In the
Early Aptian … the δ13C shift occurred just after maximum flooding during
initial highstand of sea-level. Hence there is a lag time present between sea-
level change and change of the δ13C record”.

Although most authors agree, that δ13C-values parallel the eustatic sea-level, high
δ13C values may occur from the lowstand to the transgressive system and initial
highstand of a sea-level change. This large scatter makes a singular, immediate
causal relationship improbable. Multicausal, indirect relations are far more realistic.
Why some major transgressions are accompanied by δ13C -excursions and others
not is another unsolved question.
In the Early Aptian high terrestrial δ13Cwood values correlate with low relative sea-

level and vice-versa (Gröcke et al. 1999). The explanations of this counterexample
comprise: “Eustatic sea-level fall and regression could increase weathering rates
causing (1) increased flux of siliciclastic sediments to shelf seas, (2) increased car-
bon burial and (3) a positive δ13C excursion. Eustatic sea-level rise, if controlled by
increased production of oceanic crust…would have increased the atmospheric con-
tent of mantle-derived atmospheric CO2 (δ13C=-7‰)… leading to temporal correla-
tion between eustatic sea-level rise and relatively negative δ13C excursions…”
The difficulty of quantifying ecological and geochemical sea-level effects is exempli-

fied in these examples and counterexample. The discrepancy for the same time-
period (Early Aptian) is also noteworthy and demonstrates the lack of consensus for
the interpretation of eustatic sea-level changes.

5.1.2. Carbonate precipitation

Carbon isotopes

Fractionation between dissolved inorganic carbon (DIC) and Carbonate
Carbonate precipitated from a solution is derived from the dissolved inorganic car-

bon (DIC) present in the solution. Since the bicarbonate ion is the dominant species
of DIC for normal pH ranges (7-8), the formula for calcite precipitation from an aque-
ous solution can be expressed as follows:
Ca2+(aq) + 2HCO3-(aq) ↔ CaCO3 (s) + CO2 (g) + H2O (l)
Equilibrium fractionation between HCO3- and calcite amounts to +2.3‰ ± 0.5‰

(Bottinga 1968, Turner 1982). Equilibrium carbon isotope fractionation between total
dissolved CO2 (DIC) and calcite ranges from 1‰ to 3‰ enrichment in 13C of calcite
at 25°C (Anderson & Arthur 1983). Contrarily to oxygen isotope fractionation, there is
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only a small temperature dependence (about +0.5‰ from 10° to 30°C, Anderson &
Arthur 1983).
The carbon isotope values of marine sediments should therefore reflect changes in

DIC of the water from which calcite was precipitated with a constant offset about
+2‰. The observed fractionation, however, is usually smaller or even negative. This
is partly due to physical (kinetic) effects (Turner 1982) and, since a large amount of
marine carbonate is biogenic, partly to physiological (“vital”) effects of calcareous or-
ganisms (Anderson & Arthur 1983).

„Turner-effect”: (Turner 1982) observed kinetic carbon isotope fractionation during
rapid precipitation of CaCO3. His data demonstrate decreasing HCO3- - cal-
cite fractionation with increasing precipitation rate. Also, isotopic enrichment
in 13C and 18O of aragonite relative to calcite (Rubinson & Clayton 1969,
Tarutani et al. 1969) is diminished at higher precipitation rates. This „Turner-
effect” may affect both biogeneous and inorganic components. It should lead
to less positive carbon isotope values in regions of fast carbonate precipita-
tion (Anderson & Arthur 1983).

“Vital effects”: From the beginning of isotope analysis on fossils, the question was
addressed whether growth of shell material was in equilibrium with ambient
seawater or whether there were “vital effects” (Urey et al. 1951). Surveys on
the isotopic composition of recent shell material suggest that generally, car-
bonate precipitation is close to equilibrium regarding oxygen isotopes, and
that for carbon isotopes disequilibrium is the rule (Anderson & Arthur 1983,
Jones et al. 1985, Morrison & Brand 1986, Wefer & Berger 1991).

The disequilibrium is probably due to the mixing and isotopic exchange between
dissolved inorganic bicarbonate and respiratory CO2 at or near the site of
skeletal precipitation. Since respiratory CO2 should be depleted in both 13C
and 18O relative to inorganic bicarbonate, varying proportions of these two
components will result in variable but low δ13C and δ18O values (Carpenter &
Lohmann 1995). This effect is less pronounced for organisms with efficient
respiratory systems like arthropods, molluscs and annelids (Anderson &
Arthur 1983).

“Ecological fractionation”: A combination of diet and habitat may also be responsi-
ble for fractionation. Very positive isotope values were measured from infau-
nal filter feeders, which lived in an isotopically heavy, fractionated micro-
environment (Young 1992).

As a result of these effects, the isotopic composition of different groups of calcare-
ous organisms tend to be different from each other and from the expected equilib-
rium values (Wefer & Berger 1991). Picking and measuring specimens of species,
which have a constant and known fractionation, helps to obtain a continuous DIC-
isotope record in biogeneous limestones (Jacobs et al. 1996).

Natural δ13C variations of marine DIC
Although there is a long-term isotopic equilibrium between oceanic DIC and atmos-

pheric CO2, the DIC isotopic composition pattern deviates from the equilibrium val-
ues. The δ13C distribution of the DIC in the oceans is controlled by primary
productivity, oxidation of organic matter and currents (Kroopnick 1980).
There are two opposing effects, which dominate the DIC-isotopic distribution of

ocean waters and produce a characteristic δ13C depth-profile of DIC (fig. 5.2). During
photosynthesis, plants preferentially incorporate 12C in organic matter. Thus, primary
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productivity leads to the enrichment of 13C in DIC in surface water. The organic
matter sinks through the water column and is continually oxidised releasing 12C into
the water. Minimal DIC-isotope values lie at the bottom of the oxygen minimum zone
where most 13C depleted organic matter has been oxidised.
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Fig. 5.2: Characteristic δ13C depth-profile of oceanic DIC. (After Weissert 1989).

Oceanic currents transport, mix and redistribute the DIC. This results in a complex
pattern, where surface water DIC is not always a direct indicator of primary produc-
tivity. For instance, regions with strong upwelling have negative DIC isotope values
in spite of their high productivity because of the negative DIC of the upwelling deep
water masses (Kroopnick 1980).
In coastal regions, freshwater input may result in mixed, more negative DIC isotope

values (Mook 1971, Anderson & Arthur 1983).
Because of these reasons, DIC isotope values in marine water cover a range of

several ‰ PDB with an actual average for surface water at ca. +1‰.
Interpretations of carbon isotopes in carbonates therefore must account for ocean

circulation patterns, primary productivity and local effects. Only global changes cov-
ering time-spans longer than the residence time of DIC in the ocean (105 y) will une-
quivocally represent changes in the partitioning between sedimentary organic and
inorganic carbon reservoirs (Lini 1994).

Oxygen isotopes and paleo-temperatures
Carbonate oxygen stable isotopes are derived from the water in which the carbon-

ate is precipitated. They may give precious information to the physical conditions
(temperature, isotopic composition of the water) at the time of formation and sedi-
mentation of the measured carbonate. Generally, however, whole rock carbonate
oxygen isotopes are reequilibrated during diagenesis and lose the original environ-
mental signal (McIlreath & Morrow 1990). Therefore, only well preserved shell mate-
rial (mainly foraminifera and molluscs) has been used for paleoenvironmental recon-
structions (Bowen 1966, Dansgaard & Tauber 1969).

Calibration
The stable oxygen isotope composition of well preserved fossil shells have been

used as paleo-temperature indicators for more than 40 years (Epstein et al. 1951,
Epstein et al. 1953, Craig 1965, Bowen 1966, Shackleton & Kennett 1975, Stoll &
Schrag 2000). The “Epstein formula” is used for the standard calculation of
temperatures:
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T (°C) = 16.5 - 4.3 (δδδδc-δδδδw) + 0.14 (δδδδc-δδδδw)2

where δc is the oxygen isotope composition of the shell (‰ PDB) and δw is the iso-
topic value (‰ SMOW) of the water in which the shell growth occurred (Epstein et al.
1951, Epstein et al. 1953). This empirical formula was calibrated on similar material
(marine mollusc shells) to what was measured in this study (fossil marine shells).

Oceanic water value (δw)
Climatic models (Frakes 1979, Barron 1989) indicate the absence of large icecaps

in the Cretaceous. Shackleton & Kennett (1975) found a difference of -1.2‰ for the
oxygen isotope value of deep-sea benthic foraminifera between interglacial (present)
and non-glacial times. Because the deep-sea temperature is assumed to be con-
stant, this shift represents a change of -1.2‰ (SMOW) in the δ18O composition of
ocean water.
Since the oxygen isotopic composition of sea water appears to be buffered for long

term variations by the oceanic crust (Gregory 1991), the value of -1.2‰ for oceanic
δw is also valid in the presumably ice-free Valanginian.
This value does not, however, take the evaporation fractionation, nor the meteoric

dilution effect into consideration (Mook 1971). Spicer & Corfield (1992) assume an
evaporation effect of +0.7‰ for the Early Cretaceous and use oxygen isotope values
δw for surface water of -0.5‰ SMOW.
Recent measurements in the Red Sea (Ganssen 1991) show an evaporative in-

crease in δ18O from 0.4‰ in the Gulf of Aden up to 1.6‰ (SMOW) in the Gulf of
Suez, while the salinity increases from 37‰ to 40‰. This 1.2‰ evaporation-shift in a
half-closed basin in a desert region probably represents a maximal value for recent
normal marine settings.
Since both, temperature and δw probably changed seasonally in near-shore,

shallow-marine environments, the variability of δ18O in shell material cannot be as-
signed to a single cause. However, temperature ranges accounting for δw variability
can be estimated (see chapt. 5.6.).

5.1.3. The Valanginian Carbonate δδδδ13C-Excursion
Changes in the carbon isotopic composition of carbonate rocks are used as indica-

tors of past global disarrangement of the exogeneous carbon cycle due to variations
of atmospheric pCO2 and corresponding climatic changes (Arthur et al. 1985, Weis-
sert et al. 1985).
The most striking examples are the Cretaceous Aptian-Albian and Cenomanian-

Turonian positive δ13C-excursions. These events are associated with large-scale
source-rock deposits and world wide oceanic anoxic events (Schlanger & Jenkyns
1976, Scholle & Arthur 1980). They are interpreted as the result of higher pCO2 in
the atmosphere resulting from intensified ocean-spreading activity and producing a
warm, humid “greenhouse climate”(Weissert et al. 1985, Weissert 1989). High eus-
tatic sea-levels due to rapid sea-floor spreading resulted in submerged shallow
shelves and facilitated the mass production and burial of organic matter. Sluggish
oceanic circulation allowed the oxygen minimum zone to expand, preserving organic
matter from oxidation (Schlanger & Jenkyns 1976, Schlanger et al. 1987).
The postulated increase of weathering rates, nutrient transfer to the ocean and en-

hanced marine and terrestrial primary productivity acted as negative feed-back
mechanism reducing the pCO2 again and causing global climatic cooling (Föllmi et
al. 1994, Weissert & Mohr 1995). In the Miocene “Monterey event”, these mecha-
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nisms (mainly the enhanced biological CO2-pump and CO2-binding by weathering)
probably shifted the climate to colder conditions than at the onset of the positive
δ13C-excursion (Vincent & Berger 1985, Jacobs et al. 1996).
Long-term global changes in the production and burial of organic matter and ensu-

ing variations of the Corg/CCarb deposition ratio are favoured as mechanisms inducing
a carbon isotope excursion in marine carbonatic sediments (Jenkyns et al. 1994).
Varying carbonate production rates, notably on shallow shelves, may also influence
the isotopic budget of the ocean (Weissert & Mohr 1995).
If the ratio of Corg/CCarb deposition increases, the isotopic composition of the bio-

spheric carbon (mainly DIC) shifts to more positive δ13C-values, because of the
enhanced removal of 12C by burial of organic material. Provided that carbon isotopic
fractionation factors for organic matter and carbonates remain constant, then both
should trend towards a more positive δ13C. On the long term, this effect will compen-
sate 12C removal by organic matter and stabilise the δ13C of the biospheric carbon at
higher values, consequently ending the positive isotope shift (Weissert 1989,
Schidlowski & Aharon 1992).
The negative feed-back mechanisms, counteracting the global warming, lead to a

decrease of the Corg/CCarb deposition ratio, which is achieved by decreasing primary
productivity, higher carbonate production rates or better oxygenation of the oceans
(Weissert & Mohr 1995). Thus, δ13C in marine carbonates shifts towards less positive
values again.
The Valanginian isotopic excursion was discovered years after the famous “Mid-

Cretaceous” events (Lini et al. (1992), fig. 5.3). It is also a global event present in the
Atlantic, the Pacific, the Southern and Northern Tethyan margin and has been inter-
preted similarly to those later events although there are some differences (Lini 1994).
The most significant distinction is the absence of large-scale marine source rock
deposition in the Valanginian (Scholle & Arthur 1980).
The Valanginian δ13C excursion starts at 1± 0.5‰ and has a constant amplitude of

1.5‰. The maximum (δ13C = 2.5±0.5‰) is reached in the Late Valanginian. Pre-
excursion values are reached again in the Late Hauterivian (Lini et al. 1992).
Assuming no reservoir changes except for the sediments, a rough estimate for

Corg/CCarb burial rates can be calculated. In steady state, the isotopic composition of
the sedimentary output (Corg+CCarb) must equal the isotope value of the input (vol-
canic CO2 = -7‰, chapt. 5.1.1.). With estimated carbon isotope fractionations for
CO2 volc-Corg of -18‰ and for CO2 volc-CaCO3 of +8‰, the long-term, pre-excursion
ratio of Corg/Ccarb burial should be 8/18 or 0.44 (30% Corg, 70% Ccarb). Assuming a
constant fractionation between organic and inorganic carbon of 26‰, the positive
carbonate carbon isotope shift of 1.5‰ would represent an Corg/Ccarb burial of
9.5/16.5 or 0.58 (36% Corg, 63% Ccarb).
Since the Valanginian is not marked by extensive marine source rock deposits

(Scholle & Arthur 1980), where is the supplementary organic matter? One possible
explanation for the difference to the Aptian/Albian event are the lower background
isotope values and the smaller amplitude of the Valanginian δ13C-excursion. Possibly
the calculated peak 0.58 ratio of Corg/Ccarb burial was not sufficient for wide-spread
black-shale deposition compared to the peak ratio of 0.73 (max. carbonate δ13C of
ca. +4‰, Weissert 1989) of the Aptian-Albian event.
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Enhanced organic matter preservation through higher sedimentation rates and
wide-spread terrestrial coal deposition are the assumed mechanisms for 12C deple-
tion of the biospheric carbon cycle in the Valanginian (Lini 1994, Kuhn 1996).
Another complementary explanation are lower Ccarb deposition rates due to carbon-

ate platform drowning (Weissert et al. 1998) and reduced nannoplankton calcification
resulting from high pCO2 (Riebesell et al. 2000).
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Fig. 5.3: World-wide occurrence of the Valanginian carbon isotope excursion (Lini 1994).

The Valanginian carbonate carbon isotope excursion was defined in pelagic sedi-
ments and dated with nannofossils and magnetostratigraphy (Channell et al. 1993). It
was important to trace it to shallower settings and carbonate platforms. There, the
inferred correlation of carbon isotope excursions with high sea-levels, climate and
enhanced continental weathering can be checked. In addition, the calibration of the
δ13C-excursion with the standard age reference for the Valanginian, the ammonite
biostratigraphy (Busnardo & Thieuloy 1979) improves the precision of carbon isotope
stratigraphy.
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5.2. ORIGINAL ISOTOPIC COMPOSITION OF BIOGENEOUS SEDIMENTS

5.2.1. Introduction
Marine limestones are composed of a variety of inorganic and biogeneous compo-

nents cemented by marine or meteoric cements and more or less altered by diage-
nesis (see chapt. 5.3.). Considering also the varying vital isotope fractionation effects
of calcareous organisms, a bulk isotope measurement always represents a mixture
of all these elements.
In lithified rocks devoid of well-preserved calcareous macrofossils, bulk samples are

the only available material for isotopic analysis. Ideally, the diverging fractionations of
the single components are levelled out against each other and the mean fractiona-
tion from DIC remains constant.
This theory is empirically confirmed for pelagic, micritic nannoplankton limestones

(Scholle & Arthur 1980, Weissert 1989, Lini 1994). This is surprising considering the
very diverse fractionation effects of coccoliths (Dudley et al. 1986, Wefer & Berger
1991) and the varying nannoplankton content of the limestones (Lini 1994).
The shallow marine Valanginian platform sediments of the Jura mountains and

Provence are typically composed of bioclastic and oolitic calcarenites as well as fos-
siliferous marls. Most abundant bioclasts are fragments of crinoids, bryozoans, echi-
noids, calcareous sponges, bivalves, serpulids, brachiopods, oysters and benthic
foraminifera. The marls contain bioclasts and varying amounts of nannoplankton
(coccoliths). The only primarily (partly) inorganic components are oolites.
Since such lithologies are not usually used for carbon isotope stratigraphy, some

control over their primary isotopic composition is needed. This can be achieved by
analysing separately different types of rock-forming bioclasts or fossils.

5.2.2. Rock-forming bioclasts, fossils and marl at Etroits
The isotopic composition of perfectly preserved bioclasts or fossils provides a direct

control over vital and other primary isotope fractionation effects. Unfortunately, the
occurrence of non-altered shell material is very rare in the investigated Valanginian
sections, except for thick-walled, low-Mg calcite fossils such as oysters, brachiopods
and belemnites. Well preserved major rock-forming bioclasts were found at the
Etroits locality only.
At the Col des Etroits, the Alectryonia-beds consist of bioclastic, slightly limonitic

yellow marl. They contain as major components crinoid ossicles and bryozoans
(“marnes à bryozoaires”, Walter 1972), as additional bioclasts calcareous sponges,
serpulids, echinoid fragments, Alectryonia, bivalve fragments, few terebratulids,
ophiurid ossicles, ostracods, few benthic foraminifera and unidentified echinoderm
debris. No oolites were found.
Marly samples from Etroits were washed and sieved (0.125, 0.25, 0.5 mm or 0.1,

0.3, 0.6 mm) and single, well preserved bioclasts were picked under the binocular.
Some of the bioclasts were photographed in SEM (plate. 5.1). Selected crinoids

(plate 5.1-1 to 8) and ophiurids (plate 5.1-9) show perfect preservation. Ossicles are
still porous and surface structures are unaltered or slightly abraded. There is almost
no overgrowth of secondary calcite. Echinoids (plate 5.1-10) and their spikes (plate
5.1-11&12) are well preserved but recristallised. They have lost their original poros-
ity; their surface is abraded and/or covered with secondary calcite. Ostracods (plate
5.1-13&14) show small scale recristallisation features on their surface. Chambers
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and voids of bryozoans, serpulids and sponges are often filled with cement. Tere-
bratulid brachiopods are still visibly punctate and Alectryonia show lamellar
structures.
In order to compare the isotopic composition of single bioclasts with respect to

whole rock samples, single bioclasts, bulk bioclastic marl samples and sieved mate-
rial, consisting of a random mixture of bioclasts and other components, were
crunched and isotopically analysed. Additionally, suspension (material < 0.12 mm)
was recovered during preparation, dried and analysed.
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Fig. 5.4: Isotopic composition of single bioclasts, low-Mg fossils, mixed sieved components and bulk
samples from the Alectryonia-beds at the col des Etroits.

Plate 5.1: SEM pictures of bioclasts from Etroits

1-3: Echinoderm ossicle with perfectly preserved surface structures.

4-6: Crinoid arm-plate with abraded surface. Primary porosity very well preserved with minor secon-
dary calcite overgrowth.

7: Crinoid columnal with perfectly preserved surface structure and primary porosity.

8: Branching crinoid arm-plate with perfectly preserved surface structure and primary porosity.

9: Perfectly preserved ophiurid ossicle with primary porosity.

10: Partly preserved surface structure of echinoid, but no primary porosity visible.

11-12: Compact, recristallised echinoid spike with perfectly preserved surface structures.

13-14: Well preserved ostracod with small-scale recristallisation features on surface.

All photographs were done by Dr. D. Grujic.
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Plate 5.1: SEM-pictures of bioclasts from Etroits
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Crinoids
Crinoid bioclasts originally consist of porous, single-crystal Mg calcite. This makes

them liable to recristallisation to compact, single crystal low-Mg calcite during diage-
nesis. The perfect preservation at the col des Etroits is therefore quite exceptional
and gives an insight in the primary isotopic composition of a major rock-forming
component.
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Fig. 5.6: Crossplot δ13C/δ18O of all measured crinoids from the Alectryonia-beds at Etroits. No signifi-
cant covariance (R2=0.246).



5-Stable Isotopes 78

Compared with modern crinoids, absolute δ13C-values of crinoid ossicles from the
Alectryonia-beds at Etroits are very positive: 1.3 to 1.8‰, mean 1.5‰; recent: -8 to -
2‰ (Weber 1968) and their range is rather small (0.5‰, fig. 5.4 & 5.5). This points to
little influence of vital effects (incorporation of metabolic 12C-enriched CO2) contrarily
to modern crinoids (Weber 1968, Wefer & Berger 1991).
The crinoid mean δ18O-value (-1.66‰) is identical with mean δ18O of bivalve frag-

ments (-1.62‰, fig. 5.4, see chapt. 5.2.5), which are supposed to fractionate in equi-
librium with ambient sea-water (Epstein et al. 1951, Epstein et al. 1953, Anderson &
Arthur 1983). Therefore crinoid δ18O is also probably not strongly altered by vital
effects. The δ18O-values range over 3.5‰. This large range of δ18O presumably indi-
cates a variable environment with (seasonally?) changing conditions for temperature
and/or salinity.
The lack of covariance between δ13C and δ18O points to environmental factors and

not to diagenesis or vital effects as a reason for the scatter of data (fig. 5.6). More-
over, incorporation of metabolic CO2 should change primarily carbon, not oxygen
isotope values.
Concluding, there is no indication of significant “vital effects” for neither δ18O nor

δ13C in the measured crinoids.

Echinoids, serpulids, calcareous sponges and bryozoans
Mean δ13C-values of echinoids (1.4‰), serpulids (1.2‰), calcareous sponges

(1.3‰) and bryozoans (1.2‰), are only slightly, 0.1-0.3‰, less positive than crinoid
values (fig. 5.4 & 5.5). This indicates that carbon isotope fractionation from DIC was
similar for all these important groups of calcareous organisms. Calcite precipitation in
equilibrium with sea-water was documented for bryozoans (Forester et al. 1973, Rao
& Amini 1995).
The comparably negative δ18O-values (< -3‰) of most samples are due to diage-

netic modification, such as recristallisation or cement filling (fig. 5.4 & 5.5, chapt.
5.3).

Bulk and mixed component samples
The absolute δ13C-values of bulk samples and sieved components lie between +1.2

and +1.6‰, which corresponds to the range of most measured single bioclasts (fig.
5.4 & 5.5). Mean δ13C-values of bulk samples and sieved components diverge by
only 0.035‰, an insignificantly small difference regarding the scatter of individual
samples. Since bulk samples contain micrite, which is absent in the sieved compo-
nent samples, this is an indication that bioclasts and micrite had a similar overall
fractionation from DIC.
The absolute δ18O-values of bulk samples and sieved components lie between -3

and -2.5‰ except for one bulk sample (see below). This corresponds to the middle
of the δ18O-field for all measured bioclasts (fig. 5.4 & 5.5). The range of about 0.5 to
0.6‰ is very small compared with the total range of bioclasts.
All values for bulk and sieved mixed components are located in the middle of the

δ13C/δ18O-field of the single component samples (fig. 5.4 & 5.5). This shows, that
through the mixture of very different components, a representative mean value for
the isotopic composition of the bioclastic sediments is reached (except possibly for
Alectryonia, see chapt. 5.2.3.).
The least negative bulk δ18O-value (-1.4‰) was measured in a micritic brachiopod

filling. Probably, after the initial sediment filling, the brachiopod shell was closed
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during compaction, which hindered water infiltration. The filling formed therefore a
closed system for both, δ18O and δ13C. This means that these values likely represent
the original isotopic composition of the micrite. Both, the δ18O- and the δ13C-values
are near the mean value of the crinoid bioclasts. This indicates that there was no
different fractionation for micritic carbonate and crinoids.
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erages of the measurements. Weak covariance (R2=0.41) for all measurements, no covariance
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For suspension samples, the isotopic ratios are shifted by -0.5 to -0.7‰ for both,
δ13C and δ18O, compared with mean sieved component and bulk values (fig. 5.7).
This shift is most probably caused by partial dissolution of the fine-grained carbonate
during preparation.

5.2.3. Isotope stratigraphy with low-Mg calcite fossils
Many authors have used stable isotopes of originally low-Mg calcite fossils, such as

bivalves, brachiopods and belemnites, for carbon isotope stratigraphy (Marshall
1992) and/or in order to reconstruct pre-tertiary paleo-temperatures with δ18O (e.g.
Bowen 1966, Stevens & Clayton 1971, Grossmann et al. 1991, Schönfeld et al.
1991, Price & Sellwood 1994).
This approach was tested at sections where these fossils are abundant and well

preserved (Lamoura, Barre des Taulières, Wellenberg SB2). Screening techniques
for diagenesis (Veizer 1974), such as cathodoluminescence, were not applied on the
few analysed samples.

Brachiopods and bivalves
Some apparently well preserved Alectryonia and terebratulids from the Lamoura

section (mainly Alectryonia-beds) were selected and analysed (fig. 5.8).
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The Alectryonia δ13C-values are consistently over 1‰ more positive than bulk val-
ues, while terebratulid values show considerable variations. The δ18O-values of the
fossils scatter between -2.7 and -0.8‰, which is similar to the well preserved bio-
clasts and fossils from Etroits.
At the Barre des Taulières, some well preserved bivalves and brachiopods were

drilled and analysed (fig. 5.9).
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δ13C), rhynchionellid (r: δ18O, R: δ13C), bivalve molluscs (m: δ18O, M: δ13C).

δ13C-values of bivalves scatter and can be both, more or less positive than corre-
sponding bulk values. Possibly, (micro-) environmental and/or vital factors cause an
unpredictable fractionation of carbon isotopes (Young 1992).
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δ18O-values of bivalves are higher than or similar to bulk samples from the same
stratigraphic level. Molluscs are expected to precipitate calcite in equilibrium with
sea-water (Epstein et al. 1951, Epstein et al. 1953). The preservation of less nega-
tive, marine δ18O-values in mollusc shells points to little or no diagenetic overprint
(see chapt. 5.3.).
At the base of the “marly member” of the Marnes à Toxaster in the Taulières section

(ca. 21 m), samples of perfectly preserved brachiopods show a covariance of carbon
and oxygen isotope values (fig. 5.10). Although there are few data, the large δ13C-
range of 1.8‰ and the covariant δ18O-range of 1‰ are significant. This correlation of
δ13C/δ18O and the more pronounced shift for δ13C than for δ18O indicate the incorpo-
ration of metabolic CO2 for these brachiopod shells (vital effects).
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Fig. 5.10: Crossplot δ13C /δ18O of four samples from three brachiopods of the Taulières section. Sig-
nificant covariance (R2=0.98).

Vital effects are described in a recent study on the isotopic composition of different
species of modern brachiopod shells (Carpenter & Lohmann 1995): “Calcite from the
primary layer and specialised shell structures (hinge, brachidium, foramen, interarea,
muscle scars) are depleted in both 18O and 13C a characteristic of biological frac-
tionation or “vital effects” (...). Secondary layer calcite, the material most often ana-
lysed in ancient brachiopods, has higher δ18O and δ13C values which approach and
sometimes correspond with predicted equilibrium values. (...). Ontogenetic variations
in the δ13C values of secondary layer calcite have also been measured and must be
assessed when interpreting ancient data.”
Habitat effects may also be responsible for differences in δ13C-values between

semi-infaunal and epifaunal brachiopod species (Grossmann et al. 1991). Vital- and
habitat effects change δ13C more than δ18O. Earlier studies (Lowenstam 1961,
Morrison & Brand 1986, Wefer & Berger 1991) assumed oxygen isotope equilibrium
for brachiopod shell growth.

Belemnites
Belemnites from the NAGRA-core SB2 from Wellenberg were sampled and

analysed (fig. 5.11).
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Belemnite δ13C-values are either similar or lower than bulk values from the same
stratigraphic level and scatter considerably (-0.4 to 2‰). The δ18O-values also scat-
ter (-2.6 to -0.1‰) and are less negative than bulk. This scatter is comparable with
the observed variance of up to 1.5‰ in δ18O and 2‰ in δ13C within single specimens
of calcitic rostra (Spaeth et al. 1971, Jenkyns et al. 1994).
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Fig. 5.12: Crossplot δ13C/δ18O for all measured belemnites in the SB2 NAGRA-core from Wellenberg.
No covariance (R2=0.03).

There is no covariance of carbon and oxygen isotope values (fig. 5.12). However,
because belemnite δ13C-values are generally less positive than bulk, vital effects or
diagenetic alterations are probable.
Belemnite isotope data are used as paleo-temperature indicators (Urey et al. 1951,

Naydin et al. 1956, Bowen 1966, Spaeth et al. 1971, Stevens & Clayton 1971,
Jenkyns et al. 1994, Price & Sellwood 1994), but rarely for carbon isotope stratigra-
phy because of vital effects (Wefer & Berger 1991) and considerable scatter.
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The use of belemnite rostras for carbon isotope stratigraphy appears justified where
whole rock carbon isotopes are too altered to show a reliable primary marine signal.
Rosales et al. (2001) obtained a Jurassic (Pliensbachian) Belemnite carbon isotope
curve in Northern Spain (Reinosa area), in petroleum source rocks, which is compa-
rable to bulk rock data at other sites. However, many samples were needed in order
to counterbalance the considerable scatter.
If diagenesis changed δ18O-values is a matter of long-standing discussion (Veizer

1974, Jenkyns et al. 1994, Jenkyns et al. 2002). Results from an oxygen isotope
study on belemnites from New Zealand (Stevens & Clayton 1971) show that diage-
netic alteration is usually confined to the outer layers of the guard and the innermost
layers adjacent to the apical line.
Implications for paleo-temperature reconstructions are discussed in chapt. 5.6.

5.2.4. Lithological changes
Major variations in the association of fossils and components in sediments are

recorded as lithological changes. If the various components fractionate in a distinct
way, dissimilar isotopic signatures are possible for different lithologies. In sections
with alternating lithologies, it was tested, if there was a systematic isotopic shift from
one to the other.

Bioclastic and oolitic calcarenites
In Lamoura and Le Boulu, the bulk carbon isotopic composition of adjacent bioclas-

tic and oolitic beds shows no difference. Apparently, the mean carbon isotope frac-
tionation of the bioclasts is not significantly different from inorganic fractionation.

Marl-limestone alternations
In the Jura and Provence, marls contain nannofossils (coccoliths) while limestone

consists of mainly bioclastic calcarenite. If carbon isotope fractionation of nanno-
plankton was different from the bioclasts, a correlation between carbonate content
and δ13C-values should be apparent.
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In both, the Colas I and Carajuan sections, there is no covariance of carbon isotope
values and carbonate content (fig. 5.13).
This result indicates that there are no isotopic differences between micritic coccolith-

marls and bioclastic calcarenites in these sections.

5.2.5. Summary and conclusions
The results of this study essentially indicate primary carbon and oxygen isotopic

equilibrium for most of the rock-forming components. This is in accordance with
results from bryozoans, brachiopods and bulk carbonates of modern environments
off the coast of eastern Tasmania (Rao & Amini 1995, Rao & Huston 1995).

δ13C
In Etroits, the rock-forming bioclasts, which are typical for the shallow marine

Valanginian sediments of the Jura Mountains (Marnes d'Arzier, Calcaire Roux and
Alectryonia-beds) are well preserved. The carbon isotope composition of individual
bioclasts - crinoids (columnals and arm plates), echinoids, serpulids, calcareous
sponges and bryozoans - scatters by ca. ±0.3‰. Several measurements on different
specimens are required to obtain a representative mean value.
These bioclasts have similar mean δ13C-values of 1.2-1.5‰, which corresponds to

the δ13C of mixed component samples and of bulk sediment. Varying proportions of
these bioclasts do not significantly alter the isotopic composition of bulk samples.
Most of the analysed low-Mg calcite fossils (bivalves, brachiopods and belemnites)

could not be used for carbon isotope stratigraphy because their individual δ13C-
values do not correspond to bulk values and scatter considerably. Due to these poor
results, no further analysis of possible diagenetic alterations were effected.
Brachiopods show vital effects. Since single shell δ13C-values may be lower or

higher than bulk, brachiopod bioclasts probably do not shift bulk values in either
direction.
The large and unpredictable scatter of δ13C makes the belemnites analysed in this

study inappropriate for carbon isotope stratigraphy.
Alectryonia-shells have always more positive δ13C-values than bulk material (1-

1.5‰) and should therefore be avoided in bulk samples, if possible. Other oysters
and calcareous bivalves also tend to more positive δ13C values and thus may shift
bulk values. This phenomenon is difficult to explain but may be due to environmental
fractionation (Young 1992). As a rule, the amount of oyster-shell clasts within bulk
samples with exceptionally positive δ13C-values should be checked.
In Lamoura and Le Boulu there is no δ13C difference between oolitic (partly inor-

ganic) and bioclastic beds. This indicates that the calcareous organisms precipitated
calcite at or near carbon isotopic equilibrium with DIC. Contrarily to modern crinoids,
the Valanginian crinoids did not fractionate differently from other bioclasts and thus
did not modify bulk δ13C-values.
In Etroits, Colas I and Carajuan (Provence), no difference was found in the carbon

isotopic composition of micritic (coccolith) marls and calcarenites. Therefore, the
Valanginian micritic marly and oolitic to bioclastic lithologies of the Jura-platform and
the Provence had a similar carbon isotope fractionation with DIC.
Isotopic analysis of inhomogeneous marly as well as calcarenitic bulk samples (if

not diagenetically altered, chapt. 5.3.) represents a primary carbon isotope signal,
which reflects the isotopic composition of local marine paleo-DIC. Bulk values are an
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average of all different components in a sample. Since most examined components
have a similar primary δ13C composition, different proportions of these components
(except large amounts of Alectryonia or other oysters) in bulk samples do not signifi-
cantly alter δ13C-values.

δ18O
In Etroits, Lamoura, Taulières and Wellenberg SB2, well preserved fossils and bio-

clasts, such as crinoids (only in Etroits), brachiopods, Alectryonia, other bivalves and
belemnites, have distinctly less negative oxygen isotope values than diagenetically
overprinted bioclasts and bulk samples. Since they additionally have comparable
δ18O-values within one section, they have presumably kept their primary oxygen
isotopic composition.
As molluscs are not expected to show vital effects (Anderson & Arthur 1983) and

since they have corresponding values to the other fossil groups, all these organisms
probably grew their shells in isotopic equilibrium with the surrounding water. Oxygen
isotope composition of brachiopod shells are most probably affected by vital effects
(or diagenesis) if there is a covariance of δ18O with δ13C.
The oxygen isotopic composition of these fossil groups probably reflects the original

environmental conditions i. e. temperature and δw varying with salinity. It can there-
fore be used for paleotemperature determinations, except for brachiopods, which can
only be used in combination with other organisms.
The observed wide range of primary δ18O-values (up to 2.5‰) within one fossil

group and within one stratigraphic level (e. g. belemnites in Wellenberg SB2, see fig.
5.11) reflects the very variable environmental conditions in which these organisms
lived (see chapt. 5.6.).

5.3. DIAGENESIS

5.3.1. Introduction
“Diagenesis can be defined as the changes which occur in the character and com-

position of sediments, beginning from the moment of deposition, and lasting until the
resulting materials (rocks) are moved into the realm of metamorphism” (Larsen &
Chilingar 1979).
Diagenetic changes are the result of rock/fluid interactions. When pore-water is not

in thermodynamic equilibrium with the surrounding sediment (under- / oversaturation)
material will be dissolved or cement is precipitated (McIlreath & Morrow 1990). The
chemical and isotopic composition of the resulting rock will depend on

a) The original composition of the sediment
b) The composition(s) of the fluid(s) (material in- or output)
c) The rock/fluid ratio (closed or open system)

The aim of this study is to reconstruct the original composition of the sediments.
Since factors b) and c) are not known, the amount of material exchange and the
quantity and nature of extraneous material input have to be assessed.
Diagenesis depends essentially on the primary composition of the initial carbonate

phase. Contrarily to modern environments, the Valanginian was not characterised by
extensive aragonite-deposition in shallow tropical seas. “Calcite seas” coupled with
the “greenhouse mode”, due to high atmospheric pCO2, distinguished the Early
Cretaceous from the present (Milliken & Pigott 1977, Stanley 1984, Wilkinson et al.
1985, James & Choquette 1990b).
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The predominant original phases for the analysed sediments are therefore Mg-
calcite and calcite. Molluscs (some bivalves, gastropods, ammonites) are the only
possibly important aragonite-source. Otherwise major aragonite-producers, such as
corals and rudists are absent.
High-Mg calcite and Mg-calcite are less stable phases than low-Mg calcite. During

diagenesis, Mg-calcite components usually dissolve, while at the same time low-Mg
calcite is precipitated. Experimental results of simulated meteoric diagenesis (Turner
et al. 1986) show that there is isotopic exchange between the solution and the car-
bonate.
The analysed rocks typically have undergone several generations of various diage-

netic alterations, which are discussed below.

5.3.2. Early marine diagenesis
The first diagenetic step of the marine sediments is sea-floor diagenesis.
In the warm, shallow-water environments oversaturated with respect to carbonates,

Mg-calcite cement or micrite can be precipitated around sediment particles. Other
typical sea-floor alterations are borings and particle micritisation (James & Choquette
1990b).
Micritic rims, borings and fine-grained isopacheous non-luminescent (cathodolumi-

nescence) cements around components are typical features of the Calcaire Roux
and arenitic parts of the Alectryonia-beds in Lamoura and Le Boulu (Plate 4.3-3 to 6).
Micritic rims and components are very abundant in the Val Cellina. Pore space is

either filled with micritic calcite (primary or diagenetic) or with sparry calcite (see
early meteoric diagenesis, chapt. 5.3.3).
Since sediment formation and the diagenetic alterations occur in the same environ-

ment, early marine diagenesis in shallow-water carbonates helps to fix the original
isotopic signal of the marine water and DIC.
In the deep sea environment, carbonate dissolution at the water-sediment interface

and some reprecipitation within the sediment may take place (James 1990). If or-
ganic material is not involved (see early meteoric diagenesis, chapt. 5.3.3), this will
change oxygen isotope values (colder precipitation temperatures, less negative
δ18O) but scarcely δ13C (DIC buffered by dissolving sedimentary carbonate, exam-
ple: La Charce fig. 5.28).

5.3.3. Early meteoric diagenesis
Shallow marine sediments are often exposed during emersion phases (Esteban &

Klappa 1983). Even if there is no subaerial exposure, meteoric ground-water may
flow through submerged sediments into the sea, or a meteoric fresh water lens may
extend laterally and vertically around emerged land (Enos 1983).
Diagenetic alteration occurs because the chemical equilibrium between carbonates

and solution is different for marine and meteoric water. Unstable phases such as Mg-
calcite and aragonite will dissolve and new, low-Mg calcite will precipitate (James &
Choquette 1990a).
If no organic material is present, the isotopic DIC-composition of the water will be

buffered by the sediments. Isotopically negative atmospheric CO2 will have but little
effect on the δ13C of the precipitated calcite. The oxygen isotope composition of
rainfall and hence meteoric water is generally negative. Its value is determined by
many factors, such as latitude, intensity of rainfall, fractionation during evaporation
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and transport, altitude etc. (Berner & Berner 1996). Increasing diagenesis will there-
fore result in distinctly more negative δ18O and only slightly less positive δ13C of the
sediment. This leads to a weak covariance of δ13C versus δ18O (Fig. 5.14: path B,
example: Etroits bioclasts, see fig. 5.5).

INCREASING
METEORIC EFFECTS

BARBADOS

BERMUDA

C
O

V
AR

IA
N

T 
M

IX
IN

G

O
F 

M
A

R
IN

E
 &

 O
R

G
A

N
IC

A
LL

Y

C
H

A
R

G
E

D
 M

E
T

E
O

R
IC

 W
AT

E
R

MARINE
SEDIMENTS

IN
C

R
E

A
S

IN
G

 H
O

S
T

-S
E

D
IM

E
N

T
IN

F
LU

E
N

C
E

 IN
 R

O
C

K
-W

A
T

E
R

 I
N

T
E

R
A

C
T

IO
N

CALCITE PRECIPITATED
IN CALCRETE & SOIL

PROFILES

PLEISTOCENE
COMPOSITIONS

C

B

-10 -8 -6 -4 -2 0 +2 +4
δ18O [‰]

+6

+4

+2

0

-2

-4

-6

-8

-10

-12

AVG δ18O OF CALCITE PPT'D
IN OPEN METEORIC

 PORE-WATER SYSTEMS

AVG δ13C OF
MARINE SEDS

A

δ1
3 C

 [
‰

]

Fig. 5.14: Early meteoric diagenesis. Isotopic alteration of sediments with increasing meteoric diage-
nesis (James & Choquette 1990a). A, B, C see text.

If meteoric water flows through organic-rich sediments (e.g. soils), oxidised organic
matter will enrich the water with isotopically light DIC. Also, humic acids will lower the
pH and dissolve carbonates. If saturation is reached, the precipitated calcite will be
enriched in 12C and δ13C will shift towards negative values. This type of diagenetic
history leads to strong covariance of δ13C with δ18O (fig. 5.14: path A, examples:
Lamoura below emerged hardground L17, see fig. 5.20 and Salève, fig. 5.15).
However, if there is evaporation (e.g. in ponds or restricted lagoons), 18O will

become enriched in the water. Thus, δ18O of primary calcite and of meteoric cements
may evolve to less negative values while δ13C gets negative through input of isotopi-
cally light DIC (example: Val Cellina, sparry calcite cements, fig. 5.15).
Sediments altered by meteoric water enriched with organic-derived DIC have very

different δ13C and δ18O values compared with the original. Since the diagenetic paths
can be very variable, no reliable reconstruction of the original isotopic composition
can be reached, as for example in the entire Salève section (chapt. 5.4.A.3.).
In the Val Cellina, early meteoric diagenesis produced an early lithification of the

rocks. Most DIC of the meteoric waters probably resulted from strong dissolution of
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the carbonates (karstic dissolution on top of numerous beds) and therefore did not
have negative δ13C-values (chapt. 5.4.C.1.).
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Fig. 5.15: δ13C versus δ18O plots of meteoric early diagenetic trends. Salève: Cave fillings from below
the base of the Calcaire Roux, bulk sediment from top Chambotte and lowermost Calcaire Roux
(R2= 0.97). Val Cellina (sample C25, 34 m): Bulk sediment and meteoric cements in a karstic
hole.

5.3.4. Ankerite formation
Ankerite, a mixed Ca-Mg-Fe carbonate mineral, is present in many Jura sections. It

is most frequent in yellow-brown, clay-rich rounded limonite pebbles.
In Le Boulu ankerite was found as soft, muddy filling within bioturbation burrows (O.

Kuhn, pers. comm.). The exceptionally high δ18O-value (-0.30‰) of the bioturbation
fillings points to enrichment of 18O due to evaporation.
In Lamoura, a mixture of ankerite and iron-rich clay frequently fills primary pore-

space in fossils such as bryozoans, sponges and echinoderms. It is usually associ-
ated with non-ferroan calcite cement, while the fossils are altered to ferroan calcite.
Ankeritic material is found in the largest pores, the calcitic cement fills the residual
space. Probably, open pore-space was filled with calcareous mud containing iron-
rich clay minerals and/or goethite while less accessible room was later filled with
originally low-Mg, presumably early meteoric cement (see chapt. 5.3.2). Ankerite
may have evolved later, during diagenesis under reducing conditions.
In Lamoura, ankeritic material is never found as cement or matrix between compo-

nents, except in lithoclasts. Therefore, the ankeritic filling of bioclast-pores must have
happened before the components were finally deposited.
The first stage of meteoric diagenesis may therefore have altered the individual bio-

and lithoclasts in a near-shore, sporadically exposed environment.
The percentages of both, ankerite and associated low-Mg meteoric calcite cement

in Lamoura (and other sections) are small (max. 10%). Their impact on the isotopic
composition of bulk rock should therefore be limited.
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5.3.5. Carbonate concretions

Carbonate concretions in fine-grained marly limestone occur in the Taulières and
Carajuan sections, especially around fossils and burrows. Usually, there is no sharp
limit between the well lithified concretion and the softer surrounding sediment.
At the top of a marly bed in the Grande Lumachelle in Carajuan, one lithified and

spectacular example of a carbonate concretion around a burrow was found (PC67,
Plate 4.4-5). The inner part of the concretion consists of the arenitic filling of the bur-
row. It is dark due to the presence of pyrite. Around the centre, green clay layers in
white micritic limestone follow. The outermost part consists of a variegated white and
light-grey limestone.
Six samples from the inner to the outer layer were analysed (fig. 5.16). They show a

covariance of carbon and oxygen isotope values: For 1‰ δ18O-decrease, δ13C-val-
ues diminish for 0.4‰. The least positive values were measured in the inner, arenitic
part of the concretion.

δ1
8 O

 [‰
]

δ13C [‰]

****

****

****

****

****

-2.4

-2.2

-2

-1.8

-1.6

-1.4

2 2.2 2.4 2.6

AB

C

D
E

F

****

A & B: Arenitic filling

C & D: Green clay layers

E & F: Outermost white and

 light-grey limestone

Carajuan (carbonate concretion)

Fig. 5.16: Crossplot δ13C/δ18O of sample PC 67, a concretion from the Carajuan section (plate 4.4-5).
Significant covariance (R2=0.92). Lowest values in the inner part.

In this example, the driving force of cementation was probably sulphate reduction
and FeS-formation in the centre, which released HCO3- enriched in the light isotope
12C as a result of the oxydation of organic matter (see chapt. 5.3.6.). Apparently,
δ18O in the water was also relatively negative where pyritisation occurred, which
points to meteoric water input. As the concretion grew outwards, this isotopically
negative water mixed with the more positive water in the carbonate mud.
Progressively the negative input was buffered by the surrounding sediment, leading
to higher values for both δ13C and δ18O. Presumably, more free pore-space was
available for cementation in the arenitic inner part, which enhanced the isotopic
difference within the concretion.
In this rather extreme example the maximal δ13C-difference reaches 0.4‰. How-

ever, as concretions are easy to see, they can be (and usually were) avoided in
sampling for isotope analysis.
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5.3.6. Sulphate reduction and pyritisation
The occurrence of pyrite indicates anoxic diagenesis involving sulphate reduction

induced by bacteria. The formula for sulphate reduction (SEPM 1985) is
2CH2O + SO42- → H2S + 2HCO3-

Organic matter within the sediment is oxidised by sulphate reduction, and bicarbon-
ate with the δ13C isotopic signal of organic matter (enriched in the light isotope 12C)
is released into the interstitial water. Calcite precipitated from this solution will have
low δ13C-values, while δ18O-values will correspond to the temperature and the δ18O
of the water at the time of pyritisation. Therefore no covariance of δ13C with δ18O is
generally expected, but variable and low δ13C-values. The negative δ13C-shift of bulk
rock will depend on the relative quantity of released negative HCO3- with respect to
the total amount of carbonate in the rock.
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Fig. 5.17: Crossplot δ13C/δ18O of all measured bulk samples from the Calcaire Roux and Alectryonia-
beds at Colas I. No covariance (R2=0.003). Some pyrite present in most levels. δ13C-values
below 0.5‰ are probably diagenetically altered because of the input of organic-derived HCO3-

during sulphate reduction.

Visible amounts of pyrite were found in the Colas I section in the Calcaire Roux and
Alectryonia-beds (fig. 5.17). No pyrite was found in the Calcaire Roux and Alectry-
onia-beds of Lamoura, Le Boulu, Etroits and the Salève.
In the Colas I section, δ13C-values of bulk samples from one level frequently scatter

over more than 0.5‰. Probably, precipitation of isotopically negative calcite occurred
locally (higher concentration of HCO3- released by sulphate reduction), since pyrite is
not dispersed homogeneously in the whole sediment but concentrated in small
nodules.
In Colas I, only the most positive δ13C-values in the same level may represent

unaltered values, as they are comparable with the absolute values of other sections
from the Jura mountains (Etroits, Lamoura and Le Boulu).
In Carajuan, pyritised fossils occur only at the top of the section, above the Grande

Lumachelle and in the Lower Hauterivian limestone. Accordingly, the lower δ13C-val-
ues above the Grande Lumachelle and the scatter of δ13C in the Lower Hauterivian
sediments may be due to sulphate reduction during diagenesis. The magnitude of
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diagenetic modification of δ13C-values, however, is difficult to evaluate (chapt.
5.4.b.1).

5.3.7. Silicification
Some beds in the Calcaire Roux and Alectryonia-beds in Lamoura (and Le Boulu)

contain chert nodules or silicified fossils. Samples from these beds systematically
show lower δ13C and δ18O than bulk samples from beds above and below (see fig.
5.20).
During silicification, there is much exchange of material (dissolution of carbonates,

replacement by chert, re-precipitation of the dissolved carbonates at some other
place). This alteration is an example of an open system where the imported material
controls the final composition of δ13C and δ18O.
The transport media, as usual, is water. Apparently, the watery solution during silici-

fication was enriched in both, 12C and 16O. Therefore, silicification probably occurred
during a meteoric diagenetic phase. However, negative δ13C and δ18O-values due to
silicification were also reported from DSDP-sites (Brenneke 1977). There, the cer-
tainly marine process, which led to these values, is not yet explained. More informa-
tion about the chemical and isotopic exchanges during silicification is therefore
needed for a reliable interpretation of this phenomenon.
It is interesting to note that a diagenetic phase, which considerably modifies the

isotopic composition of one bed, may leave another nearby bed virtually unchanged.
Fortunately, silicification is easy to recognise and diagenetic isotope values can
therefore be avoided.
In the case of Lamoura, only the highest δ13C and δ18O-values of the silicified part

of the section are probably unaltered and used for isotope stratigraphy.

5.3.8. Burial diagenesis
Several different diagenetic processes occur during burial diagenesis, since pres-

sure, temperature, interstitial water composition, chemical reactions of different com-
ponents etc. all may lead to dissolution and/or precipitation of carbonates.
The sediments of the Jura Mountains were not buried very deeply. Pressure solu-

tion is nearly inexistent (no styloliths) and goethite is not transformed to hematite
(see chapt. 7). However, burial diagenesis is evident because most cements and
numerous components are now composed of ferroan calcite (Choquette & James
1990).
In the Calcaire Roux and Alectryonia-beds of Lamoura, the amount of ferroan cal-

cite, seen in stained peels, represents at least ca. 70% of bulk rock. Ferroan calcite
requires Fe2+ and therefore reducing conditions (Choquette & James 1990). This
can happen in a stagnant marine or meteoric water or groundwater where all oxygen
has been used for the oxidation of organic matter. The facies of the Calcaire Roux
documents well oxygenated marine water and post-depositional environments (bio-
turbation), therefore reducing conditions occurred during a later, burial phase.
Calcite composition in the Calcaire Roux and Alectryonia-beds at Lamoura:

Always ferroan calcite:
Components: Bryozoans.
Cements: Fine-grained radiaxial cement around components, and sparry pore-

filling cement.
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Mainly ferroan calcite:
Components: Echinoderms, oolites, lithoclasts, most bioclasts.

Non-ferroan calcite:
Components: Brachiopod shells (terebratulids still visibly punctate), mollusc

shells (oysters and prismatic inoceramids), calcitic benthic foraminifera.
Cements: Early diagenetic calcitic cements associated with ankerite (e.g. in echi-

noderms, bryozoans and sponge fillings), recent calcitic fissure-fillings.
As it is visible on the list above, only those components and cements, which were

originally composed of low-Mg calcite, were not altered. Components and cements,
which presumably consisted of Mg-calcite (early marine cements, echinoderms,
bryozoans, etc.), are altered to ferroan calcite. The iron was probably released from
the ubiquitous clay minerals.
The modification of bulk isotopic composition due to burial diagenesis is very differ-

ent for δ13C and δ18O (Choquette & James 1990). During small-scale carbonate
dissolution-reprecipitation (Mg-calcite to ferroan calcite), carbon isotopes were
buffered by the rock and imported DIC from groundwater had probably only a minor
impact (closed system for δ13C). This type of burial diagenesis alone, without
silicification or pyritisation, therefore tended to homogenise and stabilise bulk rock
carbon isotope values.
The negative δ18O of meteoric water and the different temperatures during

dissolution-reprecipitation considerably changed the original oxygen isotope rock
signal (open system for δ18O, overall reequilibration at -3.5‰ to -4.5‰ in the Jura
sections, original marine values ca. -0.5‰ to -2.5‰, see chapt. 5.2.). Burial diagene-
sis is therefore the reason why bulk oxygen isotopes are generally not used for
stratigraphy or paleo-temperature reconstructions.
Deeper burial than in the Jura diagenetically altered the Wellenberg-SB2 rocks. The

resulting bulk carbon isotope composition is probably not strongly modified since its
Valanginian stratigraphic pattern is comparable with sections from other pelagic set-
tings (Majolica, Lini 1994). Bulk δ18O-values are more negative than primary
belemnite-values (see chapt. 5.2.3, fig. 5.11) and therefore presumably
diagenetically shifted.
In the Provence, the weaker lithification of the crumbly marly rocks indicates little

burial diagenesis. Possibly, only the concretions around burrows or fossils (chapt.
5.3.5) originated during burial diagenesis.
In the Val Cellina, there are numerous stylolites parallel to the bedding planes, be-

tween hard limestone beds. They witness the deeper burial and the resulting pres-
sure dissolution of carbonates probably resulting from orogeny. It is, however, likely
that most of the lithification had already occurred during the early meteoric and
marine diagenesis (see chapt. 5.3.3.). Little or no influence on the stable isotope
composition is therefore expected from burial diagenesis here.

5.3.9. Exhumation
The last diagenetic modification occurred during the exhumation of the sediments

and their exposure on the outcrop.
Faults and fissures originated during orogenesis and exhumation of the rocks. The

resulting increased porosity allowed meteoric water with negative δ18O to circulate
within the sediments. The DIC of this water resulted from the dissolution of carbon-
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ates and varying admixtures of oxidised organic matter. Precipitated calcite has
therefore always negative δ18O- and variable δ13C-values.
In the Jura and Provence, clefts filled with non-ferroan, meteoric calcite are quite

common. The δ18O-values of this calcite are always very negative (-6‰ to -8‰). The
δ13C-values are either similar to bulk-values (Taulières Ta45/Z, Ta64/Z, Colas I: St
1/b kluft) or lower (Le Boulu: BO70/kluft, Colas I: St34/Z, see app. b).
As this recent calcite is not limited to clefts, but may also have been precipitated

within porous sediments, samples with very negative δ18O-values, below -6‰, were
excluded from isotope stratigraphy since δ13C may also be affected in an unpredict-
able way.
Unfortunately, δ13C- values of samples with δ18O-values above -6‰ may also be

altered by this late meteoric diagenesis. Some samples are recognisable by their
strong covariance of δ13C with δ18O, as is seen for instance in Le Boulu (fig. 5.18).
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Fig. 5.18: Crossplot δ13C/δ18O of six stratigraphically successive bulk samples (BO29/5, 30a, 35-39;
13.4-17.15 m) in the Calcaire Roux at Le Boulu. Strong covariance (R2=0.98).

In this case, low δ13C-values are clearly related with negative δ18O (R2=0.98). This
results from the admixture of varying amounts of cleft calcite (both negative δ18O and
δ13C) within bulk samples.
The original carbon isotope value for all these samples is presumably ca. 0.9‰. The

highest δ18O-value around -4.4‰ probably resulted from burial diagenesis.

5.3.10. Chemical composition of carbonates
Many of the above-listed diagenetic mechanisms involve compositional changes of

carbonates. These chemical transformations are generally inferred from the literature
(Turner et al. 1986, McIlreath & Morrow 1990). Microprobe measurements allow a
control over the composition of calcite and consequently over the proposed mecha-
nisms of diagenetic changes.
Different carbonate phases were analysed in two samples of the Colas I & II sec-

tions (Alectryonia, Alectryonia as ooid nucleus, serpulids, crinoids, micrite, ooid
cortices and sparry cements, fig. 5.19).
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All components and cements have a low-Mg calcite composition (0.5-2 mol% Mg)
except most crinoids from the SC16 sample.
Originally low-Mg calcite bioclasts (ca. 1 mol% Mg), like serpulids and Alectryonia,

have almost no impurities (Mg + Ca > 99% in St12 and SC16). The Alectryonia have
an unusually high Na-content (0.3-0.5 mol%, see app. c). Sodium enrichment,
probably due to biological control, is typical for molluscs (Brand & Morrison 1987).
Alectryonia (and serpulids) therefore probably maintained their original chemical and
isotopic composition through time.
The crinoids of sample SC16 show a linear relationship between Ca and Mg. The

highest Mg content reaches 5.5 mol%. This confirms that the original phase of cri-
noids was Mg- or high-Mg calcite. The linear decrease reflects the replacement of
Mg by Ca during diagenesis. Since, contrarily to sample St12, high Mg-contents are
still present, this points to a surprisingly good preservation.
In sample St12, crinoids and ooids have a Mg-content of 1 to 2 mol%. This quite

homogeneous distribution is probably due to diagenetic reequilibration. “Missing per-
centages” (Ca+Mg<100%) are mainly due to small admixtures of Fe, Si and Al. The
ratio Si/Al amounts to ca. 2 (Si=2.1*Al, R2=0.96 for all measurements), Fe shows no
correlation with Mg and Si and weak correlation with Ca (data in app. c). This means
that Si and Al are present in the same phase (clay minerals) and iron in different
phases such as ferroan calcite, clay minerals and possibly goethite. The presence of
clay minerals even within the ooid structure underlines their ubiquity and that they
are a likely source for the iron in ferroan calcite.
The cements of SC16 contain 97.2-99.4 mol% Ca, 0-1.9 mol% Fe and 0.5-1.1 mol%

Mg. They represent several steps of diagenesis (ferroan and non-ferroan calcite,
varying Mg-content). Most probably, all these steps were meteoric since the cements
contain no sodium (Na).
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In contrast, the cements of St12 are all ferroan (1.6-3.1 mol% Fe) and contain a little
Na. They probably grew during burial diagenesis under reducing conditions.

Other carbonate phases: dolomite, ankerite and siderite
In sample St12 transparent rhombi within dark components or matrix were ana-

lysed. They consist of dolomite (Ca=54,6±1.5 mol%, Mg=43.5±1.3 mol%) or ankerite
(Ca=55.3±1.3, Mg=36.0±2.9, Fe=8.2±1.9 mol%).
Fine-grained dolomite occurs also within the dark matrix, mixed with clay minerals.

Therefore, even if the transparent crystals are possibly of late diagenetic origin, fine-
grained dolomite or a precursor phase must have been present within the sedi-
mented components. Another Mg-source for dolomite might be the abundant for-
merly Mg-calcite fossils and cements, which lost their Mg during diagenesis.
However, dolomite crystals were found only in dark limonitic components, not in or
near components which consisted initially of Mg-calcite.
Ankerite occurs in larger crystals than dolomite. It grew under reducing conditions

(Fe2+) possibly at the time of pyritisation. The rare presence of impure siderite
(Fe=71.9 mol%, Ca=13.0 mol%, Mg=14.2 mol%) as transparent small cement crys-
tals confirms the very reducing conditions that prevailed during part of the diagenetic
evolution at Colas I.

5.3.11. Summary and conclusions
If no organic material is involved, many types of diagenetic alteration, such as early

marine diagenesis, early meteoric diagenesis, burial diagenesis and exhumation
have little or no effect on δ13C-values. The dissolution-reprecipitation of carbonate is
then buffered for δ13C by bulk rock. However, if organic material was oxidised, iso-
topically light 12C was released into the pore water leading to a negative shift of δ13C
in the diagenetic carbonate.
Early meteoric diagenesis and exhumation lead to a significant negative shift of

δ18O-values because of the more negative δ18O in meteoric water. In many locali-
ties, burial diagenesis caused a complete reequilibration of δ18O to quite constant
and negative values.
Carbonate concretions, sulphate reduction and silicification may locally lead to

significant alteration of isotopic values. Since they are easily recognisable on the
outcrop, they can be avoided for isotopic analysis. Both, δ13C- and δ18O-values are
shifted in the negative direction in carbonate concretions (clear covariance of δ13C
vs. δ18O). A negative shift of δ13C-values and varying δ18O-values (no covariance of
δ13C vs. δ18O) are observed in bulk rock, which is diagenetically altered by sulphate
reduction. Silicification leads to a significant lowering of both δ13C- and δ18O-values
(no clear covariance of δ13C vs. δ18O).
Samples with very low (< -6‰) oxygen isotope values can be ruled out for isotope

stratigraphy since either silicification or meteoric diagenesis most probably also
changed the carbon isotope values significantly.
Ankerite occurs only in small amounts (max. 10 %) and diagenetic alterations

therefore have only a minor impact on bulk isotopic values.
Microprobe measurements confirm microscope observations and theories about

primary and diagenetic calcite composition (Turner et al. 1986, McIlreath & Morrow
1990).
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5.4. STABLE CARBON ISOTOPE STRATIGRAPHY

For the stratigraphic use of carbon isotope data, it was evaluated, which values may
be primary and which are diagenetically altered.
In general, constant and reproducible marine (0.5-3‰) δ13C values within beds and

in adjacent beds (except for stratigraphic gaps) are assumed to be primary and reli-
able tracers of local paleo-DIC (chapt. 5.2.).
If δ13C-values scatter, and if this scatter can be explained with diagenetic alteration,

only those data which are least altered were used for stratigraphy. As an approxima-
tion, the most positive values within diagenetically modified beds are generally con-
sidered to reflect primary conditions (chapt. 5.3.).
In the graphics where isotope data are plotted against the lithological sections all

isotope data - except very few which are off-scale - are included. All data which,
according to the discussion in the text, reflect the primary δ13C-stratigraphy are con-
nected with a line. Where there are several measurements within the same, or a very
nearby bed, the mean value was used. These data and the corresponding curves are
used for stratigraphic correlations between sections (chapt. 5.5.).

5.4. A JURA, SALÈVE & HELVETIC SECTIONS

5.4.A.1. Lamoura & Le Boulu

Lamoura (fig. 5.20)

Diagenetic overprint
Early meteoric diagenesis: The negative δ13C-values below the hardground in the

Calcaire Roux (ca. 10.5 m, sample L17) are probably due to early diagenetic
meteoric diagenesis involving organic matter.

Silicification: Scatter of isotope values (less positive δ13C- and more negative
δ18O-values) in beds with chert nodules or silicified fossils (3-5 m, ca. 12 m,
ca. 16-17.5 m).

Burial diagenesis: δ18O-values are more negative than expected marine values in
the entire section (higher temperatures or meteoric water at recristallisation,
chapt. 5.3.8.). There are no indications for a change of δ13C-values. (Same
absolute δ13C-values in the Alectryonia-beds as in perfectly preserved bio-
clasts from Etroits, see fig. 5.4.)

Exhumation: At 5.5-6 m small fault. Less positive δ13C possibly due to cleft calcite.

Primary δ13C stratigraphy

0-10.7 m: Fairly stable values, ca. 0.8±0.1‰.

10.7-17.7 m: Decrease to 0.5‰ at 10.7 m. Then progressive increase of

1.1‰ to 1.6‰ at 17.7 m.

17.7-20 m: Gap.

20-22.5 m: 0.3‰ increase from 1.3‰ to 1.6‰.

22.5-26 m: Almost constant values of 1.6±0.1‰

26-27 m: Slight increase from 1.6‰ to 1.8‰.
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Le Boulu (fig. 5.21)

Diagenetic overprint
Early meteoric diagenesis: Two samples show a negative shift of δ13C and aver-

age δ18O. At 5.3 m (BO13) in very shallow-marine Calcaire Roux (emer-
sion?) and at 19.3 m (BO45) directly below a hardground. Probably, early
meteoric diagenesis involving organic matter altered δ13C- and δ18O-values
during an emersion phase. Later burial diagenesis overprinted δ18O.

Burial diagenesis: δ18O-values are more negative than expected marine values in
the entire section. No indications for a change of δ13C-values.

Exhumation: In the Calcaire Roux, between 13.4 and 17.2 m, the samples BO 29,
30 and 35-39 show a scatter of δ13C-values and a strong covariance of δ13C
versus δ18O (see fig. 5.18, chapt. 5.3.9). The most positive δ13C-values for
this interval (ca. 0.9‰) probably represent primary δ13C. The least negative
δ18O (ca. -4.5‰) corresponds to a burial diagenetic value.
The uppermost beds of the section (22.5-25 m, BO50-55) consist of partly
strongly weathered rocks (soil). Only the most positive δ13C-values may rep-
resent primary values.

Primary δ13C stratigraphy

0-1.25 m: homogeneous values at ca. 1.2‰

Stratigraphic gap: Berriasian-Valanginian transition

1.25-17.2 m: stable at 0.95±0.1‰

17.2-20.8 m: negative jump to 0.5‰ at 17.5 m. Gradual increase of 0.9‰ to

1.4‰ at 20.8 m.

20.8-23.3 m: Values stay at 1.4‰.

23.3-24 m: 0.6‰ jump from 1.4‰ to 2‰.
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Le Boulu section
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Fig. 5.21: δ18O and δ13C of bulk carbonate in the Le Boulu section. H: hardground, S:silicification
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5.4.A.2. Sainte-Croix region

Colas I (fig. 5.22)

Diagenetic overprint
Pyritisation: Pyrite nodules in the Calcaire Roux and part of the Alectryonia-beds

(10.5-14.8 m). δ13C-values of contaminated bulk samples scatter towards
less positive values. Only the most positive δ13C-values may be primary.

Exhumation: The samples below the base of the Marnes d'Arzier have scattering
isotope values, but no covariance of δ13C with δ18O. Apparently, the combi-
nation of several diagenetic events (early meteoric diagenesis, burial diage-
nesis and exhumation) erased direct information about single diagenetic
steps. As diagenetic δ13C-shifts are generally in the negative direction, the
most positive values of one layer are expected to be least altered (chapt.
5.3.11.).

Primary δ13C stratigraphy

4.5-6.7 m: Values of ca. 1.0-1.1‰.

Stratigraphic gap: Berriasian-Valanginian transition

6.7-9 m: Values of ca. 1.1-1.2‰.

9-10.4 m: Negative shift of ca. 0.6‰ to low values of ca. 0.5‰.

10.4-12.1 m: Constant and low values of ca. 0.5‰

12.1-13.2 m: Small-scale positive “excursion” to values up to 1.0‰.

13.2-15 m: Values around 0.6-0.7‰.

15-21 m: First, positive shift of 0.6‰ to values around 1.3‰ at 16.2 m,

peak of 1.5‰ at 18.5 m and negative shift to values of ca. 1.3‰.
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Colas I section (Sainte-Croix)
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Fig. 5.22: δ18O and δ13C of bulk carbonate in the Colas I section (Sainte-Croix). P: pyritisation.
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Colas II (fig. 5.23)
Colas II is special because it is the only Hauterivian section.

Diagenetic overprint
Burial diagenesis: In the lower part of the section (0-11 m, SC1-16), δ18O-values

are too negative for original marine values and therefore probably reset dur-
ing dissolution-reprecipitation. No indication for a corresponding shift of δ13C.

Exhumation ? : The upper part of the section (11-20 m) shows negative (non-
marine) δ13C-values of -0.1 to -1.8‰, negative δ18O-values of -4.4 to -5.3‰
and a weak covariance of δ13C with δ18O (R2=0.7). This part of the section
was probably altered and reequilibrated by influence of meteoric water con-
taining isotopically negative (organic-derived) DIC.

Primary δ13C stratigraphy

0-2 m: 0.3‰ decrease from 1.5‰ to ca. 1.2‰.

2-7 m: Fairly stable values at ca. 1.2‰.

7-10.8 m: Decreasing values from 1.2‰ to 0.4‰.

Etroits (fig. 5.24)

Diagenetic overprint
Early meteoric diagenesis: Meteoric overprint of some components in the Alectry-

onia-beds (see chapt. 5.3.3.) produces slight negative shift of δ18O and δ13C
(less than 0.3‰ for δ13C).

Exhumation: δ18O-values of the Calcaire Roux are constant and very negative due
to the strong tectonic overprint of the Calcaire Roux (cleft calcite in the
overturned and sheared section).

Primary δ13C stratigraphy

0-4 m: Slight increase from 0.5‰ to 0.7‰ then back to 0.5‰.

4-6 m: Sudden 1‰ positive shift to scattering values of 1.5±0.2‰.
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Colas II section (Sainte-Croix)

10m

20m

15m

0m

5m

P
ie

rr
e 

Ja
un

e
? 

M
ar

ne
s 

à 
E

ud
es

ia
U

pp
er

 M
. d

'H
au

te
riv

e

H
au

te
riv

ia
n

Lo
ry

i

M
er

ge
lk

al
k-

Z
on

e

N
od

os
op

lic
at

um

Fig. 5.23: δ18O and δ13C of bulk carbonate in the Colas II section (Sainte-Croix).
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5.4.A.3. Jura carbon isotope stratigraphy (fig. 5.25)
The stratigraphic δ13C-pattern in the analysed Jura sections is quite distinctive (fig.

5.25):
-”Berriasian”: δ13C-values slightly above 1‰.
- Marnes d'Arzier & major part of the lower Calcaire Roux: Stable δ13C-values of

1±0.2‰, except in Colas I (see below). Sharp negative shift of -0.5‰ to
δ13C-values of ca. 0.5‰ in the upper part of the lower Calcaire Roux.

- Upper part of the lower Calcaire Roux & lower part of Alectryonia-beds (shaded
area in fig. 5.25): Conspicuous, gradual increase of the δ13C-values of 1‰ to
1.5±0.1‰.

-Upper part of Alectryonia-beds and upper Calcaire Roux: High δ13C-values
between ca. 1.3‰ and 1.7‰.

-Glauconitic unit, Marnes d'Hauterive & Mergelkalkzone (dotted area in fig. 5.25):
Very high δ13C-values of 1.7-2‰ in the glauconitic unit at Lamoura and Le
Boulu. High δ13C-values of 1.2-1.5‰ in the Marnes d'Hauterive and Mergel-
kalkzone at Colas I & II.

-Pierre Jaune (Colas I): δ13C-values below 1‰, gradual decrease from 0.8 to
0.4‰.

In the sections Lamoura, Le Boulu and Colas I, there is a short and sharp 0.5‰ de-
crease of the δ13C-values just before the onset of the positive δ13C-shift (just below
the shaded area in fig. 5.25). Contrarily to Lamoura and Le Boulu, in Colas I the ma-
jor part of the Calcaire Roux have also low values. The interval before the positive
δ13C-shift is rather condensed in Lamoura (hardground) and Le Boulu. Therefore, the
lower δ13C-values in the Calcaire Roux of the Colas I section may mirror higher
sedimentation rates during this time interval. On the other hand, considering the
scatter of δ13C-values in this part of the Colas I section, the low values may also be
due to diagenetic alteration.
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5.4.A.4. Salève (fig. 5.26)

Diagenetic overprint
Early meteoric diagenesis: In the Salève section, carbon isotope composition is

mainly related to sedimentary facies. Those parts which indicate a very
shallow bathymetry (shoreline facies: at ca. 0 m and 7 m) reach negative
δ13C. This is probably due to early meteoric diagenesis (see also chapt.
5.3.3, fig. 5.15), which produced a synsedimentary early lithification of the
sediments evident in pebble levels at 0-2 m (S10, S15) and 8.5 m (S40).
Negative δ13C-values are also present in higher parts of the Calcaire Roux
(14-18 m). These samples show a weak inverse covariance of δ13C with
δ18O (R2=0.67) which may be due to early meteoric diagenesis in which δ18O
was evaporatively enriched while δ13C of DIC got progressively more nega-
tive through organic input (chapt. 5.3.3.).

Burial diagenesis: δ18O-values are reequilibrated to negative, non-marine values
in the entire section.

Exhumation: Small faults and clefts filled with rusty material are quite common
throughout the section. This may have locally altered δ13C and δ18O-values.

Primary δ13C stratigraphy
The carbon isotope pattern of the Salève section is not comparable with any other

analysed section of the Jura Mountains or the Provence (4 shifts of over 1‰ differ-
ence). Correlations are arbitrary because of the lack of any chronological control.
This section exemplifies the importance of biostratigraphic control to obtain reliable

results with carbon isotope stratigraphy. It also emphasises the limits of the isotope
method, which requires well-preserved and continuous sections for stratigraphic
correlations.
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Fig. 5.26: δ18O and δ13C of bulk carbonate in the Salève section. Peb: pebbles
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5.4.A.5. Wellenberg SB2 (fig. 5.27)
The SB2 at Wellenberg of the NAGRA cuts into folds of the Helvetic Drusberg

nappe (Trümpy 1980, Kuhn 1996). The Valanginian Diphyoides-limestone and
“Graue Mergelschiefer” formations were sampled twice, in the normal (distal facies)
and in the overturned (proximal facies) limbs of the fold. Rock samples were offered
and cut by the NAGRA. Depths are not corrected for varying dip. For lithological
descriptions and additional chemostratigraphy, see Kuhn (1996) chapt. 4.4.4.

Diagenetic overprint
Burial diagenesis: All δ18O-values are reequilibrated. The sampled lithologies

were overlain by several 100 m rock (450-800 m core depth now). Lime-
stones and marls are hard and compact.

Exhumation: Faulted samples were avoided.

Primary δ13C stratigraphy, normal limb

575-545 m: Values at ca. 0.9‰.

545-532 m: Rapid positive shift of 1.2‰ to 2.1‰.

532-502 m: Values at 2.1-2.2‰ with small maximum up to 2.4‰ (520 m).

502-491 m: First decrease of 0.6‰ to 1.6‰

491-481 m: Stable values of 1.6 to 1.7‰.

481-451 m: Gradual decrease of 0.5‰ to 1.1‰.

Primary δ13C stratigraphy, overturned limb

789-819 m: Stable values between 0.8‰ and 0.9‰.

819-830 m: Rapid increase of 1.1‰ to 2‰.

830-840 m: 1.8‰ at 830 m. Then 0.5‰ increase to 2.3‰.

840-852 m: 0.7‰ decrease to 1.6‰.

852-859 m: Values at 1.6‰, 1.7‰ at 879 m.

859-877 m: Decrease to 1.5‰.

The patterns in the normal and overturned limbs are very similar to each other and
to other pelagic and hemipelagic Helvetic sections (Kuhn 1996).



109 5-Stable Isotopes

Wellenberg SB2 (NAGRA)
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Fig. 5.27: δ18O and δ13C of bulk carbonate in the Wellenberg SB2.
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5.4. B PROVENCE

5.4.b.1. Vocontian domain

La Charce (fig. 5.28)
The samples used for isotope stratigraphy were drilled at the University of Grenoble,

from the ammonite-bearing rocks collected for the publication of (Bulot et al. 1992).
The samples were quite soft and seemed generally well preserved.

Diagenetic overprint
Early marine diagenesis: δ18O-values are very stable at -1.0±0.2‰ over the entire

section. This bulk value is less negative than any bulk measurement from
other sections, and less negative than most primary δ18O from fossils.
Probably, partial dissolution and reprecipitation on the sea-floor under colder
bottom-water temperatures reequilibrated δ18O-values (see chapt. 5.3.2.).
Some samples in the upper part of the section have comparatively low and
scattering δ13C-values. This is possibly due to the presence of oxidised
organic matter within the surface sediments.

Exhumation: A few samples were visibly weathered and have altered δ18O and
δ13C.

Primary δ13C stratigraphy

15-25 m: Oscillating values between 1.8‰ and 2.2‰.

25-52 m: Peak at 2.6‰ at 25 m, then 1‰ gradual decrease to 1.6‰.

52-75 m: Constant values between 1.6‰ and 1.8‰.

75-116 m: Scattering, unstable values between 1.1‰ and 1.6‰.

116-123 m: 0.6‰ gradual decrease from 1.6‰ to 1.0‰.

123-138 m: Values at ca. 1‰ up to max. 1.2‰ at 137 m.
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La Charce section
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Fig. 5.28: δ18O and δ13C of bulk carbonate in the La Charce section. Lihologies and datation after 
 Bulot et al. 1992.
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Carajuan (fig. 5.29)

Diagenetic overprint
Pyritisation: The samples between 65 m and 70.5 m (PC93-98) contain pyrite and

may therefore have diagenetically less positive δ13C-values (see chapt.
5.3.6).

Carbonate concretions: Carbonate concretions in certain beds at 18.2 m and 52 m
(PC27 & PC67) have different δ13C and δ18O than unaltered bulk from adja-
cent beds (see chapt. 5.3.5.).

Burial diagenesis: δ18O-values are reequilibrated to negative, non-marine values
in the arenitic Petite Lumachelle (more water-circulation).

Exhumation: Some marly samples are weathered (e. g. PC52 at 43 m) and have
less positive δ13C-values.
Recent cements have low δ18O- and δ13C-values (PC42/Z: δ13C=1.7‰,
δ18O=-6.4‰, PC85Z: δ13C=0.8‰, δ18O=-5.8‰). Samples with unusually
negative δ18O-values (at ca. 43 m and 60 m, PC51a & PC81) have probably
also a diagenetically lowered δ13C (see chapt. 5.3.9).

Different fractionation
The δ13C- and δ18O-values of PC79 (59 m) are the highest of the entire section. It is

probable that the sample contained an unusually large amount of oyster-shell mate-
rial (oyster-bed). Oysters, especially Alectryonia, have generally unusually positive
δ13C- and marine δ18O-values (less negative than bulk, see chapt. 5.2.5).

Primary δ13C stratigraphy

0-5 m: Stable values at 1.4‰.

5-7.5 m: Rapid, 0.3 ‰ small-scale decrease to 1.1‰.

7.5-39.5 m: Gradual increase of 1.3‰ to 2.4‰.

39.5-60.5 m: Oscillating values between 1.9‰ and 2.6‰. Three maxima at ca

40 m (2.4‰), 52 m (2.5‰) and 60 m (2.6‰).

60.5-65 m: Rapid irregular decrease of ca. 1‰ from 2.6‰ to values between

1.5‰ and 1.7‰.

69-71 m: First, 0.2‰ decrease from 1.4‰ to 1.2‰ at 69.5 m. Then gradual in-

crease to 1.5‰ at 71 m.

71-74 m: Decrease to values between 1‰ and 1.2‰
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Pont de Carajuan section
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Fig. 5.29: δ18O and δ13C of bulk carbonate in the Pont de Carajuan section. Datation after
Arnaud & Bulot 1992. C: carbonate concretions, P: Pyrite
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5.4.b.2. Provence Platform

Taulières (fig. 5.30)

Diagenetic overprint
Early marine diagenesis: In the condensed and reworked sediments at the base of

the Marnes à Toxaster, marly member (ca. 22 m), there is a weak inverse
covariance of δ18O with δ13C (R2=0.64). Possibly, this is due to sea-floor dis-
solution-reprecipitation at relatively cold bottom temperatures (high δ18O-
values of max. -1.1‰) involving oxidised organic matter, which lowered the
isotopic composition of DIC (negative δ13C-shift of max. -0.5‰).

Early meteoric diagenesis: Scattering samples from 11.5 m to 13.5 m (Ta25-30)
have a covariance of δ18O with δ13C (R2=0.76). Only the most positive δ13C-
values are probably primary.

Exhumation: Recent cements have very negative δ18O (-6‰ to -7‰, ∆δ18Ocement-

bulk = ca. -4‰) while their δ13C is only slightly less positive than bulk
(∆δ13Ccement-bulk = -0.1 to -0.4‰). No bulk samples with very negative δ18O-
values occur which indicates that there was no contamination with these
cements.
The weak covariance of δ18O with δ13C in samples of the uppermost part of
the section (36-41 m, Ta65, 66, 73, 74 & 76) may be due to late meteoric
diagenesis (see chapt. 5.3.9.).

Primary δ13C stratigraphy

-1-3 m: Positive shift of 1.2‰ from 1.7‰ to 2.9‰.

-3-41 m: Values fluctuate at very high levels, generally between 2.5‰ and 3‰

(lowest value = 2.3‰ at 13.6 m).

Niollon

Diagenetic overprint
Early meteoric diagenesis: Meteoric cements in the Calcaire blanc supérieur

below the exposure surface have extremely negative δ18O-values (-8‰) and
δ13C is shifted by max. -0.4‰ compared with bulk values. One sample has
both negative δ18O (-6.3‰) and δ13C (-3.5‰) and may have recorded early
meteoric soil alteration (see chapt. 5.3.3.).

Primary δ13C stratigraphy

-1-0 m (Calcaire blanc supérieur): Values between 1.3‰ and 1.4‰.

0-0.5 m (Marnes à Toxaster): Sudden positive shift of 0.8‰ to 2.2‰.
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Fig. 5.30: δ18O and δ13C of bulk carbonate in the Barre des Taulières section.
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5.4. C FRIULI PLATFORM

5.4.C.1. Val Cellina (fig. 5.31)

Diagenetic overprint
Early meteoric diagenesis: The frequent karstified surfaces witness the early

meteoric (& marine) lithification of the limestone beds.
Meteoric cements have less positive δ13C-values compared with bulk rock
and less negative δ18O (sample C25, 33.6 m). This is possibly due to iso-
topically negative, organic-derived DIC and evaporative 18O-enrichment of
the water (see chapt. 5.3.3, fig. 5.15).
δ13C-values of samples on top of beds, right below karstic surfaces scatter
(±0.2‰, at 8.1 m & 51.1 m, C5 & C52).
All negative (<0‰) δ13C- bulk rock values are from micrites with void struc-
tures (13 m, 44 m & 59 m, C7a, C42 & C66, supratidal deposits, see chapt.
4.c) and from one thin wackestone layer (71 m, C78).

Exhumation: The porous samples C1 & C2 (0 m & 1.9 m) have scattering δ13C-
values and very negative δ18O because of alteration due to important water
flow (potable water source, see chapt. 4.c).
Secondarily (partial dissolution?) badly cemented rocks (34 m & 36.3 m, C26
& C31) have 0.2-0.5‰ less positive δ13C than surrounding well preserved
rocks of similar lithology.

Primary δ13C stratigraphy

0-8.5 m: Positive shift of 0.7‰ from 1.2‰ to 1.9‰.

8.5-16 m: Interval with lower values of 1-1.5‰ (micrites).

16-24 m: High values from 1.9‰ to 2.2‰ at 24 m.

24-34 m: Gradual decrease of 1.2‰ from 2.2‰ to 1‰ at 34 m.

34-42 m: Small increase of 0.2‰ to 1.2‰ at 42 m.

42-64 m: Lower, fairly constant values between 0.7‰ and 0.9‰.
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Val Cellina section
V

al
an

gi
ni

an

70m

60m

50m

40m

0m

10m

20m

30m

C
al

ca
re

 d
el

 C
el

lin
a

H
au

te
riv

ia
n

Fig. 5.31: δ18O and δ13C of bulk carbonate in the Val Cellina section.
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5.4.C.2. Cimon dei Furlani, Southern Part
The samples were collected by U. Schindler. The diagenetic overprint is assumed to

be similar to the Val Cellina section, the most negative δ13C-values within one level
are probably altered.

Primary δ13C stratigraphy

0-39 m: Scattering values between 1.6‰ and 2.1‰ at base, increasing to val-

ues between 1.5‰ and 2.9‰ in upper part.

39-46 m: Straight and rapid decrease from 2.9‰ to 0.0‰ at 46 m.

In contrast to the Val Cellina, major facies changes occur within the Cimon dei Fur-
lani section. At ca. 44 m, there is a change from external reef-sediments to internal,
marsh and pond deposits (see chapt. 4.c.2.1). In analogy to the Val Cellina, where
micrites generally have relatively low δ13C-values, the internal micritic sediments of
the Furlani section have probably primarily less positive δ13C than the external reef-
complex calcarenites (different productivity, limited water-exchange with the sea,
Patterson & Walter 1994). This lithological effect obliterates the global, stratigraphic
δ13C signal.
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Cimon dei Furlani section
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Fig. 5.32: δ18O and δ13C of bulk carbonate in the Cimon dei Furlani section. Lithologies from 
Schindler & Conrad (1994).
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5.5. DISCUSSION

5.5.1. Calibration of the Valanginian carbon isotope excursion with
ammonite biozonation

Carbon isotope stratigraphy can only be used as a precise correlation tool if it is
calibrated with an independent method, such as biostratigraphy. In the Valanginian
of the northern Tethyan margin, ammonite stratigraphy represents the standard bio-
zonation (Busnardo & Thieuloy 1979) and is generally used for correlation purposes
(see chapt. 3 & 4).
Both, the Carajuan and the La Charce sections are precisely dated with ammonites

and show a distinctive carbon isotope pattern in the Valanginian. This allows to cali-
brate the carbon isotope excursion with the established vocontian ammonite zona-
tion (Busnardo & Thieuloy 1979, Bulot et al. 1992).
The pattern of fluctuations can be described as follows (see chapt. 6 fig.2):

- Values around 1.4‰ in the Ct2 horizon of the Campylotoxus zone.
- Minor, but significant negative shift of ca. -0.3‰ in the Ct3 horizon of the Cam-

pylotoxus zone.
- Onset of the positive carbon isotope shift in the upper Campylotoxus zone (top of

the Campylotoxus horizon, Ct3).
- Gradual increase of δ13C-values of 1.3‰ and first maximum (ca. 2.4‰) in the

upper Campylotoxus zone in the upper “Inostranzewi”-subzone Ct4 (lower
shaded area in fig. 5.33).

- Positive δ13C-values in the uppermost Campylotoxus and lower to middle Verru-
cosum zones. Variations of up to 0.7‰. Second peak (2.5‰) in the Verruco-
sum-horizon (V1), third and highest peak (2.6‰) at the base of the Pere-
grinus-horizon (V3).

- Decrease to pre-excursion δ13C-values from the Upper Valanginian upper Verru-
cosum zone (V. peregrinus horizon) to the Lower Hauterivian Loryi zone (J.
jeannoti horizon):

a) Rapid decrease of ca. 1‰ in the upper Verrucosum and lower Trinodosum
zones, in the V. peregrinus- and lower O. nicklesi-horizons (upper shaded
area in fig. 5.33).

b) Slightly decreasing (ca. -0.3‰) and scattering δ13C-values throughout the
upper Trinodosum, Callidiscus and Radiatus-zones (upper O. nicklesi-, C.
furcillata-, Callidiscus-, B. castellanensis-, and L. buxtorfii-horizons).

c) Minor positive peak at the boundary between the Radiatus and Loryi zones.
d) Decrease of δ13C-values by ca. 0.6‰ in the lower Loryi zone (C. Loryi-horizon)

and end of the positive carbon isotope excursion.
The parallelism between the upper part of the Carajuan section and the La Charce

section is striking despite the partly very different lithologies. It emphasises the po-
tential of carbon isotope stratigraphy for correlations between very different sedi-
mentary environments. See chapt. 6, fig. 2.

5.5.2. Correlation of Southern Alpine and Vocontian carbon isotope
stratigraphy

The Late Valanginian to Early Hauterivian positive carbon isotope excursion in
pelagic limestones of the Southern Alps (Southern Tethyan margin) was calibrated
with nannoplankton- and magnetostratigraphy (Lini et al. 1992, Channell et al. 1993,
Lini 1994). The isotope excursion occurs in the C. oblongata (Upper Valanginian)
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and the lower part of the C. bolli (Lower Hauterivian) nannofossil zones. It begins at
magnetozone CM12n and peaks in the zones CM11. Between CM10N and CM8, the
δ13C-values return to pre-excursion values (Lini 1994).
In the hemipelagic to neritic sediments of the Carajuan and La Charce sections of

the Northern Tethyan Vocontian domain, the same pattern of isotopic fluctuations is
present in the Upper Valanginian to Lower Hauterivian. Comparison of the isotope
data allows the correlation of Southern Tethyan nannoplankton and magnetostrati-
graphy with the Northern Tethyan ammonite zonation (see chapt. 6).
The onset of the positive isotope shift, observed in magneto zone CM12n in the

Southern Alps, correlates with the campylotoxus horizon (Ct3 in chapt. 6, fig. 2) in
the upper Campylotoxus zone in the Vocontian domain. The interval of peak values,
observed in magneto zone CM11, occurs in the upper Campylotoxus to lower Verru-
cosum zones and comprises the uppermost part of the inostranzewi horizon and the
S. verrucosum and K. pronecostatum horizons (Ct4, V1 and V2 in fig. 2 & 3, chapt.
6). The decrease of δ13C to pre-excursion values between magneto zones CM10N
and CM8 takes place from the uppermost Verrucosum zone to the Loryi zone (V.
peregrinus to the J. jeannoti ammonite horizons, see fig. 2 & 3, chapt. 6). For more
details, see chapt. 6.

5.5.3. Inter-regional correlations and discussion
The Valanginian positive carbon isotope excursion was found in all investigated

regions (Jura platform, Vocontian slope and basin, Helvetic basin, Lombardy basin
and Friuli platform), independently of sedimentary environments and bathymetry (fig.
5.33). There are, however, some regional differences in the pattern of fluctuations
and in the absolute values of δ13C. Some of these differences are the result of the
varying sedimentation rates and sedimentary gaps in the analysed sections, but
some reflect distinctive environmental conditions controlling regional DIC.
The pelagic and hemipelagic basinal sections Wellenberg (Helvetic basin) and

Capriolo (Lombardy basin) have a nearly identical δ13C-evolution. The total positive
δ13C shift from the stable values in the Lower Valanginian to peak values in the
Upper Valanginian amounts to 1.5‰ in both sections. The only difference are by
0.5‰ constantly higher δ13C-values in the Capriolo section.
On the Jura platform, the pre-excursion δ13C-values are similar to the Helvetic basi-

nal sediments (ca. 1‰). A distinct negative δ13C-shift of -0.5‰ before the onset of
the positive δ13C-excursion differentiates the development of δ13C in the Jura sedi-
ments. During the peak interval, δ13C-values are lower by at least 0.5‰ than in the
basinal sections. The isotopic evolution of the Late Valanginian (Alectryonia beds) in
the Jura region is only partially recorded because of major sedimentary gaps and
condensations. Nevertheless, the total positive δ13C-shift amounts to 1.5‰ in both
settings.
The very positive δ13C-values within the Glauconitic Unit at the top of the Lamoura

and Le Boulu sections (dashed area in fig. 5.33) may point to a Late Valanginian age
(Verrucosum zone) of these sediments. Their attribution to the Hauterivian (chapt.
4.a.2.) is not confirmed by the isotopic evidence.
The Early Hauterivian δ13C-values of the Radiatus to Loryi-zone in the Colas I & II

sections (ca. 1.5‰, dashed area in fig. 5.33) are almost as positive as the Upper
Valanginian peak values of other Jura sections, but they are also comparable to the
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Early Hauterivian δ13C-values of the Wellenberg. They document the opening and
deepening of the sedimentary environment (see chapt. 8).
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Fig. 5.33: Inter-regional Valanginian carbon isotope correlations. Bulk rock δ13C.



123 5-Stable Isotopes

Summarising, on the Jura platform evolution of carbonate δ13C-values records the
pattern of δ13C-fluctuations observed in basinal settings. However, in the time-
interval shortly before the onset of the positive isotope excursion, during the positive
shift and in the peak interval, δ13C-values are offset by -0.5‰ to -1‰ with respect to
the Helvetic basin. Before and after this time, in the Early Valanginian and in the
Early Hauterivian, absolute δ13C-values correspond in both adjacent regions. The
effect of the offset is an important reduction in the difference of δ13C-values between
the Lower Valanginian/Berriasian and the Upper Valanginian peak interval to less
than 1‰ and the disappearance of the rapid decrease of δ13C-values after the peak
interval.
The pattern of the Valanginian carbonate carbon isotope variations in the Jura

region probably reflects both, the global changes in isotopic composition of oceanic
DIC, as well as specific regional environmental influences, such as more negative
meteoric DIC input, reduced primary productivity on the platform or a changed
coastal marine circulation (see chapt. 8.2).
In Carajuan (southern Vocontian platform margin), a short negative shift before the

onset of the positive δ13C-excursion is also present (-0.3‰), but less pronounced
than in the Jura (-0.5‰). In Carajuan and La Charce, the total positive δ13C-
excursion amounts to +1.5‰ for both sections, with constantly ca. 0.2‰ less positive
δ13C-values in La Charce. The most striking feature of the two Vocontian sections
are important variations of δ13C-values within the peak interval (up to 0.7‰). These
are reproducible and synchronous (see fig. 5.33) within very different lithologies and
must be due to regional DIC-variations in the Vocontian domain.
In the Barre de Taulières section on the Provence platform, a very steep positive

δ13C-shift of 1.2‰ occurs from the uppermost Calcaire blanc supérieur to the basal
Marnes à Toxaster, comprising a significant stratigraphic gap. The very positive
δ13C-values (max. 3‰) in the major part of the Barre des Taulières section confirm
its dating as mid-Valanginian (Verrucosum).
The relatively homogeneous sediments of the Val Cellina section (internal Friuli

platform) have peak δ13C-values around 2‰ and post-excursion values of ca. 0.8‰,
which is equivalent to a Valanginian positive δ13C-excursion of 1.2‰. In the platform-
external Furlani section, δ13C-values reach a peak of 2.9‰ and above suddenly drop
parallel with a lithological change to 0‰ (see fig. 5.32). The offset of absolute δ13C-
values of 1‰ between two neighbouring localities and the exaggerated negative shift
of almost 3‰ in Furlani, indicate that lithological variations produce significant
changes in the isotopic composition of the sediments on the Friuli platform.

5.5.4. Implications for the global carbon cycle
The Valanginian global carbonate carbon isotope excursion, which was established

for the pelagic realm (Lini et al. 1992, Lini 1994) is now also documented on carbon-
ate platforms of the Northern and Southern Tethyan margins. This definitively elimi-
nates a “biological artefact” (changing composition of the pelagic nannoplankton) as
possible cause for the excursion since platform sediments have a fundamentally dif-
ferent carbonate composition from pelagic limestones (see chapt. 5.2).
The δ13C excursion involves all marine environments and must therefore be due to

a long-term change of the isotopic composition of global oceanic DIC, the most
important carbon reservoir in the biosphere (see chapt. 5.1.1.). This change over
several million years has been interpreted as an indicator of environmental variations
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(increased weathering rates, increased primary productivity, enhanced burial of
organic matter, see chapt. 5.1.3). The tracing of the carbon isotope excursion onto
environmentally sensitive carbonate platforms now allows to test some of these
working hypotheses (see chapt. 8).

5.6. δδδδ18O AND PALEO-TEMPERATURES

Water temperatures (Tw) at calcite formation can be calculated using δ18O of pri-
mary calcite, if δ18O-values of the water (δw) are known (see formula in chapt. 5.1.2,
Epstein et al. 1951 & 1953).
In the fossil record, both factors δw and Tw are unknown. Therefore, the measured

δ18O-values of calcite have to be combined with assumed values for δw in order to
calculate paleo-temperatures. For the presumably ice-free Early Cretaceous a δw of -
1.2‰ (SMOW) for the oceanic reservoir (Shackleton & Kennett 1975) and a δw of -
0.5‰ (SMOW) for evaporatively enriched oceanic surface water (Spicer & Corfield
1992) are estimated (see chapt. 5.1.2).
Only δ18O-values of well preserved fossils without apparent diagenetic alteration or

vital fractionation effects are used to calculate paleo-temperatures.

5.6.1. Calculated paleo-temperatures
A primary calcite δ18O-signal is expected in Etroits because of the excellent preser-

vation of crinoids and other bioclasts. Crinoid δ18O-values from Etroits range from -
0.91 to -3.13‰ with an average of -1.66‰ (stddev=0.56‰, n=17). There are only
two measurements with values below -2‰. They are offset compared with the
others, have also less positive δ13C (fig. 5.6) and are therefore possibly
diagenetically overprinted.
Bivalves in Etroits (including oysters and Alectryonia) have an average δ18O-value

of -1.70‰ (max: -0.33‰, min.: -2.32‰, stddev: 0.79‰), no value is below -2.5‰.
Since bivalves and crinoids have very similar mean δ18O and standard deviations,

this value of ca. -1.7‰ ± ca. 0.7‰ is probably representative for paleoenvironmental
conditions during the deposition of the Alectryonia beds in Etroits. If we assume
δ18O-values less than -2.5‰ to be diagenetically overprinted, all other bioclasts in
Etroits have a diagenetic δ18O-signal except one sponge (δ18O: -1.49‰) and a
terebratulid (δ18O: -1.33‰).
In Lamoura, the measured terebratulids and Alectryonia seem to be well preserved,

except one terebratulid with very low δ13C and δ18O. Terebratulid δ18O-values
average at -1.92‰ (max: -0.78‰, min: -2.15‰, stddev: 0.67‰), Alectryonia mean
value is -1.68‰ (max: -1.17‰, min: -2.15‰, stddev: 0.35‰). There are not enough
measurements to obtain a relevant stratigraphic δ18O-curve, which could trace a
reliable paleo-temperature evolution of the middle- to Late Valanginian.
The belemnites from Wellenberg-SB2 all have less negative δ18O than bulk samples

and are therefore probably quite unaltered. Average δ18O is -1.43‰ (max: -0.08‰,
min: -2.62‰, stddev: 0.70‰). Since most analysed belemnites were found in layers
at the onset of the carbon isotope shift (see fig. 5.12), and since the scatter of δ18O-
values is high, no representative stratigraphic paleo-temperature evolution was
achieved.
The bivalves (mainly oysters) from the Barre des Taulières have an average δ18O of

-2.09‰ (max: -1.37‰, min: -3.33‰, stddev: 0.72‰). All sampled bivalves are well
preserved and probably have kept their original oxygen isotope signal. The
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brachiopod δ18O is presumably affected by vital effects (see chapt. 5.2.3) and was
therefore not used for paleo-temperature calculations.

Etroits Etroits Lamoura Lamoura SB2 Taulieres

crinoids bivalves Alectryo. terebr. belem. bivalves

mean δ18O [‰] -1.66 -1.70 -1.68 -1.92 -1.43 -2.09

stddev 0.56 0.79 0.35 0.67 0.70 0.72

n= 17 5 5 14 21 6

dw:-1.2‰

T average [°C] 18.6 18.8 18.6 19.7 17.6 20.5

T max 25.3 21.5 20.7 23.2 22.9 26.3

T min 15.3 12.9 16.4 14.7 11.9 17.2

DT (max-min) 10.0 8.6 4.3 8.5 11.0 9.1

stddev 2.5 3.4 1.6 3.0 3.0 3.3

dw:-0.5‰

T average [°C] 21.7 21.9 21.8 22.9 20.2 23.7

T max 28.8 24.8 24.0 26.6 26.2 29.8

T min 18.3 15.8 19.5 17.7 14.4 20.3

DT (max-min) 10.5 9.0 4.5 8.9 11.8 9.4

stddev 2.6 3.5 1.6 3.1 3.4 3.5

Tab. 5.1: Calculated paleo-temperatures in Etroits, Lamoura, Wellenberg-SB2 and Barre des
Taulières. T (°C) = 16.5 - 4.3 (δc-δw) + 0.14 (δc-δw)2 (Epstein et al. 1951/1953, chapt. 5.1.2). T:
water temperature during calcite formation in °C, δc: δ18O of calcite, dw: δ18O of water.

5.6.2. Discussion
As is visible in table 5.1, the choice of dw has a major impact on the calculated

temperatures. The δ18O-value for evaporatively enriched water of -0.5‰ (SMOW)
(Spicer & Corfield 1992) gives 3°C higher temperatures than the “normal” oceanic
water of -1.2‰ (Shackleton & Kennett 1975).
The calculated mean water temperatures are very similar in Etroits and in Lamoura.

It is difficult to know whether the average value represents a mean annual (contrarily
to seasonal) temperature, since the growth season(s) of the measured fossils are
unknown. The large scatter (∆T: 10°C in Etroits, 9°C in Lamoura) points to strong
seasonal or interannual variability and may indicate that calcareous organisms grew
at all seasons.
At both sites, minimal temperatures - even with evaporatively enriched δw - drop

below 18°C. This temperature threshold is thought to be critical for recent hermatypic
coral growth and oolite production (Wells 1957, Ziegler et al. 1984, Reading 1986).
Therefore, as indicated by the δ18O-data of fossils, the absence of oolites and typical
reef organisms in the Alectryonia-beds may directly be due to seasonally cold water
temperatures.
The average belemnite temperature in Wellenberg-SB2 amounts to 17.6°C

(20.2°C). This is about 1.5°C below the mean Jura shallow water temperatures. The
open marine, deeper habitat of belemnites was therefore as expected colder than the
coastal region.
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The large temperature variations of 11°C for all belemnites is not excessive,
compared with the seasonal temperature variations of 8.3°C which were obtained
from growth layer analysis of single belemnites from New Zealand. This
phenomenon is explained in analogy with the life history of modern squids, which
migrate seasonally from the offshore to the inshore area and are adapted to a
temperature range of about 14°C (Stevens & Clayton 1971). Probably, the analysed
belemnites from Wellenberg migrated as well, which explains the large δ18O-
variations of different belemnites within the same layer (fig. 5.12).
δ18O temperature data from belemnites in the Vocontian Domain (van de

Schootbrugge et al. 2000) tend to be lower and scatter less (max. 4°C within one
section) than in the Wellenberg, but vary from one section to the other. This may
indicate differential migration behaviour of the belemnites. Possibly some species or
individuals preferred to stay and remain in deeper, colder water.
If the total of δ18O- variability is attributable to temperature (not evaporation), this

implies important temperature gradients within the Helvetic and Jura seas.
The 1.5 - 2°C warmer mean temperature for the Taulières section corresponds to its

more southerly paleogeographic position. It also implies quite shallow-marine
deposition or small temperature gradients on the drowned Provence Platform (chapt.
3.3.b.2).

5.6.3. Conclusions
Many measurements are required to obtain a representative value since the δ18O-

variability is high.
Paleo-temperatures calculated with the “Epstein-formula” are all compatible with

marine conditions (12°-30°C).
Mean water temperatures are very similar in Etroits and Lamoura (“normal” δw:

19°C, evaporation δw: 22°C). Minimal temperatures are too cold for typical carbonate
platform growth (<18°C). Bivalves, brachiopods and belemnite all give a large
temperature range (9°-10°C), implying strong seasonality and/or interannual
variability for the Jurassic and Helvetic seas. Mean open marine temperatures
(Helvetics) were at least 1.5°C colder than in shallow water (Jura).
There is probably a latitudinal temperature gradient (ca. 1.5°C) between the

Provence- and the Jura-Platforms.
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CHAPTER 6: C-ISOTOPE STRATIGRAPHY, A CALIBRATION TOOL BETWEEN
AMMONITE - AND MAGNETOSTRATIGRAPHY : THE VALANGINIAN -HAUTERIVIAN
TRANSITION
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ABSTRACT

Detailed carbon isotope stratigraphy was calibrated with standard ammonite
stratigraphy for two Valanginian to Lower Hauterivian sections in Southern France,
La Charce in the Vocontian basin and Pont de Carajuan at the Provence platform
margin. The excellent correspondence of ammonite zonation and carbon isotope
composition between the two sections allowed to create a composite C-isotope
curve. The Valanginian carbon isotope excursion starts with a positive d13C-shift of
ca. +1.3‰ in the upper Campylotoxus zone. d13C-values culminate in the
Verrucosum zone and decrease from the upper Verrucosum zone to the Hauterivian
Loryi zone where they reach pre-excursion values again.
Correlation of the Valanginian to Lower Hauterivian standard ammonite zonation of

Southern France (N. Tethys) with other bio- and chronostratigraphies, such as the
South Alpine nannofossil- and magnetostratigraphy (S. Tethys) is significantly
improved by the link via carbon isotope stratigraphy.
Key words:  Lower Cretaceous, Southern France, Valanginian-Hauterivian

transition, carbon isotope excursion, ammonite stratigraphy, Tethys.

INTRODUCTION

Over the last decades C-isotope stratigraphy has been established as a powerful
tool in stratigraphy (e.g. Scholle & Arthur 1980, Renard 1986, Weissert & Lini 1991,
Weissert et al. 1998). If combined with biostratigraphy and magnetostratigraphy it
can contribute to a higher resolution of the sedimentary record and it may serve as a
correlation tool in basin - shelf studies. In addition, the use of C-isotope stratigraphy
may help to solve correlation problems between biostratigraphy and
magnetostratigraphy and it may also provide a link between biostratigraphies
considered as uncorrelatable. In this study we establish a link between the
Valanginian-Hauterivian C-isotope stratigraphy of the southern Tethyan margin (Lini
et al. 1992, Lini 1994) and the hypostratotype ammonite stratigraphy recently revised
for the Valanginian northern Tethyan margin (Busnardo & Thieuloy 1979, Bulot et al.
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1992, Bulot et al. 1996). We analysed bulk samples from the hemipelagic section La
Charce (Vocontian Trough, S. France) that was chosen as the boundary stratotype
for the Valanginian - Hauterivian boundary (Thieuloy 1977, Bulot et al. 1992,
Mutterlose et al. 1996). In order to test the correlation potential of C-isotope
stratigraphy, we also measured bulk carbonate samples from the outer platform
sequence Pont de Carajuan, located in the Provence region (S. France), (Ferry &
Rubino 1989, Walter 1991, Arnaud & Bulot 1992). We compared this new C-isotope
stratigraphy with the magnetostratigraphically calibrated C-isotope curve for the
Valanginian-Hauterivian (Lini et al. 1992, Channell et al. 1993). The comparison
allows us to propose a new, isotopically calibrated correlation between Valanginian-
Early Hauterivian ammonite stratigraphy and magnetostratigraphy.
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THE STUDIED SECTIONS

Two sections, La Charce and Pont de Carajuan, both located in Southern France
(Drôme and Alpes de Haute Provence) have been used for this C-isotope study (fig.
1). The ammonite-rich section La Charce in the basinal part of the Vocontian domain
is described in Bulot et al. (1992). It is now used as the stratotype for the Upper
Valanginian to Lower Hauterivian ammonite zonation (Mutterlose et al. 1996). Its
lithology consists of hemipelagic, fossiliferous, cyclic marl-limestone alternations (fig.
2). The Lower Valanginian and the Lower Hauterivian parts of the section are more
calcareous than the Upper Valanginian interval, where marls predominate. The
section used for C-isotope stratigraphy covers the Late Valanginian and Early
Hauterivian (Verrucosum zone - Loryi zone, fig. 2).
The section Pont de Carajuan has been studied previously by various authors

(Ferry & Rubino 1989, Walter 1991, Arnaud & Bulot 1992). It is located within the
"réserve géologique de Haute Provence", in the Verdon valley near Castellane. The
section is paleogeographically situated at the transition of the Provence platform to
the Vocontian domain. The sequence consists of fossiliferous shallow water
limestones and marls. The studied section starts in the upper Campylotoxus Zone
with the "Karakaschiceras beds", ammonite and bivalve-bearing marly limestones.
These limestones are overlain by a thick, marly sequence, the "Marnes à Toxaster",
containing mainly Toxaster, bivalves, brachiopods and some ammonites, and getting
marlier and more fossiliferous towards the top. The "Petite Lumachelle" represents a
calcarenitic interruption within these marls. The "Grande Lumachelle" lies on top of
the "Marnes à Toxaster" and consists of bioclastic Alectryonia-limestones alternating
with marls containing Alectryonia, bivalves, serpulids, brachiopods, bryozoans and
crinoids. The "Grande Lumachelle" represents the peak of a shallowing upward trend
and is dated as Verrucosum Zone (Arnaud & Bulot 1992). After an outcrop gap,
calcareous marls with limestone beds and thin-bedded white nodular limestones with
numerous, large ammonites mark the transition to the Hauterivian. Blue marls with
few fossils form the top of the studied section Pont de Carajuan. The detailed
ammonite stratigraphy for the Pont de Carajuan section is published in Arnaud and
Bulot (1992).

METHODS

Based on the positive experience with other pelagic, hemipelagic and shallow water
sediments of Early Cretaceous age (Lini 1994, Jenkyns 1995, Ferreri et al. 1997),
bulk samples were used for this C-isotope study. The samples from the section La
Charce were drilled at the University of Grenoble from the ammonite bearing rocks
collected for the ammonite stratigraphy at the recommended boundary stratotype
(Bulot et al. 1992, Bulot & Thieuloy 1993). The samples from the section Pont de
Carajuan were prepared at ETH Zürich.
The powdered samples were reacted with 100% H3PO4 at 90°C, respectively 50°C.

The carbon and oxygen isotope composition of the gas liberated was analysed at
ETH Zürich with a VG Isocarb device coupled with a Prism inlet mass spectrometer,
respectively with a VG 903 mass spectrometer. The isotope data are expressed in
per mill (‰) deviation relative to the Cretaceous Pee Dee Belemnite (PDB) standard
(McCrea 1950, Craig 1957). The working standard used in the Zürich laboratory is
MS2 (Carrara Marble, d13C = 2.10‰; d18O = -1.82‰). The reproducibility of
replicate analyses was ± 0.1‰ for both carbon and oxygen isotope ratios.
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The carbonate content was analysed on some of the same samples of the Pont de
Carajuan section. The analyses were effected on a Coulometer 5011 (Laborlux S.
A.) at EAWAG, Dübendorf. The standard for calibration was pure Na2CO3,
reproduction error was ± 1% CaCO3.

DATA

The oxygen isotope data were used as indicators of diagenetic overprint. At la
Charce, the δ18O-values fluctuate around -1± 0.2‰ throughout the section. The
values indicate that burial diagenetic overprint is minor and that potential alteration
by meteoric waters may be neglected. The δ13C-values range between +1.0‰ and
+2.6‰ (fig. 2). The δ13C-curve starts with values of about +2.0‰. More positive
values of up to +2.6‰ were measured at 25m, in the lower part of the ammonite
horizon V3. Within the upper part of ammonite horizon V3, and part of ammonite
horizon T1, δ13C-values decrease by 1‰ to +1.6‰. The curve fluctuates around
+1.7‰ for the rest of the Trinodosum-zone, then it decreases to lower values varying
between 1.1‰ and 1.6‰ in the Callidiscus and Radiatus- zones. A small positive
shift marks the transition from the Radiatus to the Loryi- zones. In the uppermost part
of the section the measured δ13C-values decrease to ca. +1.0‰.
The outer platform section Pont de Carajuan is marked by less stable δ18O-values

varying between -4‰ and -1.2‰. Carbonate concretions with pyrite have a maximal
deviation of -0.4‰ in δ13C corresponding to a shift of -1‰ in δ18O. All data of the
section together, however, show no covariance of δ13C-values with δ18O-values. Nor
is there any correlation of the carbonate content ranging from 60% to 95% with δ13C
or δ18O. The negative shift of δ18O to non-marine values is most probably due to
meteoric diagenesis and had little or no effect on the δ13C-values (see also James &
Choquette 1990). Therefore, the established δ13C-curves with values ranging from
+1‰ to +3‰ probably preserve an original paleoceanographic pattern (fig. 2). This
observation is in agreement with earlier studies made in neritic carbonate sequences
(e.g. Jenkyns 1995).
The measured curve starts with values of +1.4‰ interrupted by a small but

remarkable negative excursion to +1.1‰ within ammonite horizon Ct3 (fig. 2). Within
Ct4 the d13C-values steadily increase by +1.3‰ and they reach a first peak at the
top of the Campylotoxus Zone (+2.4‰). The C-isotope curve is marked by a second
peak (+2.5) in the ammonite horizon V1, and a third, most positive peak (+2.6‰) in
the lower part of V3. The rapid decrease of δ13C-values within V3 to +1.6‰ is
interrupted by an outcrop gap between 65m and 69m. In the uppermost, Lower
Hauterivian part of the section the δ13C-values vary between +1‰ and +1.5‰, with a
small positive peak at the boundary of the Radiatus to the Loryi- zone.

DISCUSSION

Both the Pont de Carajuan and the La Charce sections are accurately dated with
ammonites (Arnaud & Bulot 1992, Bulot et al. 1992). The C-isotope curve
established at the two localities La Charce and Pont de Carajuan shows a
remarkable pattern which can be described as follows (fig. 2):
(1) A minor negative δ13C-event within the campylotoxus ammonite horizon (Ct3)

marks the base of the Valanginian C-isotope excursion. The positive shift of +1.3‰
to the first maximum in the δ13C-record falls within the upper part of the
Campylotoxus zone. The first maximum is measured in the upper part of the
Inostranzewi subzone (Ct4).
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Fig. 2: Correlation of carbon isotope stratigraphy with ammonite biozonation in the Pont de Carajuan
and La Charce sections. Carajuan ammonite zonation amended after Arnaud & Bulot (1992).
La Charce ammonite zonation from Bulot et al. (1992). Lower shaded area: positive carbon
isotope shift of +1.3‰ in the Pont de Carajuan section. Upper shaded area: rapid decrease of
carbon isotope values by ca. 1‰ in the Pont de Carajuan and La Charce sections.

(2) An interval of very positive δ13C-values of up to +2.6‰ extends from the
uppermost Campylotoxus to the lower to middle Verrucosum zones. The second
positive peak (+2.5‰) occurs within the verrucosum horizon (V1) and the highest
peak is measured at the base of the peregrinus horizon (V3).
(3)The δ13C-values decrease rapidly by 1‰ within the upper Verrucosum and lower
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Trinodosum zones. Then, they decrease irregularly and finally reach pre-excursion
values in the Loryi zone.
(4) A minor positive peak is measured at the boundary between the Radiatus and

the Loryi zones.
The Pont de Carajuan section apparently contains the entire Valanginian-

Hauterivian C-isotope event, while the La Charce section covers only the upper part
of it. In the overlapping part, however, the δ13C-stratigraphy of the two sections
coincides precisely with the ammonite zonation. This C-isotope curve can therefore
be regarded as an ammonite-calibrated standard for stratigraphic correlations.
In a next step we correlate the La Charce-Pont de Carajuan curve with the southern

Alpine δ13C-record (fig. 3) (Lini et al. 1992, Channell et al. 1993, Lini 1994). In the
Southern Alps, (e.g. Capriolo section, Lombardian Basin) the Valanginian δ13C-
excursion was dated with calcareous nannoplankton and with magnetostratigraphy.
The excursion falls within the C. oblongata and the C. bollii nannofossil zones.
Paleomagnetic data document a beginning of the δ13C-event within magnetozone
CM12. Peak values are reached in CM11. Between CM10N and CM8 the δ13C-curve
returns to pre-excursion conditions.
C-isotope stratigraphy allows us to link the new Valanginian-Hauterivian ammonite

stratigraphy with magnetostratigraphy and with southern alpine nannofossil zonation.
Our data indicate that:
(1) The beginning of the δ13C-excursion occurs within the campylotoxus horizon Ct3

of the Campylotoxus zone. Therefore, the ammonite horizon Ct3 falls within
magnetozone CM12.
(2) The Inostranzewi subzone (Ct4) containing the positive shift can be correlated

with the upper CM12 and lowermost CM11.
(3) Peak values of the verrucosum (V1) and pronecostatum (V2) horizons entirely lie

within CM11.
(3) The decreasing δ13C-values marking the end of the Valanginian δ13C-excursion

allow to place the uppermost Verrucosum zone horizon peregrinus (V3) into
magnetozone CM10N. The Trinodosum, Callidiscus, Radiatus and the basal part of
the Loryi zones coincide with magnetozones CM10N-CM9.
The correlation of the Southern France composite δ13C-stratigraphy with the

reference δ13C-stratigraphy in the Southern Alps offers the opportunity to link
ammonite stratigraphy with magnetostratigraphy. The new correlation differs by ca.
one magnetozone from earlier published correlations. Channell et al. (1995) placed
the top of the Campylotoxus Zone into CM12A. With our new correlation we place
the boundary between Campylotoxus and Verrucosum Zone into CM11. Channell et
al. (1995) correlated the Verrucosum zone into CM12A-CM11A. Our data document
that the Verrucosum Zone falls within CM11, and possibly the lower part of CM10N.
Channell et al. (1995) and Mutterlose et al. (1996) place the Radiatus Zone into
CM11-CM10N. In our correlations we can place the Radiatus Zone into CM10 to
CM9. The base of the Radiatus zone is proposed as the stage boundary between the
Valanginian and the Hauterivian (Busnardo & Thieuloy 1979, Bulot & Thieuloy 1993,
Mutterlose et al. 1996). According to our correlation, this boundary falls into the
normally magnetised zone of CM10, while Channell et al. (1996) and Mutterlose et
al. (1996) placed it into CM11. The lower Loryi Zone is shifted from a CM10N
position (Channell et al. 1995, Mutterlose et al. 1996) into CM9.
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CONCLUSIONS

We established a δ13C-stratigraphy for the Late Valanginian to Early Hauterivian in
a hemipelagic (La Charce) and in an outer carbonate platform section (Pont de
Carajuan) in Southern France. Both sections are accurately dated with ammonite
stratigraphy and the section La Charce has been proposed as the boundary
stratotype for the Valanginian-Hauterivian transition (Mutterlose et al. 1996). The C-
isotope record seems to preserve an original paleoceanographic isotope signal. This
allows us to use the δ13C-curves as a stratigraphic tool to establish a composite
Southern France curve covering a time span between the Campylotoxus Zone
(Valanginian) and the Loryi Zone (Hauterivian).
Based on our study of the Valanginian-Hauterivian transition we conclude that C-

isotope stratigraphy will provide extremely useful information for stratigraphy which
will result in a significant improvement of the stratigraphic timescale.
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CHAPTER 7: IRON GEOCHEMISTRY ON THE JURA PLATFORM

7.1. INTRODUCTION

Iron enrichment is typical for Valanginian sediments in the Jura (chapt. 4.a),
Helvetics (Kuhn 1996) and eastern Paris basin (Bertrand 1953, Taylor 1996).
Valanginian ironstone with ca 20-30% iron ore content was excavated in the French
and Swiss Jura mountains (Baumberger 1907, Cayeux 1922).
Since the development of iron enrichment roughly parallels the carbon isotope curve

(chapt. 5), it is interesting to check whether there is a plausible link between these
two apparently independent records. For this, it is necessary to look for the probable
source of iron and to investigate the mechanisms of its enrichment.

7.1.1. Possible iron sources and enrichment processes
James (1966) presents three possible mechanisms for the derivation of the iron in

ironstone deposits:
1. Iron is derived from weathering of landmasses under humid tropical or

subtropical conditions, under arid conditions, or by weathering under an
atmosphere of lower oxygen and higher CO2 content than at present.

2. The iron is derived from sea-bottom reactions on chiefly clastic material, and
concentrated by solution and selective sea-bottom precipitation or mainly
diagenetic reactions. This mechanism is enhanced by a thick oxygen
minimum zone (Maynard 1986).

3. The iron is derived from processes related to contemporaneous volcanic and
igneous activity and/ or hydrothermal processes.

In case 1, iron is enriched on the continents and transported by rivers and/or
groundwater into the sea. Since iron is hardly soluble in "normal" oxidised water, it is
transported in colloidal form, bound on clay minerals and organic matter, or as iron-
rich particles, e.g. lateritic components (Stucki et al. 1988). The discovery of
components, which could be attributed to lateritisation processes on the continents,
would point to a land-derived iron source and to climatic conditions favouring laterite
formation. Dissolved iron can also be directly transported into the sea in reduced
groundwater. Although direct groundwater input is held to be minor compared with
river input (Berner & Berner 1996), this process may lead to local coastal iron
enrichment. Additionally, Fe (III) oxyhydroxides colloids formed by oxidation of Fe (II)
are stable in freshwater but are rapidly removed in seawater (Gunnars et al. 2002).
This phenomenon leads to near-shore iron precipitation.
In case 2, iron is mobilised by the reduction of insoluble Fe3+ to soluble Fe2+ in

reducing marine environments. Mobilised iron can be transported within the
sediment, but also within an anoxic water column. In times when a thick oxygen
minimum zone prevails (OAE), iron can be leached out of clay minerals and
reprecipitated at its upper (or lower) boundary. In this case, iron enrichment in
shallow marine settings should be contemporaneous to black shale deposition and
iron depletion in the basin.
For case 3, indications of synsedimentary volcanic or tectonic activity in the Jura

region are missing (see chapt. 3).
The distinction between cases 1 & 2 is interesting, because it can testify whether

the marine Valanginian events - stable carbon isotope excursion, drowning of
carbonate platforms, oceanic anoxic event (see fig. 1.1) - are accompanied by
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synchronous events on the continents indicating a global climate change (Föllmi et
al. 1994, Kuhn 1996).

7.2. IRON-RICH MINERALS & SEDIMENTS

In contrast to the Berriasian white platform limestone (Chambotte), all Valanginian
(and Early Hauterivian) lithologies of the Jura Mountains are enriched in iron. The
dominant calcarenitic lithology is called Calcaire Roux because of its rusty colour.
The comparable calcarenitic Early Hauterivian lithology, the Pierre Jaune de
Neuchâtel, is yellow and therefore already less iron-rich, while the Late Hauterivian -
Early Barremian Urgonian limestones are white, virtually iron free platform
limestones (Remane 1989).
Marly lithologies - Marnes d'Arzier, Alectryonia-beds and Marnes d'Hauterive - are

generally richer in iron compared with limestones because of the iron bound in clay
minerals (Deer et al. 1966).
Limonitic iron ore occurs at the base, within and on top of the Calcaire Roux

(chapt. 4.a, Baumberger 1901 & 1903). The term limonite is here applied as field
term not only to amorphous iron hydroxides, but also to dark brown, opaque
components and cements with a frequently mixed mineralogy of goethite, carbonates
and clay minerals (Deer et al. 1966). Limonite is also a field term for rocks containing
many limonitic components.
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Clay minerals
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Fig. 7.1: Schematic distribution of major iron bearing minerals on the Jura ramp and Helvetic shelf in
the Valanginian. See also Kuhn (1996). Goethite is replaced by hematite in the resedimented
Calcaire Roux in Saint Maurice.
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Apart from limonite, iron is also bound in iron phosphate (Cayeux 1922), glauconite,
pyrite, chamosite ?, clay minerals and ferroan calcite. In the Helvetics, iron is present
in ankerite, pyrite, chamosite, glauconite, hematite and phosphorite (Kuhn 1996, fig.
7.1).

Lithology Iron mineral(s) Iron distribution

Pierre Jaune glauconite components

M. d'Hauterive clay minerals, glauconite matrix & components

Glauconitic Unit glauconite matrix & components

Alectryonia-beds clay minerals, limonite, (pyrite) matrix & components

Limonite ore limonite, iron phosphate, ankerite,
siderite, chlorite (chamosite)

matrix & components

Calcaire Roux limonite, ankerite, clay minerals,
(glauconite, pyrite)

c o m p o n e n t s ,  F e -
impregnation

M. d'Arzier clay minerals, hematite matrix & Fe-impregnation

Tab. 7.1: Iron phases and distribution in the Valanginian-Early Hauterivian sediments of the Jura
Mountains (Baumberger 1907, Cayeux 1922, Guillaume 1966).

7.2.2. Limonitic ironstone deposits

Stratigraphic and geographic occurrence
Limonitic ironstones are always associated with the Calcaire Roux and/or

Alectryonia-beds. In the northern Jura (Neuchâtel region), limonite predominates in
the upper part of the Valanginian succession.
The geographic distribution of limonite on the Jura platform starts to the north with

the Valanginian coastline and reaches in the St.Claude-region a maximal southward
extension of 80 km (see fig. 4.12, Guillaume 1966).
The most important site for commercial ironstone ore extraction was Métabief

(Doubs, France), but it was also excavated in l'Auberson, Vallorbe, Les Fourgs,
Pontarlier, Boucherans, Oye, Les Grangettes, Longevilles, Hopitaux-vieux, Couvet,
Buttes, La Côte aux Fées, Ballaigues and the Lac de Joux (Baumberger 1906,
Cayeux 1922). There is no limonite in the southern Jura, Salève or Helvetics.
Apparently, for limonite distribution, the distance from the coastline was most
important while water-depth was less significant.

Samples
The description of the limonitic ironstone is limited to a few rock specimens from the

collection of the ETH Zurich, namely Métabief (Meta), Le Landeron (LL & LLGal) and
La Neuveville (NV1-3) ("Geologische Sammlung" of the Geological Institute ETH-
Zürich). Additional evidence for limonitic grains is gained from Colas 1 (St12) and
Villers-le-Lac (V2). The description in Cayeux (1922) of iron ore and grains is also
restricted to few samples from collections. Baumberger (1907) gives a rough
macroscopic description of the limonite ore.

Description
The Valanginian limonitic rocks are more or less marly calcarenites with brown

limonite components (plate 7.1-1 to 6). „True“ limonite ore is characterised by the
enrichment of limonitic components in iron rich, calcareous clay (Baumberger 1906).
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More rarely, dark clay-rich limonite is found as cement/matrix within rock samples
(LLGal) or lithoclasts (plate 7.1-7 & 8).
The host carbonates of the analysed samples are bioclastic and oolitic grain- and

packstones. Bryozoans and crinoids, the predominant bioclasts of the Calcaire Roux,
are either very rare or very abundant. Glauconite may occur (St12 plate 7.1-7 & 8).
Some quartz grains are always present. In summary, the Valanginian ironstone can
be described as clay-rich Calcaire Roux with abundant limonitic components.
Cayeux (1922) notes the abundance of bryozoans in the Valanginian ores as
exceptional and only comparable with Devonian iron ores.

Limonitic components
The limonitic components are very diverse in composition, rounding and grain-size.

Uncoated limonitic particles
The most frequent limonite grains are an irregular mixture of goethite and carbonate

rhombs (plate 7.1-5 & 6, plate 7.2-1 to 3). The components are generally rounded;
the carbonate rhombs are always within the grains and not abraded on the border.
The size of these components and of the carbonate rhombs within varies
considerably (1/10 mm to mm, 10 µm to 1/10 mm,)
Rare limonitic lithoclasts contain various components, which are abraded at the

border and cemented by goethitic-carbonate cement (plate 7.1-7 & 8).
Angular grains are generally composed of quite homogeneous goethite with or

without internal laminations (plate 7.1-1 & 2).

Iron ooids
Iron ooids are quite abundant in the limonite ore. They form in general small, well-

sorted and rounded components.
The oolitic coating may be thick or thin (few microns to 0.3 mm). The laminae vary

from very thin, slightly undulating and not continuous (plate 7.2-4) to thicker, quite
regular and apparently continuous (plate 7.2-1 to 3). Both lamination types can be
present within the same ooid (plate 7.2-5). An unlaminated coating occurs only in the
sample LLGal (plate 7.2-9).
The most frequent ooid cores are intricate mixtures of goethite with carbonate

rhombi (plate 7.2-4) and angular fragments of iron ooids (plate 7.2-5). Further types
of cores are quartz grains (plate 7.2-7), hematite grains (plate 7.2-6), and thickly
laminated goethite (plate 7.2-8).
An oolitic iron coating around carbonate ooids or bioclasts was not found.

Carbonate oolitic coatings around iron ooids were observed occasionally (plate 7.2-
10 to 12).
Goethite / quartz ooids with thick alternating goethite and quartz (originally chert?)

layers are described in Cayeux (1922) and Kuhn (1996). Rarely, thickly laminated
goethitic / carbonatic ooids also occur (plate 7.1-3&4).
Plate 7.1: Microfacies of limonitic rocks

1) Grainstone with limonitic components: angular fragment (a), iron ooids (io) and mixture of goethite
with carbonate rhombi (gc). NV3, crossed nicols.

2) Cathodoluminescence picture of 1

3) Grainstone with limonitic components: opaque round components (probably iron ooids, io),
goethite-carbonate ooid (go). Other components: idiomorphic quartz as core of carbonate ooid
(q), benthic foraminifer (f). NV3, crossed nicols.
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4) Cathodoluminescence picture of 3

5) Large limonitic component containing idiomorphic carbonate rhombi in grainstone. LL, crossed
nicols.

6) Cathodoluminescence picture of 5

7) Packstone with limonitic lithoclast with goethite-carbonate mixture as cement (li). Other
components: echinoderm ossicles (e), mollusc shell (m) and bryozoan (br). St12, crossed
nicols

8) Cathodoluminescence picture of 7

7.3. CHEMICAL COMPOSITION OF BULK LIMONITE ORE

Baumberger (1907) presents washed ore chemical compositions (wt%):

Métabief Les Fourgs

(CaMg) CO3 29.40 30.40

Al2O3 7.80 8.20

SiO2 3.00 2.80

FeO 0.88 0.60

Fe2O3 48.00 44.60

H2O 9.80 11.80

Loss 1.12 1.60

Tab. 7.2: Bulk analysis of washed ore from Métabief and Les Fourgs from Baumberger (1907).

Another chemical analysis from the iron ore of les Boucherans is cited in Cayeux
(1922). This ore was noted as producing the best iron of the Franche-Comté.

Bulk ore Washed ore

Iron oxide 37.5 59.5

Alumina 22.2 12.7

Silica 4 7.5

Carbonate 25.5 15.9

Manganese 0.4 -

Water and loss 10.4 7.1

Iron 25.7 41.7

Tab. 7.3: Analysis of bulk and washed ore from les Boucherans in Cayeux (1922).

The analyses in tab. 7.2 show a very similar composition of limonite ore at Métabief
and Les Fourgs. Very striking are the low content of bivalent iron and the important
amount of carbonates within the ore. The low content of Fe2+ is important for the
calculations of the electron microprobe data, as it allows the simplification that all
measured iron is Fe3+. The very high carbonate content (1/3 wt%) within the washed
ore is consistent with the observation that most limonite grains contain carbonate
rhombi.
The washed iron ore from les Boucherans contains only half as much carbonates,

but slightly more alumina and silica than the other two samples. It is noteworthy that
while the percentage of alumina decreases by washing, the percentage of silica
increases. This indicates that silica must be bound to the iron ore, as goethite/quartz
ooids (see above) or as quartz nuclei for iron ooids. The high loss of alumina without
parallel loss of silica also opens the question to what phase the washed alumina
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belonged. It cannot be clay minerals (Al/Si≤1). Possibly, it was bauxite. This strange
behaviour of alumina in the Boucherans ore is the only plausible indicator for the
presence of bauxite in parts of the Jura limonite ores.
One element missing in the chemical analysis is phosphorus. Cayeux (1922) notes

the coloration of the Métabief and Longevilles ores with a bluish-green material
chemically reacting as an iron phosphate. This mineral (vivianite?) is missing in the
Boucherans ore.
Plate 7.2: Limonitic components

1) Iron ooid with thick and regular coating and uncoated mixture of goethite and carbonate rhombi. LL.
Absorption picture.

2) Fe, 3) Ca-element distribution pictures of the same frame

4) Iron ooid with thin and slightly irregular coating and a mixture of goethite and carbonate rhombi as
core. NV3. Absorption picture.

5) Iron ooid with thick coating and angular fragment of iron ooid as core. NV2. Absorption picture.

6) Iron ooid with thin coating and limonitic core with probable hematite rosettes. LL. Absorption picture.

7) Iron ooid with quartz grain as core. Meta. Backscatter picture.

8) Iron ooid with thickly and regularly laminated goethite core. NV3. Absorption picture.

9) Components with unlaminated limonitic coating/matrix. LLGal. Absorption picture.

10) Carbonate ooid with iron ooid as core. NV2. Absorption picture.

11) Fe, 12) Ca-element distribution pictures of the same frame

7.4. ELECTRON MICROPROBE ANALYSIS OF IRON COMPOUNDS

Limonite ore samples from Métabief (Meta), Le Landeron (LL & LLGAL), La
Neuveville (NV1-3), and samples containing limonitic grains from Colas 1 (St12) and
Villers-le-Lac (V2) were analysed. To compare the mineralogy and chemical
composition of minerals with other settings, samples from Colas II (SC16,
glauconite), and from St. Maurice (sample O. Kuhn, chamosite and hematite) were
also analysed. Rocks from limonite-rich outcrops are usually too strongly weathered
for microprobe analysis (holes in the thin section where the limonite components
should have been).
Electron microprobe (EMP) data are very different from bulk chemical analysis,

because they represent the elemental composition of a point of few µm diameter.
Since one analysis only takes a few minutes, many measurements can be obtained
for one sample. The analysed points were chosen first optically, with the microscope
coupled with the electron microprobe.
The EMP raw data in weight percentage were transformed into mol percentage for

all measured elements, all kations except for F and Cl. Oxygen was not measured
(nor, of course, CO3, OH or H2O). This calculation allows to compare directly
elemental abundances independently of the mineral phase, and independently of the
oxidation stage of iron.
Weight percentage comparisons of compounds are inconvenient since it is not

always possible to determine the mineral phase. Iron can be bivalent (Fe2+) or
trivalent (Fe3+) and bound as hydroxide (FeOOH), oxide (Fe2O3, FeO) in clay
minerals or in carbonates (FeCO3) (Tardy 1993). All these different phases have
varying specific weights, which makes comparisons difficult.
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In order to obtain representative values of the iron oxide/hydroxides and iron-rich
clay minerals, the measurements contaminated by carbonates (mol% Ca above 4%)
were omitted.

7.4.1. Iron hydroxides and clay minerals overview

Locality Sample Goethite Chamosite Glauconite Clay/Fe-hydro.

Colas 1 St12 ++ ? (4%K) +++ ++
Le Landeron LLGal +++

LL ++ ++

Métabief Meta + + +++
La Neuveville NV1 +++

NV2 ++ +++

NV3 ++ ? (2%K) + ++
Villers V2 +++ ++

Colas 2 SC16 +++

Saint Maurice St.Maur. ++ (hem.*) +++

Tab. 7.4: Occurrence of iron oxides/hydroxides and iron-rich clay minerals in the analysed samples.
+=rare, ++=common, +++=abundant. * Probably goethite altered to hematite.

Mineral Goethite Chamosite Glauconite Clay/Fe hydroxide

general i.g. <0.5% K 0-1%K 7-11% K 0-4% K

composition 80-100% Fe 40-50% Fe 15-30% Fe 20-80% Fe

for all 0-10% Si 30-40% Si 40-60% Si 5-42% Si

samples 0-10% Al 7-20% Al 5-18% Al 7-28% Al

proportions Al inv. prop Fe Al inv. prop Fe Al prop Si

within one Si const Si const K prop Al & Si

sample Fe inv. prop Al, Si &K

Tab. 7.5: Major element general composition of the iron oxides/hydroxides and iron-rich clay minerals
(Ca content lower than 4%, not quartz). Arbitrary limit between goethite and clay/iron hydroxide-
mix at 80% Fe. % in mol% of all analysed kations.
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Fig. 7.2: Al-Si-Fe ternary plots of mol percentage for all analysed samples. Compositional fields for the
present mineral phases. Each sample has a distinct geochemical pattern.



7-Iron Geochemistry 144

7.4.2. Goethite
Goethite (FeOOH) is the most important iron ore mineral in the Valanginian limonite

(fig. 7.2). In the Calcaire Roux, goethite is not well crystallised and amorphous iron
hydroxides are also present (Gindraux & Kübler 1989).
Goethite forms in many different marine and terrestrial environments. In continental

settings, it is most frequent in laterites and ferricretes, where it is normally
accompanied by the iron oxide hematite (and other less important iron phases such
as maghemite or lepidocrocite) (Meyer 1987, Fitzpatrick 1988, Herbillon & Nahon
1988, Tardy 1993). In marine environments, goethite occurs as concretions, in
hardgrounds and -most important- in ironstone deposits (Siehl & Thein 1989, Young
& Taylor 1989). Both goethite and hematite are only stable under oxic conditions and
will dissolve in reducing environments (Carrels & Christ 1965). Goethite transforms to
hematite in groundwater warmer than 40°C, while hematite is stable also at low
temperatures (Stucki et al. 1988).
In order to control the mineral composition of the analysed points, the raw

weightpercentage (wt%) of iron was used to calculate the wt% of goethite. For
instance, in St Maurice, samples of 71 wt% Fe reach 113 wt% goethite (wt% Fe /
specific wt Fe * specific wt FeOOH = 71 / 55.85 * 88.85). This is an impossibly high
value. Therefore, the analysed points are not goethite but must be recognised as
hematite (Fe2O3). For all measurements of the Jura samples, no calculated wt%
FeOOH ever reaches 100%. This suggests that hematite must be rare.
The hematite in the Helvetic Saint Maurice presumably resulted from the

dehydration of goethite at temperatures above 40°C (see above). The presence of
goethite in the Jura samples is therefore an indication of very little burial diagenesis
and therefore excellent preservation.
Iron hydroxides are capable of adsorbing large quantities of silica, alumina and

phosphates. This can result in the neoformation of iron clay minerals, quartz or alkali
feldspars (Harder 1989).
Goethite measurements of the Jura samples show that it is generally not a pure iron

hydroxide, but contains varying amounts of alumina and silica (fig. 7.2). If the ratio
Si/Al remains constant (St12, LL, Meta, NV3), the contaminant is presumably some
clay mineral (Maynard 1986, see clay/iron hydroxide-mix). If Si/Al-values scatter
(NV1, NV2, V2), some alumina is most probably substituted AlOOH within the
goethite structure. The Si may be independently bound in amorphous silicate-gel or
in chert.

Al-substitution in goethite
The substitution of AlOOH for FeOOH within the goethite structures has been used

as indicator for the origin of goethite (Fitzpatrick & Schwertmann 1982, Siehl & Thein
1989, Young & Taylor 1989). It is usually determined by X-ray diffraction (Fitzpatrick
& Schwertmann 1982), which results in a "bulk" substitution value. Kuhn (1996)
determined very low (0-5%) Al-substitution values for Valanginian samples from the
Jura platform and Helvetic shelf.
The chemical determination of the Al-substitution is more difficult. The Al must

clearly be bound in the goethite and not in any other phase.
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Fig. 7.3: Fe/Al correlation plot for NV1, NV2 and V2. NV1: Fe = -0.94 * Al + 95.1, R2=0.97, only
measurements with Ca<4% used. NV2: Fe=-1.1*Al+93, R2=0.94, measurements with Ca<4%,
K≤0.1%, Si≤4%. V2: Fe=-1.2*Al+93, R2=0.97, measurements with Ca<4%, Si≤4%.

Only one sample, NV1, showed absolutely no correlation of Al with Si and was
therefore free of contaminating clay minerals. NV1 is not a typical limonite. It consists
of white calcite and idiomorphic large goethite crystals (XRD-determination by O.
Kuhn, sample Ne1). Its origin is most probably subaerial. (As this sample was from
the collection of the geological institute, the exact location within the Valanginian
succession is unfortunately not known.) NV1 has the purest goethite composition of
all analysed samples (see fig. 7.2). Its Al content reaches a maximum of 6 mol% (fig.
7.3).
For the other samples, measurements must be "chosen" to avoid clay

contamination. In the marine limonite samples V2 and NV2, the goethite
measurements (min. 75% Fe) with max. 0.1%K and with max. 4% Si show a clear
negative 1:1 correlation of Al with Fe. This Al-substitution reaches a maximum of
13%, which is well within the range of marine oolitic ironstones (Siehl & Thein 1989).
One measurement of an oolite rim in NV2 reaches a content of 23% Al (5% Si, 65%
Fe).
In the samples St12, LL, Meta, NV3 several measurements have more Al than Si

(Al/Si>1). The most Al-rich clay mineral, kaolinite, has a Si/Al ratio of 1 (Nahon
1976). The supplementary alumina is therefore presumably substituted AlOOH within
the goethite.
The chemical determination of Al-substitution with EMP can also trace rare and

exceptionally high Al-values, thus possibly indicating whether some individual grains
may be derived from lateritic soils. The maximal values of ca 13% (one single
measurement of 23%) are indeed higher than the "bulk" values determined by X-ray
(Kuhn 1996). However, a clear indication for laterites or ferruginous bauxites is only
reached at values above ca. 20 mol% Al-substitution. Below, the goethite may have
formed in a number of different marine and continental environments, including
laterites and ferricretes (Siehl & Thein 1989, Tardy 1993). The single high
measurement of 23% Al-substitution in NV2 is not sufficient to prove a lateritic origin,
but it advocates for further investigations.
The low content of substituted Al in NV1 is consistent with the formation of goethite

in soils under hydromorphic conditions in calcareous environments (Fitzpatrick &
Schwertmann 1982). Quite generally, goethite formed in calcareous weathering
environments (high pH with a low degree of Al-availability) has low amounts of Al
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substitution (Fitzpatrick 1988). As the exposed area around the Valanginian Jura
platform consisted largely of Berriasian and Jurassic limestone, the low Al-
substitution in goethite does not contradict a pedogenic origin.
It is remarkable that comparable electron microprobe analysis by Maynard (1986)

indicated no Al-substitution in goethite (or hematite) for oolitic ironstones (Al/Si ≤ 1).
The only exception was one sample with grains, which contained over 60 wt% Al2O3,
"suggesting the presence of small amounts of a diasporelike mineral". In addition,
CrO-contents were quite high, reaching 2 wt% in the goethite and 10 wt% in the high
Al grains.
No Cr-contents above 0.2 wt% were measured in the Jura and Helvetic samples,

nor is there any clear indication for the presence of Al-minerals. Al-minerals, such as
gibbsite and diaspore, are typical bauxitic weathering products, indicating very humid
and warm conditions (Meyer 1987).
Another typically enriched element in bauxite transformation products is Ti with 1-4

wt% TiO2 (anatas, Dragovic 1989). The highest TiO2 content in the Jura is 0.4 wt%.
As Ti in laterites may be enriched or depleted (Tardy 1993), the measured Ti-
contents give no clear indication for the origin of goethite.
Concluding, the low Al-substitution in goethite and the low contents of Ti and Cr

exclude the presence of bauxitic iron phases, but not of lateritic iron crusts. However,
a purely marine origin for all analysed goethite components in all samples (except
NV1) is also possible.

Phosphate content
Phosphates can easily be adsorbed on the surface of iron hydroxide (Gehring

1989). The phosphate content of resedimented goethite from the Jura platform was
interpreted as the source of P for the Valanginian Helvetic phosphorites (Kuhn 1996).
The P abundance in the goethite measurements ranges generally from 0.5 to 1.5

mol% for all Jura samples except NV1 (see app. c). Contrarily to the Middle/Upper
Jurassic iron ooids of the Swiss Jura Mountains, no large amounts of apatite were
observed within the iron ooid coating (Gehring 1989). The P content from the
hematite in Saint Maurice is much lower, below 0.05 mol%.
Assuming the hematite in Saint Maurice to be recristallised goethite, there is a

dramatic loss of phosphate from the iron oxide/hydroxide phase in the Helvetics. It is
therefore quite probable that this liberated phosphate enhanced phosphogenesis on
the Helvetic shelf.
Cayeux (1922) notes a greenish iron-phosphate matrix in some ironstone samples.

Exceptional high phosphate contents were measured in LL (up to 6.6 mol%) and
St12 (up to 16 mol%). In LL, a clear correlation of P with Ca (P=1+Ca/2, R2=0.99)
indicates the presence of apatite in the core of an iron ooid. The ooid cortex itself has
an average value of 1.1%P. In St12, the phosphate-rich measurements are generally
labelled "ankerite" and are an opaque or greenish mixture of clays and carbonates.
The high fluorine content (up to 4%F for 12%P) also points to the presence of apatite
(francolite, Kuhn 1996).
The occurrence of phosphate-rich material on the Jura-ramp strengthens the cause

for a terrigeneous source of phosphate (Kuhn 1996). This material, reworked onto
the Helvetic shelf, presumably enhanced phosphate enrichment in the "Gemsmättli"-
horizon.
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Schwarz (1992) observes an inverse relation of AlOOH-content with phosphate
content in goethite. This was not confirmed in any analysed sample.

7.4.3. Chamosite
Chamosite is rare in the Valanginian limonite of the Jura. On the other hand it is

abundant on the Helvetic shelf (Kuhn 1996) and, more generally, in the "Minette
type" ironstones all over the world (Siehl & Thein 1989).
Chamosite is here used as generic term for chamositic minerals, chamosite and

berthierine (Van Houten & Purucker 1984). They are chemically characterised by
their very low content of K, Na or Ca and their high Fe content. Recent berthierine
forms in warm marine surface waters during early diagenesis in slightly reducing
conditions. The precursor clay mineral is generally kaolinite (Porrenga 1967, Van
Houten & Purucker 1984, Harder 1989).
Average chamosite elemental composition in Saint Maurice is Mg0.6 Fe4.5 Al1.8 Si3.2

O10 (OH)8 with the assumption that all iron is bivalent. This is relatively Fe-rich and
Mg-poor compared with literature data of sedimentary chlorites (Whittle 1986, Velde
1989), Fe- and Si-rich but Al-poor compared with chamositic clays from various
deposits (Maynard 1986).
No rigorously identified chamosite occurs in the Jura limonite samples. Possible

chamosite was found in Métabief, Colas 1 and NV3 (fig. 7.2). The K-content in all
cases is too high for typical chamosite. It is lowest for the sample in Métabief (<1
mol%) where Al-content is extremely low also. The Colas 1 (St12) contains too little
Al as well.
The only plausible chamosite is found within a goethitic component in La Neuveville

(NV3) with a composition of K0.2 Mg0.8 Fe4.0 Al2.2 Si2.9 O10 (OH)8 (Al/Si = 0.77). This
composition is Fe-rich and Mg- and Al- poor compared with sedimentary chlorites
(Whittle 1986, Velde 1989). A high K2O content, approaching that of glauconite, and
a very similar Al/Si ratio of 0.75 were analysed in chamositic clays identified by their
X-ray powder pattern (Maynard 1986).
In the sample LLGal, some measurements when plotted in the Al-Si-Fe ternary plot

(fig. 7.2) overlie the chamosite field. However, no distinct phase (grouping of points)
is perceptible and the K-contents are rather high (see app. c). It is more probable
that all these measurements represent an intricate mixture of clay and iron hydroxide
(see below).
The near absence of chamosite in the Valanginian limonite is atypical for Mesozoic

ironstones. This could be an artefact due to the very few available samples.
However, it could also indicate unfavourable conditions for chamosite formation on
the Valanginian Jura shelf (low temperature, partly non-marine diagenesis, too oxic
conditions, etc.).
This absence of chamosite corresponds to the mineralogy of the Paris basin

ironstones, where all ooids are composed of goethite (Taylor 1996).

7.4.4. Glauconite
Glauconite is a characteristic constituent for the Late Valanginian/Early Hauterivian

Glauconitic Unit and the Early Hauterivian Marne Bleue and Pierre Jaune of the Jura
Mountains (Guillaume 1966). It is less frequent in the Calcaire Roux where it can be
associated with pyrite (Colas 1).
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Glauconite, an iron-rich green illite, is a marine diagenetic mineral. Actually, it forms
near the water-sediment interface on continental shelves at depths between 60 and
500 m, preferentially in tropical regions. The mineral is essentially ferric (Fe3+) but
contains also ferrous iron and requires therefore semi-confined microenvironments to
form (Burst 1958, Harder 1980, Van Houten & Purucker 1984, Odin & Morton 1986).
Its K-content is derived from seawater and increases with progressing diagenesis
(Odin & Morton 1986). Glauconite is found most frequently as glauconitic pellets or
as infillings in microfossils. Glauconitic pellets are often a mixture of different
minerals (Burst 1958, Bentor & Kastner 1965).
The glauconite of the Calcaire Roux in the Colas 1 section typically fills the voids

within crinoids (plate 7.3, 1-6) and bryozoans. It is also present within micritic
components and as green or brown components. In the Glauconitic unit at Lamoura
and Le Boulu, it is generally visible as diffuse green colour in the micritic matrix and
as infillings in serpulids, bryozoans and crinoids. Large (3-5 mm) green glauconite
pellets typically occur at the base of the Pierre Jaune in Colas 2. Within the Pierre
Jaune, green and blackish glauconite is found as components and infillings in
crinoids and borings (plate 7.3, 7-12).
Plate 7.3: Backscatter and element distribution pictures of glauconite

1) Backscatter picture of an echinoderm ossicle with glauconite in the primary pores in Colas 1,
sample St12

2) Ca, 3) Fe, 4) Si, 5) Al, 6) K-element distribution pictures of the same

7) Backscatter picture of glauconite in borings of a partly silicified mollusc shell in Colas 2, sample
SC16

8) Ca. 9) Fe, 10) Si, 11) Al, 12) K-element distribution pictures of the same

The chemical composition of glauconite based on element determinations (electron
microprobe in this study) is usually expressed as weight % of the constituent oxides
(tab. 7.6) or recast on an anion equivalent basis to structural formulae based on the
O10(OH)2 unit (tab. 7.7) (Burst 1958, Bentor & Kastner 1965, Harder 1980, Odin &
Morton 1986, Dasgupta et al. 1990, Strickler & Ferrel 1990, Nishimura 1994). For the
calculation of the formula units (fu) all iron is supposed to be trivalent, a simplification
based on the generally low FeO content of 1 to 3.2 wt% (Odin & Morton 1986).

K2O Al2O3 SiO2 Fe2O3 MgO MnO CaO TiO 2 Na2O P2O5

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

ST12 average 6.10 9.37 44.9 22.7 3.11 0.03 0.91 0.05 0.11 0.04

stdev(n=26) 0.89 1.56 3.61 3.85 0.26 0.02 0.58 0.05 0.07 0.04

NV3 7.09 9.28 40.8 32.9 3.07 0.13 0.34 0.07 0.00 0.15

SC16 average 7.28 5.36 46.8 27.0 3.94 0.02 0.87 0.02 0.04 0.06

stdev(n=34) 0.53 0.79 1.70 1.75 0.31 0.02 0.52 0.02 0.02 0.07

Helvetic 1 8.58 11.4 52.4 14.7 5.69 0.03 0.51 0.03 0.17 0.00

Helvetic 2 8.10 13.3 51.8 12.4 5.97 0.00 0.92 0.02 0.09 0.37

Tab. 7.6: Chemical composition in weight % (for easier comparison with literature data) of glauconite
electron microprobe measurements. Fe2O3 is total iron content. Valanginian Helvetic samples
from O. Kuhn (Helvetic 1=Rahberg section, Helvetic 2=Churfirsten cf17).
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K Na Fe Mg Al oct Al tetr Si O OH

ST12 average 0.61 0.02 1.33 0.36 0.38 0.49 3.51 10 2

stdev(n=26) 0.06 0.01 0.20 0.03 0.19 0.11 0.11 10 2

NV3 0.69 0.00 1.89 0.35 -0.05 0.89 3.11 10 2

SC16 average 0.71 0.01 1.55 0.45 0.06 0.43 3.57 10 2

stdev(n=34) 0.04 0.00 0.07 0.03 0.07 0.05 0.05 10 2

Helvetic 1 0.77 0.02 0.78 0.60 0.66 0.30 3.70 10 2

Helvetic 2 0.73 0.01 0.66 0.63 0.78 0.33 3.67 10 2

Tab. 7.7: Numbers of ions in glauconite calculated on the basis of K, Na<1 (Fe, Mg, Al oct)≈2 (Al tetr,
Si)4 O10(OH)2, with all iron as Fe3+. Al tetr (tetrahedral position) = 4 - Si. Al oct (octahedral
position) =Al tot - Al tetr.

The occurrence of negative Al oct values may indicate the presence of another
element filling tetrahedral sites, presumably Fe. It may also point to the presence of
cryptocristalline iron oxide/hydroxide within the glauconite (Bentor & Kastner 1965).
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Fig. 7.4. Crossplots Fe/octahedral Al [formula units] and K/ octahedral Al & Fe [formula units, fu] for
the samples St12 (Colas 1) and SC16 (Colas 2). Tetrahedral Al-content is 4 minus Si-content.
Negative octahedral Al indicates that there is not enough Al to fill all Si-free tetrahedral sites.
This is presumably due to Fe-substitution in tetrahedral sites (Bentor & Kastner 1965) or to free
Fe-oxides within the glauconite crystals. Note increasing substitution of octahedral Al by Fe with
increasing K-content.

Compared with the Helvetic samples, the Colas 1 & 2 samples contain little K (Tab.
7.6 & 7.7). The quite constant and higher average K contents of the Colas 2 sample
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point to a longer access to the K-source sea-water (Odin & Morton 1986). This is
probably related with the marly lithology of the Colas 1 sec_tion, which sealed the
sediments more rapidly.
In the Colas 1 and to a lesser degree in Colas 2, above ca. 0.6 fu K, Fe is

substituted for Al oct with increasing K content. There is a very good inverse
correlation of Al oct and Fe in both samples (Fig. 7.4). A very similar relationship is
described in Strickler & Ferrel (1990), where progressive substitution of Fe for
octahedral Al and a systematic increase in interlayer K with increasing burial
diagenesis is observed. Burial diagenesis is presumably responsible for the trends in
the Colas-sections also.
The quite homogeneous Fe content for low K (0.45-0.6 fu) in Colas 1 (St12)

confirms that, in general (without burial diagenesis), the iron content is not related to
the content of interlayer cations, and that iron is fixed in the structure prior to the
incorporation of potassium (Odin & Morton 1986).
The only exceptional feature of the Jura glauconites is the high Fe content of the

Colas 2 (SC16) and La Neuveville (NV3) samples. Apparently, glauconite
composition is mainly dependent on the availability of its constituents: Glauconite in
biosiliceous sediments contains large amounts of Si (Nishimura 1994), glauconitic
alterations of K-feldspar have a remarkably constant K content (Dasgupta et al.
1990). Therefore, the high Fe contents in SC16 and NV3 presumably indicate the
excellent availability of iron during glauconitisation.
Concluding, the occurrence and composition of glauconite in the Valanginian to

Hauterivian sediments of the Jura mountains is quite comparable with published
data. The only discrepancies are

1) high Fe contents in Colas 2 (SC16) and La Neuveville (NV3)
2) recent glauconite is formed in deeper water depths than those assumed for

the deposition of Calcaire Roux (Colas 1, St12) and Pierre Jaune (Colas 2,
SC16).

After (Harder 1980), the silica content of pore waters seems to control the formation
of glauconite or chamosite rather than depth or temperatures of the bottom waters.
Accordingly, the Valanginian and Hauterivian glauconite may also have formed in
shallower water depths, as indicated by the sedimentary facies.

7.4.5. Clay/iron hydroxide-mix
Next to goethite, the most common iron phase in the Valanginian Jura rocks is a

mixture of iron hydroxide and clay (tab. 7.1 & &.2, fig. 7.2). "Phase" is possibly an
erroneous term, since its composition varies within one sample and between
different samples. It is also difficult to know whether it is one "phase" with a very
variable composition, or a mixture of two phases with grain sizes below the
resolution of EMS (ca. 5 µm). "Phase" in this case may also be a poorly crystallised
or even gel-like, amorphous substance, as indicated by the generally poor cristalinity
of goethite (Gindraux & Kübler 1989). Poor cristalinity is presumably the reason why
this very special mixture has not yet been described in detail, since iron ore is
generally investigated with X-ray diffraction.

Clay component
The Calcaire Roux contains varying amounts of kaolinite, smectite, illite (including

glauconite), chlorite and rare interstratified illite/smectite. The kaolinite has a
maximum in the Calcaire Roux and is absent in the overlying Marnes à Astieria and
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Marnes d'Hauterive. Kaolinite contents are very high in Le Landeron and tend to
decrease towards the South (Persoz 1982).
If the clay-end of the clay/iron hydroxide-mix is a distinct phase, the chemical

composition may indicate its identity.
Chemical composition of some clay minerals (Kearsley 1989):

Kaolinite: Al4 (Si4O10) (OH)8 Al/Si=1
Fe-MG Chlorite: (Fe Mg)10 Al2 (Si6 Al2 O20) (OH)16, Al/Si=0.7
Illite: K1.5 Al4 (Si6.5 Al1.5 O20) (OH)4 Al/Si=0.6
Smectite: Na2 Al10 Mg2 (Si24 O60) (OH)12 Al/Si=0.4
Glauconite: K2 (Fe Al Fe Mg) (Si7 Al O20) (OH)4 H2O Al/Si=0.3

The ratio Al/Si is distinctive for the different clay minerals, as well as the presence of
K or Na. Unfortunately, the Al is not only bound in clay, but also in goethite (see Al-
substitution). Since Si may also be bound in chert, the maximum Si- value need not
be representative for the clay mineral phase(s).

Al/Si ratio
The only samples where the Al/Si ratio is approximately constant are Le Landeron

Galerie (LLGal) and St. Maurice (Helvetics) (fig. 7.5).
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Fig. 7.5: Al/Si plot of microprobe measurements in the samples LLGal and St. Maurice. Note excellent
correlation (R2=0.95) and very similar Al/Si ratio of 0.6 for both samples (Ca content < 4 mol%).

In Saint Maurice, two optically distinct phases, hematite and chamosite are
apparent, while only one opaque phase is present in Le Landeron Galerie.
Chamosite is a diagenetic mineral (see above). The very comparable chemistry in

Saint Maurice and Le Landeron Galerie seems to point to the preservation of a
precursor phase of chamosite in Le Landeron, assuming no major chemical changes
during diagenesis (closed system , Clauer et al. 1990).
In the LLGal sample, the very constant Al/Si ratio despite the large variability of the

Fe-content, points to a mixture of clay mineral(s) with iron hydroxides. As the Al/Si
ratio is independent of the Fe-content, the iron hydroxide contains no (or very little)
substituted Al. The low Al/Si ratio of 0.62 points to illite or a constant mixture of e.g.
smectite and kaolinite. It excludes kaolinite as only or dominant clay component
(Al/Si = 1, see above). The poor correlation of K with Si (r2 = 0.40), Al (r2 = 0.50) and
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Fe (r2 = 0.48) is consistent with an immature chemistry, also of the clay minerals, due
to little diagenesis.

K-content
In the samples St12, LL, Meta, NV2, NV3 and V2, the Al/Si ratios are variable,

notably because of the Al-substitution in goethite (see above). Here the K-content,
and the K/Si ratio may point to the clay component of the clay/iron hydroxide-mix.
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Fig. 7.6: K/Si, Al and Fe crossplots of the samples St12, LL, and Meta. All values in mol%, maximal
values for K limited to 2.5% for St12. Note excellent correlation of K with Si and fairly constant
and reproducible ratios of 1/6 - 1/7 for K/Si. The negative correlation of K with Fe is presumably
due to the dilution effect of clay, the K-containing phase within the iron phase goethite.

Fig. 7.6 illustrates the good correlation of K with Si within the clay/iron hydroxide-mix
in samples from Colas 1 (St12), Le Landeron (LL) and Métabief (Meta). This
correlation indicates that Si is bound in the same phase as K, presumably clay
minerals. The ratio K/Si of 0.15 to 0.17 is lower than the literature data for illite and
kaolinite (ca. 0.25 to 0.29 (Kearsley 1989), see above), but it is very similar to the
determined ratio for glauconite of 0.17 in the sample St12.
This very constant ratio may be primarily due to a constant mixture of clay minerals

within the goethite. However, the sample LLGal that presumably consists of such a
mixture shows only a very weak correlation of K with Si, similarly with the samples
NV2 and NV3. It is therefore more probable, that this constant K/Si ratio indicates
diagenesis.
In the sample St12 from the Colas 1 section, the increasing K-content is

accompanied by a constant Si and Al increase and a Fe decrease up to ca. 7 mol%
K. Above, from 7 to 11 mol% K, the Si content remains constant, while the Al
decreases again and the Fe increases (see also fig. 7.4).
Above ca. 7 mol% K the elemental pattern is typical for the burial diagenetic

evolution of glauconite (Strickler & Ferrel 1990). Below, the linear changes indicate
the mixture of two phases, namely of glauconite and of iron hydroxide (goethite).
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Fig. 7.7: K/Si, Al and Fe crossplots of the samples St12. All values in mol%, values for K unlimited. K-
values above ca. 7 mol% indicate glauconite.

Glauconite is a marine diagenetic mineral (Bentor & Kastner 1965). As the clay/iron
hydroxide-mix in Colas 1 (St12) is a mixture of glauconite and iron hydroxide, it was
presumably altered during marine diagenesis. Since the chemical pattern of the
samples Le Landeron (LL) and Métabief (Meta) are very similar with Colas 1 (St12,
see fig. 7.5) they were probably altered during marine diagenesis too. The lack of Al
and/or Si in the carbonate environment prevented the formation of the clay end-
product in these two samples (LL & Meta). However, the K content of the clay
mineral phase indicates diagenetic conditions favouring glauconite and not
chamosite formation (average K-content = 0.07 mol% in chamosite at Saint Maurice).
This is not typical for "Minette"-type ironstones, where chamosite is the expected clay
mineral (Van Houten & Purucker 1984, Maynard 1986).
Concluding, the clay/iron hydroxide-mix is different from one sample to the other. In

Colas 1 (St12), Le Landeron (LL), and Métabief the geochemical trend of the mixture
points to the incipient diagenetic formation of glauconite within the iron hydroxide
phase. In Le Landeron Galerie (LLGal) the clay component resembles "native"
chamosite, without guarantee that chamosite would really have evolved through
more pronounced diagenesis. For the other samples La Neuveville (NV2 and NV3)
and Villers, the scatter of data obliterates any clear geochemical trend.
The very variability of the clay/iron hydroxide-mix may point to an originally gel-like

substance containing mainly Fe, Si, and Al in various amounts. However, different
mixtures of more or less crystallised iron hydroxides with clay minerals are also
possible parent materials.

7.4.6. Pyrite
The occurrence of pyrite indicates a diagenesis, which involved bacterial sulphate

reduction. The formula for sulphate reduction is (SEPM 1985).
2CH2O + SO42- → H2S + 2HCO3-

Organic matter is oxidised by sulphate reduction and bicarbonate with the δ13C
isotopic signal of organic material released.
The limiting factors for the amount of pyrite are the concentration of sulphate, the

amount and reactivity of organic matter, the concentration and reactivity of iron
minerals, the production of zerovalent sulphur (S0) and the period of time during
which these reactions take place (Middelburg 1990).
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Macroscopically visible pyrite was only found in the Alectryonia- marls at the Colas
1 section and on the top of the Carajuan section. In the Colas 1, most pyrite
concretions have a crinoid ossicle as centre. In Carajuan, pyrite concretions formed
predominantly within ammonites, but also within other fossils, such as serpulids.
Pyrite was not analysed on the electron microprobe. However, element distribution

pictures of sulphur regularly failed to show the presence of pyrite in most samples.
Especially in the Calcaire Roux at Le Boulu, where pyrite was completely absent
(see plate 7.4). This was unexpected as not weathered Calcaire Roux is black and
contains iron. Apparently, the amount of organic matter or some other factor (see
above) was not sufficient for sulphate reduction and pyrite production.

7.5. WHY IS THE CALCAIRE ROUX RUSTY?
In addition to the sedimentary structures (see chapt. 4), the typical colour of the

Calcaire Roux allows to identify this lithology accurately everywhere. The rusty colour
indicates the presence of iron hydroxides. However, on fresh outcrops (as in Le
Boulu), the Calcaire Roux is black. Black limestones getting rusty when weathered
are supposed to contain pyrite as colouring agent.
Element-distribution pictures (plate 7.4) clearly show the absence of pyrite (no

sulphur) in the Calcaire Roux at Le Boulu (sample 23). The iron-bearing phase
consists of Si, Al, Fe, K and little Mg. This indicates a clay mineral. The presence of
K and the absence of Na points to illite rather than smectite or chlorite (Kearsley
1989). The interesting point is that clay minerals are within rather than between
components.
Presumably, the components were impregnated with clay after or during a partial

micritisation process. As the sediment is now a grainstone without matrix, the
micritised and clay-impregnated components were reworked before their definitive
deposition. This scheme fits with the very dynamic, shallow water depositional
environment of the Calcaire Roux (see chapt. 4).
In recent carbonate platform sediments, Boichard et al. (1985) describe the

occurrence of blackened carbonate components, due to the neoformation of clay
minerals (in this case chlorites) in the intragranular porosity. The microperforated and
blackened components are found in water depths below 35 m and are always mixed
with intact grains.
This substantiates a pre-depositional clay-impregnation in the Calcaire Roux,

possibly also due to the neoformation of clay minerals. As the clay mineral phase in
this case contains K, it is not chlorite. Therefore, water depth can be different from
the recent example.
The dominant iron-bearing phases of the Jura are goethite, clay minerals and

ankerite (tab. 7.1. and fig. 7.1). Accordingly, it is not surprising that the Calcaire Roux
are in general stained by clay minerals and not by pyrite. This evidence is a further
indication of incessant clay input during the Calcaire Roux deposition.
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7.6. INTERPRETATION AND DISCUSSION

7.6.1. Formation and deposition of limonite
The Valanginian limonite ore is not a typical "Minette-type" ironstone (Siehl & Thein

1989). The main mineralogical differences are the near absence of hematite and of
chamosite. Sedimentologically, ironstone deposits generally contain more clastic
material, while the limonite in the Jura mountains is embedded in a shallow water
carbonate sequence with only subordinated clastic input.
The characteristics of the Valanginian limonite ore is its high content of carbonate

within and between the components. Clearly, limonite ore formation occurred in a
carbonatic environment. The Al- content in goethite is generally low, which excludes
bauxitic environments. More hematite is expected in laterites and the typical marsh
iron mineral siderite is very rare. These indications point to limonite formation in
lacustrine, riverine or marine environments
The occurrence of iron oolites gives no clear marine indication, as the only recent

iron oolite formation was described in lake Tschad (Lemoalle & Dupont 1971) and
non-marine formation is assumed for Lower Cretaceous oolites in the Wealden
(Taylor 1992). Furthermore, the rare occurrence of soil goethite (NV1) indicates iron
enrichment on land.
The intricate mixture of iron hydroxide, clay and carbonates points to a low energy

environment where mud was accumulated and occasionally reworked. The most
obvious corresponding places are marine estuaries and protected lagoons. An
entirely lacustrine or riverine origin is improbable since marine microfossils and/or
glauconite are as a rule present.
Transport from the forming site (except possibly for LLGal) and reworking is

obvious, as indicated by the carbonate oolitic coating of an iron ooid and the
numerous broken iron ooids as cores of new ooids. However, the distinct chemical
pattern of each sample indicates a different forming place for each and the absence
of large-scale transport and mixing. This confirms the picture of small depressions
where the casual mix of river and sea-transported mud led to the formation of
comparable, but chemically different limonite particles.
The geochemical and sedimentological evidence of coastal limonite formation is in

agreement with its geographical distribution as mapped by Guillaume (1966) (see fig.
4.12).

7.6.2. Probable iron source and climatic interpretation
Valanginian iron enrichment is pronounced in the Paris basin (Bertrand 1953, Taylor

1996) the shoreline in the Jura region (Guillaume 1966) and the Helvetics (Kuhn
1996). It diminishes with increasing distance from the shoreline, and is independent
of water depth, as evidenced by the limonite-free Salève shallow water deposits. The
drainage system was probably the same in the Valanginian and in the Hauterivian,
as is evidenced by the progressive transgression of the Paris basin from the South-
East during the Early Hauterivian (Rat et al. 1987). Consequently, the main iron
source was located on the European continent.
Iron is, together with aluminium, the most immobile element of continental

weathering (Berner & Berner 1996). Its enrichment in the Valanginian sediments is
therefore a clear indicator of increased weathering at this time. This is only
explainable with a regional climatic change to warmer and/ or more humid
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conditions. Clear indicators for warmer temperatures than in the Berriasian are
missing. The climate at both times was certainly warm, as indicated by carbonate
oolite production. However, the increased terrigeneous input in the Early Valanginian
clearly indicates more runoff, and therefore more humid conditions than before. This
is in agreement with the general interpretation of oolitic ironstones as indicators of a
warm, humid climate at the time of formation (Hallam 1984).
Allowing for the time needed to form iron enriched soils and laterites, and the time

needed to erode or cover them, these warm and humid conditions must have lasted
through the larger part of the Early Valanginian when most iron ores were deposited.
As the limonitic iron ore deposition nearly stops during the Late Valanginian,

another, opposed climatic change must have occurred. Terrigeneous sedimentation
continued (where sediments are preserved) but changed from iron-rich to clay-rich.
The rapid sedimentation of the Marnes d’Hauterive still documents high continental
runoff and a humid climate. Therefore, the stopped limonite sedimentation
documenting the ended iron enrichment on the continent must be due to cooler
temperatures.
 The “missing” Chamosite and the diagenetic trends towards the formation of

glauconite instead also indicate an unusual evolution. Warm conditions must have
prevailed during the time of continental iron enrichment but changed later in the
marine environment. Early diagenesis and some reworking occurred in warm water,
as documented by the iron ooid core within a carbonate oolite. However, the late (?)
diagenetic environment was possibly too cold for the evolution of chamosite, or the
diagenetic evolution stopped at a very early stage, as indicated by the poor
cristalinity of goethite (Persoz 1982). Even a diagenetic stillstand rather indicates low
sea-water temperatures, as chemical reactions are highly temperature dependent.
Glauconite is common in English Jurassic to Cretaceous ironstones (Macquaker et
al. 1996). These higher latitude sediments also probably reflect relatively cool water
temperatures. In the Helvetic St. Maurice sample, burial diagenesis transformed
goethite into hematite and may also have been responsible for the formation of
chamosite out of the clay/iron-hydroxide-mix.
The exact timing of the cooling is difficult, also because Late Valanginian sediments

in the shallow marine environment are rarely preserved and poorly dated (see chapt.
4&5). Presumably, it happened during the deposition of the Alectryonia-beds, near
the Campylotoxus/Verrucosum boundary.
The marine cooling at this time is documented by a stop of oolite production,

relatively cold oxygen isotope temperatures of fossils (chapt. 5) and a major
bryozoan faunal change (Walter 1989). Some time was certainly needed to erode,
transport and deposit the iron-enriched material in the sea. Therefore, limonitic
particles are to be expected after the marine cooling.
The change from iron rich to clay-rich sedimentation documents that climatic cooling

was not restricted to the marine environment. The reduced weathering conditions
indicated by the change from iron-rich clay to silica-rich clay deposition (very high
sedimentation rates in the Kieselkalk formation of the Helvetics, Kuhn 1996) were
determined by a cooler climate on the continent. The mere opening of sea-ways to
the boreal realm (Melinte & Mutterlose 2001) could hardly cause this cooling down.
The cooling event was not accompanied by drier conditions. The predominantly

marly sedimentation and high sedimentation rates of the basal Hauterivian document
continuous significant terrigeneous input and presumably high continental runoff.
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7.6.3. Historical reconstruction

In the Early Valanginian, a warm, more humid climate led to the formation of iron
rich soils and laterites on the European continent.
The rivers brought detrital, iron rich material directly onto the carbonate platform. In

the estuaries and lagoons, fresh water mixed with marine, altering the equilibria of
riverine clays, colloids and dissolved components (Gunnars et al. 2002).
Flocculation, precipitation and sedimentation of a mixture of carbonates, reactive
clays and iron-rich aluminous and siliceous gels near the river-mouths ensued. Early
diagenesis transformed this highly reactive mud into clays and carbonate-rich
limonite particles, which were reworked by storm- and spring-tide currents and
integrated in the carbonate platform. Limonitic beds formed at different times and
places according to river input, current distribution and carbonate production and
sedimentation rates (Macquaker et al. 1996).
In the “middle”-Late Valanginian, the climate cooled down, laterite formation

stopped, erosion and river runoff continued for a while to transport iron-rich material
to the coast. Cooler water temperatures slowed down diagenetic processes,
glauconite rather than chlorite formed.
By the Early Hauterivian, most continental iron-rich material had been eroded, and

more erosion was restricted by the marine transgression. Limonite production was
stopped. The climate was still humid but significantly colder than in the Early
Valanginian.

7.7. CONCLUSION

The limonite ore deposition on the Valanginian Jura coast appears to be caused by
a climatic change to more humid conditions affecting the west-European continent.
Climatic changes have frequently been presented as probable triggers for global

stable carbon isotope shifts (Weissert 1989, Lini et al. 1992, Weissert & Mohr 1995).
In this case, the initial climatic change to more humid conditions occurred slightly (ca.
1,5 ammonite zones) before the isotopic excursion. At about the maximum of the
positive carbon isotope shift, a climatic cooling is documented in the sea (see
chapt.5, oxygen isotopes) and on the adjacent continent (end of limonite
sedimentation). This cooling is comparable with the Miocene Monterey Event
(Vincent & Berger 1985) where a global cooling event, documented with oxygen
isotope data, occurs similarly at about the maximum of a positive carbon isotope
excursion (see chapt. 8, and Jacobs et al. 1996).
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CHAPTER 8: SYNTHESIS AND CONCLUSIONS

8.1. CORRELATION BASIS

8.1.1. Biozonation
The time correlation between different section and regions is set by paleontological

datation since this is the only available non repetitive time-marker. Unfortunately, one
biozonation is not sufficient, as the different studied section belong to different
depositional environments and faunal provinces (Nikolov 1987).
Although the ammonite distribution on carbonate platforms is not the same as in

basins (Busnardo et al. 1979, Remane 1989b, Bulot 1993), the ammonite bio-
stratigraphy remains a most reliable high resolution biostratigraphy and correlation
tool between basins and platforms. Due to the provincialism of ammonites (Bulot &
Thieuloy 1993), the stratotypique zonation can only be used in the northern Medi-
terranean region (Nikolov 1987).
Where ammonites are missing or inadequate, benthic foraminifera (Schindler &

Conrad 1994), dinoflagellate cysts (Charollais & Wernli 1995), calpionellids (Remane
1985), dasycladal algae (Masse 1993a, Schindler & Conrad 1994), echinoids (Clavel
1989), nannoplankton (Thierstein 1976, Manivit 1989, Lini et al. 1992) or ostracods
and bryozoans (Walter 1972, Walter 1991) have been used for biostratigraphy in the
Valanginian to Hauterivian sediments (Remane 1989b, Charollais & Wernli 1995).
All different biozonations are reported to the ammonite zonation of Busnardo et al.

(1979) emended by Bulot (1992) and Bulot et al. (1992) (see fig. 8.1-8.3).
For details of the paleontological datations of the presented sections, see chapter 4.

8.1.2. Stable carbon isotope stratigraphy
Stable carbon isotope stratigraphy is a very powerful correlation tool for different

lithologies, provided a clear shift pattern exists. It can be applied on a global scale in
many different carbonate sedimentary environments (e. g. Jenkyns 1995, Ferreri et
al. 1997). Since shift patterns, however, are repetitive, paleontological control is
necessary for the rough age determination. As the Valanginian-Hauterivian carbon
isotope excursion is quite long-lived (a few million years, Gradstein et al. 1994) and
well reproducible, its shift-pattern was used to refine paleontological dating.
Combined with the ammonite zonation it is the base for precise correlations between
the presented sections (fig. 8.1).
Interestingly, paleogeographically near sections provide the most similar isotopic

pattern (Lamoura and Le Boulu, La Charce and Carajuan). Some provincialism due
to regional control (changing currents, river-input, primary productivity changes,
relative sea-level etc.) is evident (chapt 8.2).

8.1.3. Magnetostratigraphy
Magnetostratigraphy has a high potential for global correlations (Ogg et al. 1991,

Channell et al. 1993). However, numerous lithologies did not record the paleo-
magnetic fields, successions must be continuous to recognise the magnetic pattern
and even weak metamorphism obliterates the original signal (Mohr 1992).
In shallow-water environments, where frequent gaps are expected,

magnetostratigraphy, with its high-frequency pattern (4 and more reversals in the
Valanginian, see fig. 8.1.), is powerless. The magnetostratigraphy of the Capriolo
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section of Lini (1994) is added to fig. 8.1-8.3 to provide an additional correlation
possibility with other (pelagic) sections. It could not be used as a correlation tool
between the presented sections since it is quite unique.
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Lithologies:

Oyster bed

Limestone / marly limestone 
alternation

Sandy Limestone

Calcarenite

Limestone

Marl/ marly limestone
alternation
Marl

Chert concretions

Marly limestone

Chert-rich marl/ marly 
limestone alternation

Legend of fig. 8.1.

8.1.4. Sequence Stratigraphy
Sequence stratigraphy (Vail et al. 1977, Van Wagoner et al. 1988) has been used

by various authors (Ferry & Rubino 1989, Arnaud & Bulot 1992, Clavel et al. 1992
and many others) to correlate the Jura and peri-Vocontian platforms. Their theory
implies several short-lived, synchronous sequences in the Valanginian, which are
due to eustatic sea-level variations. These numbered sequences are supposed to be
met with in every section, regardless of tectonic movements, sedimentary input,
regional variations and sedimentary environment. Correlations are based mainly on
striking bed surfaces or, if present, geometrical sedimentary patterns and ammonite
horizons. If less than the expected sequences are found (as is mostly the case), the
missing ones are supposed to be contained in one or more surface(s). The results of
the different authors do not agree with each other (see Hillgärtner (1999) for a
compilation of the Berriasian-Early Valanginian). Paleontological control is usually
not precise enough to test whether the correlated sequences are synchronous or not.
The presented combined ammonite and carbon isotope correlation scheme (fig. 8.1-

8.3) could be used to test the theory and the results of high frequency (third order)
sequence stratigraphy by providing an independent time-scale.
The longer term (second order?) sea-level changes are much better expressed. Fig.

3.4 after Baumberger (1901) already looks very much like a “modern” sequence
stratigraphic interpretation with on- and downlaps and sequence boundaries. After
this figure, the Marnes d’Arzier (Pertransiens zone) can be seen as transgressive
system tracts onlapping on the emerged sequence boundary (eroded top of the
Berriasian), the Calcaire Roux as prograding early highstand (Pertransiens-
Campylotoxus zones), and the Alectryonia-beds as confined late highstand
(Campylotoxus-Lower Verrucosum zones). The Marnes d’Hauterive form the base of
a new sequence, as transgressive system tracts with a coastal onlap well into the
Paris basin, and the Pierre Jaune represents the prograding highstand.
This sequence stratigraphic interpretation corresponds exactly with the ammonite-

turnover based “long-term sea-level variations” in Hoedemaeker (1995). His
sequence boundaries are located near the base of the Pertransiens zone and
between the verrucosum and pronecostatum ammonite horizons of the Verrucosum
zone.
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8.2. COMPILATION AND DISCUSSION

8.2.1 Environmental parameters
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Climate and weathering
Clay input: Documented as marly lithologies, the presence of clay indicates at least

seasonally humid weathering conditions on the continent and (normally) fluvial
transport to the sea (Berner & Berner 1996). Both parameters mark humid climatic
conditions on the continents with important rainfall and runoff. Exceptionally, clay-rich
layers may be of aeolian origin (Val Cellina?). Marine authigenic clay minerals, such
as glauconite and certain chlorites, are supposed to evolve from terrigeneous parent
material (Porrenga 1967, Van Houten & Purucker 1984, Harder 1989). The absence
of clay is due to either little continental input or to hydrodynamic conditions
preventing its deposition. Compared with the Berriasian and upper Hauterivian, the
Valanginian and Lower Hauterivian sediments are generally enriched with clay
(chapt. 3 & 4). In the carbonatic Calcaire Roux, intragranular authigenic clay (chapt.
7) points to clay winnowing, rather than to a decrease of clay input into the sea.
Iron enrichment: Iron is a generally immobile element and remains in the soils

(Berner & Berner 1996). Exceptional weathering conditions, such as strong flushing
of the rocks and high temperatures are required to move large quantities of iron into
the sea. The Early to “Middle” Valanginian near-shore limonite ore deposition on the
northern Jura platform can therefore be regarded as a good indicator for very warm
and humid climatic conditions on the near continents (see chapt. 7). The occurrence
of ankerite, an iron-rich carbonate, confirms the iron enrichment on the carbonate
platform. More diffuse iron enrichment, combined with marly lithologies, as on the
Lower to “Middle” Valanginian Provence carbonate platform, mainly point to more
humid (more continental runoff) conditions than before. Pyrite, iron sulphide,
indicates reducing diagenetic conditions. To form large quantities, as in the basal
Radiatus zone at Carajuan, sufficient iron (terrigeneous) and organic matter
(ammonites) are required. Pyrite is also the main iron phase and very abundant in
the Hauterivian Kieselkalk formation of the Helvetics (Kuhn 1996).

Oyster event
Throughout the Valanginian on the Jura platform, typical coral reef organisms, such

as hermatypic corals, rudists, dasycladal or other calcareous algae are missing or
extremely rare. Instead, crinoids, molluscs, bryozoans, brachiopods, echinoids,
calcareous sponges and oysters abound. This fossil association points to eutrophic
water conditions and/ or temperate water temperatures (Hallock & Schlager 1986).
Considering the various indicators for important continental weathering and
terrigeneous input, eutrophication due to terrigeneous nutrient input appears most
probable. On the Jura platform, from the Campylotoxus to the lower Verrucosum
zones, the fossil association is markedly dominated by oysters, namely Alectryonia
rectangularis and “normal”, flat oysters. In the Provence area, at Carajuan and
Taulières, there is similarly a significant enrichment in oysters from the middle
Campylotoxus to the Verrucosum zone, Exogyra couloni in the marls, Alectryonia
rectangularis and flat oysters in more calcareous beds.
The oyster event marks the peak of the Valanginian eutrophication. Nutrient

availability was probably so high, that the fast-growing oysters dominated in coastal
ecosystems. On the other hand, terrigeneous mud input must have been moderate.
Flat oysters and Alectryonia need a hard substrate to grow, and even Exogyra may
suffocate if clay sedimentation is too fast. On the Jura platform, the Alectryonia-beds
are typically marly, but the sedimentation is slow or condensed. This argues for calm
sedimentary conditions and moderate clay input. Contemporaneous to the oyster
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event on the Jura platform, a phosphatic condensation phase (Gemsmättli) occurs in
the Helvetic carbonate ramp. There, sediment starvation (and/or bypass) and the
high nutrient (phosphate) content of the sea-water are most clearly expressed (Kuhn
1996). The oyster event and Gemsmättli condensation are presumably due to the
same cause.
Since the following Late Valanginian was most probably marked by a (or several)

sea-level drop(s), the preceding oyster event may also be due to oceanographic
changes, such as slackening currents caused by shallower water depths. Changing
currents may also be the cause for the Gemsmättli horizon. Possibly, bottom currents
became stronger and promoted the transport and by-pass of limonite-rich near-shore
sediments, which “lost” their phosphate load during early diagenesis at the sea-floor
(Kuhn 1996).
However, the question how nutrient input could increase simultaneously with a

diminishing clay input is not solved. Presumably, the rivers transported more
dissolved components and less particular load. Some tentative explanations may
include:

-Slightly decreased rainfall, weakening the erosive water power
-A more compact vegetation covered the surface, retaining more clay and

increasing chemical weathering (Berner & Berner 1996)
-The weather grew less stormy and eroded less surface material

An additional explanation for the remarkable oyster enrichment may be the cooler
water temperatures which stressed all other inhabitants of these formerly subtropical
seas (see also Walter 1989).

8.2.3 Drowning event
The concept of drowning of carbonate platforms is presented in Schlager (1989). It

includes “not only platforms killed by submergence below the euphotic zone
(drowning sensu stricto) but also platforms “drowned” by prograding marine
siliciclastic sediments or by outpourings of marine volcanics or volcaniclastic
sediments. The term excludes termination by significant falls of sea-level with the
formation of lowstand wedges in the sense of (Vail et al. 1977).”...“Demise by
submergence requires a relative rise of sea-level that exceeds the growth potential of
the platform. Suffocation by marine siliciclastics requires a relative highstand of the
sea to provide accommodation for the siliciclastics on top of the
platform.”…“Drowning unconformities typically include a change in lithology from
shallow-water carbonates to deeper water siliciclastics or pelagics of variable
composition. The succession has the form of a deepening-upward sequence.”
On the Jura platform, the term “drowning below the euphotic zone” applies to nearly

all Valanginian sediments (no corals, rudists or calcareous algae). However, as the
main body of the sediments consists of in situ produced benthic carbonates, it still is
a carbonate platform, “alive” not dead or drowned. Carbonate production did keep up
with the rising sea-level. The sedimentary evolution does not show a deepening
upward trend. The Upper Valanginian is characterised by a well documented
sedimentary gap on the platform, accompanied by rapid sedimentation in the basin
(low-stand wedge?), indicative of a sea-level fall. Since the basal Hauterivian deeper
marine and marly sediments followed this significant sea level fall, which lasted
nearly half a stage, this facies change can not be called “drowning” either.
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On the Provence platform, the change from “Calcaire blanc supérieur” to Marnes à
Toxaster is better adapted to the definition of drowning (Masse 1993b). Although
emersion there is evident, the time it comprises is possibly quite short. The
lithological change is more marked than in the Jura, benthic carbonate production in
the Marnes à Toxaster limited. The overall evolution shows a deepening upward
trend from the Calcaire blanc supérieur to the Marnes à Toxaster, calcareous
member and marly member. It ends in the Marnes à Toxaster, calcarenitic part,
shortly before a major gap, which correlates well with the Upper Valanginian gap on
the Jura platform.
No drowning is visible on the Friuli platform.
The insecurity concerning the rightful application of this term is due to the lack of

mixed carbonate-siliciclastic systems and temperate carbonate platforms in the
definition. As is evidenced on the Valanginian Jura platform, eutrophication alone,
contrarily to the theory of Hallock & Schlager (1986) and Schlager (2000) does not
necessarily lead to such a loss of growth potential as to end the benthic carbonate
production during a sea-level rise.
Several examples of drowning in Schlager (1989) are dated as basal- and intra-

Valanginian. They include drowning sensu stricto and drowning below siliciclastics.
The inferred sea-level curves confirm the second order sea-level trend of the Jura:
transgression starting at the Berriasian-Valanginian boundary, highstand in the
“middle”-late Valanginian, and regression in the late Valanginian. One of these
“standard” drowning events, offshore Morocco, is accurately dated and isotopically
analysed and happens at, or slightly before, the onset of the Valanginian positive
carbon isotope shift (Wortmann & Weissert 2000).
Another Early Valanginian Drowning sensu stricto is described in Graziano (1999).

The drowning unconformity is locally preceded by a distinct facies evolution from
tropical (chlorozoan) to nontropical (foramol) end-members. It is noted that the early
Valanginian event is probably slightly older than the δ13C spike. This evolution is very
similar and possibly contemporaneous with the Jura platform, where the change from
“tropical” or oligotrophic to “nontropical” or eutrophic carbonate platform occurred at
the Berriasian-Valanginian transition, distinctly before the δ13C-excursion. The main
difference is that the Jura platform did not drown.
The drowning of the Helvetic carbonate platform is described in e.g. Kuhn (1996)

and Funk et al. (1993).
The evidence of several and widely spread lithological changes from carbonatic to

siliciclastic sedimentation and from oligotrophic to eutrophic carbonate facies in the
Early Valanginian confirms the occurrence of a major, global (?) climatic change in
this time (Weissert et al. 1998). This change starts one to two ammonite zones
before the global carbon isotope excursion but continues into the “Middle”
Valanginian (see also Föllmi et al. 1994).

8.2.4 Sea-level and δδδδ13C
In fig. 8.3, some parallelism between the stable carbon isotope curve and the

interpreted sea-level curve is evident.
Whether there is a causal relationship between eustatic sea-level and stable carbon

isotopes is a matter of discussion in many recent publications (Gröcke et al. 1999,
Grötsch et al. 1998, Mitchell et al. 1996, Weissert et al. 1998, Wortmann & Weissert
2000).
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Fig. 8.3: Interpreted sea-level plotted against measured stable carbon isotopes. Legend see fig. 8.2.

Are δ13C shifts in shallow-marine carbonate sections a sea-level artefact?
In the Furlani Sud section of the Friuli platform, high δ13C-values correlate with a

rising or high sea-level (open carbonate platform), while low δ13C-values correspond
with a low sea-level near the sequence boundary (restricted or confined carbonate
platform facies, fig. 8.3).
The same observation is made in Immenhauser et al. (2002). There the δ13C-values

of platform top sediments (matrix micrites, marine fibrous cements and pristine
brachiopod shells) are one to several permil lower relative to samples from the
platform margin and the slope.
Seawater ΣCO2 from modern carbonate platforms is depleted in 13C by as much as

4‰ relative to open-ocean water (Patterson & Walter 1994). This phenomenon is
explained by the “aging” of water, implying input of isotopically light 12C from
respiration in restricted carbonate platform areas. Less depletion is found in areas of
more open exchange. This actualistic principle obviously worked also in the “fossil”
carbonate platforms and explains why carbonates deposited in restricted facies have
less positive δ13C-values than their open marine counterparts.
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The very low and scattering δ13C-values of the Furlani Sud section are therefore
most probably not only due to meteoric diagenesis, but also to differential “aging” of
the platform water-masses.
Another isotopic discrepancy from the expected global carbon isotope curve is

found in the Lamoura, Le Boulu and Ste. Croix sections of the Jura platform. There,
the basal Hauterivian stable carbon isotopes are about one permil too positive
compared with peak Valanginian values of the Alectryonia-beds. In fact, carbon
isotope stratigraphy in these sections cannot be used for the identification of the
Valanginian/Hauterivian boundary. The high Hauterivian values correlate with the
basal Hauterivian transgression and relatively deep depositional waterdepth (see
chapt. 4). In this case, “aged” water on the Valanginian carbonate platform was
followed by higher surface primary productivity and / or better oceanic mixing in the
Early Hauterivian. This probably produced the relatively positive Hauterivian carbon
isotope values.
In the Taulières section, the entire carbon isotope curve seems to reflect bathymetry

more than the global isotopic signal (low values in the Calcaire blanc – positive
values in the deeper Marnes à Toxaster). In this section, the positive shift at the base
of the marls may be explained as the result of the opening of a formerly more
restricted platform environment (Patterson & Walter 1994). The reasons for
persisting high values in the basal Hauterivian pelagic limestone are probably similar
to those of the Jura platform. Secure correlations there rest on the ammonite
biozonation. However, even in this case, the positive shift at the base may really
reflect the global oceanic signal since it is dated as late Campylotoxus. In addition,
the absolute values following the shift are very high, and presumably represent peak
values.
In some of these examples, a direct influence of local sea-level on stable carbon

isotope composition in shallow water carbonates looks inevitable.
There are, however, counter-examples. In the Lower Valanginian, the marine

transgression in the Jura sections and at Carajuan starts distinctly before the carbon
isotope excursion. In this case, a direct influence of sea-level on the isotopic
composition is disproved.
Concluding, where no major facies changes are visible, the oceanic stable carbon

isotope signal is usually found also in shallow-marine sediments. Where within one
section major changes of lithology and/or bathymetry do occur, stable carbon isotope
values are liable to shift, due to regional effects. However, even sections with
frequent facies changes like the Carajuan section may preserve an original oceanic
signal, while apparently homogeneous sections like the Salève only record local
conditions. This makes predictions for choosing appropriate sections difficult and
promotes a trial and error approach.

8.2.7 Compilation of climatic indicators

Indicators for a warm and humid climate in the Early Valanginian
- Valanginian ironstone deposits on the Jura platform and in the Paris basin

indicate increased chemical weathering on the continent in a warm, humid
climate (Hallam 1984, James 1966, see chapt. 7).

- Increased detrital quartz deposition on the Jura platform and the Helvetic shelf
during the Valanginian (Haefeli et al. 1965, Kuhn 1996) documents
increasing runoff from the continents.



167 8-Synthesis and Conclusions

- Increasing clay content of the Provence platform, Vocontian domain and Jura
platform sediments throughout the Valanginian indicates increasing
weathering on the continents and sufficient continental runoff to transport it
into the sea.

- Carbonate platform sedimentation including oolite production in the Early
Valanginian Jura platform requires over 18°C warm surface water.

- Absence of evaporites in the internal Friuli platform, Provence platform and Jura
platform point to continually humid conditions.

- Occurrence of characean algae in green marls above karstic surfaces in the Val
Cellina section (Ghetti 1987) documents the presence of fresh water and
therefore at least seasonally important precipitation on the isolated Friuli
Platform.

- Basal and intra-Valanginian drowning events (Schlager 1989) document
increased terrigeneous input into formerly purely carbonatic systems.

- Change from carbonate/evaporite to clastic sedimentation (Wealden facies) at
about the “Ryazanian”/Valanginian boundary in the non-marine basins of the
North Atlantic borderlands indicates an increasingly more humid climate
(Hallam 1984, Ruffel & Rawson 1994)

Indicators for cold and / or eutrophic surface water in the “Middle” to Late
Valanginian:

- Interruption of oolite production in Lamoura, Le Boulu and Ste. Croix in the
Alectryonia-beds.

- Absence of typical, oligotrophic warm-water organisms such as corals, miliolids,
dasycladal algae and rudists.

- Abundance of typical temperate-water carbonate producers such as bryozoans,
brachiopods, crinoids, oysters and other molluscs (Rao & Amini 1995, Taylor
& Allison 1998).

- Predominance of fast-growing oysters during the oyster event document
eutrophic water conditions and possibly cooler water temperatures.

Additional evidence for cooler water temperatures in the “Middle” to early Late
Valanginian:

- Relatively cold fossil δ18O paleo-temperatures in Etroits and Lamoura
Alectryonia-beds (Late Campylotoxus-Early Verrucosum)

- Rather cold probably early marine diagenetic δ18O paleo-temperatures in
Taulières at the base of the marly member (Marnes à Toxaster, Verrucosum
zone).

- Changeover of the bryozoan population in the Jura platform and Vocontian
border (Walter 1989, 1991) .

- Immigration of boreal ammonites in the Provence and Jura (Bulot & Thieuloy
1993, Busnardo & Thieuloy 1989).

- Exceptional occurrence of boreal nannoplankton taxa and higher abundance of
cold water indicator species in Romania in the Verrucosum zone (Melinte &
Mutterlose 2001).

- Glendonites in the boreal realm possibly indicate ice-formation on the poles,
which may have caused the eustatic sea-level fall (Kemper 1983).

Indicators for a cooler but still humid continental climate in the Late
Valanginian/Early Hauterivian

- End of limonite ore deposition on the Jura platform
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- Predominantly marly sedimentation on the Jura platform and Vocontian through
documenting important terrigeneous input and high runoff

- Very high sedimentation rates of the Early Hauterivian in the Helvetics (Kuhn
1996).

- Siliciclastic and marly sedimentation in the Helvetic Early Hauterivian sediments
document continuing high weathering rates and important continental runoff.

Kuhn (1996) and (Melinte & Mutterlose 2001) explain the Late Valanginian cooling
with a transgression opening new sea-ways from the Tethyan to the cold boreal
realm and allowing water and faunal exchange. The highest Valanginian sea-level
presumably occurred in the Early Verrucosum zone, which corresponds with this
event. However, the more important transgression occurring at the base of the
Hauterivian marls was not accompanied by a notable cooling. The Mid-Valanginian
cooling event was therefore presumably due to climatic changes, either global or
restricted to the boreal realm and Northern Tethys.

8.3 SEQUENCE OF VALANGINIAN EVENTS AND THEIR INTERPRETATION

Pre-Valanginian:
δδδδ13C: +/- constant
Sea-level:  Dropping and low sea-level in the Late Berriasian, sequence boundary

(Otopeta-zone).
Sedimentation:  “normal” oligotrophic carbonate platform sedimentation followed

by emersion on the Jura platform.
Climate:  Warm, probably dry climate in the Berriasian (Ruffel & Rawson 1994)
Explanation:  Initial situation

Early Valanginian (Pertransiens- Campylotoxus):
δδδδ13C: +/- constant
Sea-level: Major transgression
Sedimentation:  Oolitic and bioclastic, ”eutrophic” carbonate platform sediment

deposition and beginning of limonite ore deposition on the Jura platform.
Increased terrigeneous input. Beginning of phosphogenesis on part of the
Helvetic shelf (Kuhn 1996). Worldwide drowning of carbonate platforms.
Calcification crisis in the pelagic realm (Erba & Tremolada 2003).

Climate:  More humid and very warm climatic conditions on the European
continent. Stormy weather (see chapt. 4).

Explanation:  Greenhouse climate. Global climatic warming and accelerated
water cycle probably due to higher release of mantle CO2 into the
atmosphere during increased volcanic activity (Stewart et al. 1996). Faster
mid-ocean ridge spreading leads to eustatic major transgression. Higher
pCO2 and warm and humid climate increase plant fertility and continental
weathering rates (Brady & Carroll 1994, Graybill & Idso 1993, Kwon &
Schnoor 1994). Increased continental runoff and high nutrient and particulate
load in river discharge change the ecological conditions on river influenced
shallow water sedimentation leading to wide-spread eutrophication and
drowning of carbonate platforms (Weissert et al. 1998).

Early “middle” Valanginian (Late Campylotoxus)
δδδδ13C: Minor negative shift followed by marked (+1.3‰) positive shift.
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Sea-level:  Transgression in the Provence, maximum flooding and highstand on
the Jura platform.

Sedimentation:  Limonite ore deposition and beginning of oyster event on the
bioclastic Jura carbonate platform. Increased terrigeneous input. Drowning
of Provence platform. Continued phosphogenesis on part of the Helvetic
shelf (Kuhn 1996). Worldwide drowning of carbonate platforms.

Climate:  Very humid and warm climatic conditions on the European continent.
Explanation : Greenhouse climate. Still increasing volcanic activity (Stewart et al.

1996). Warmer oceanic water may have suddenly released methane gas
hydrates (Dickens et al. 1995). Supplementary increased CO2-content of the
atmosphere lowers calcification potential of nannoplankton (Riebesell et al.
2000). Continued drowning of platforms results in a reduction of CCarb
sedimentation (Weissert et al. 1998, Wortmann & Weissert 2000). High
pCO2, humid climate and available nutrients increases plant fertility and
organic biomass on the continents. High nutrient supply to ocean increases
primary productivity, sedimentation rates and burial of marine and terrestrial
COrg. The balance of CCarb / COrg burial shifts towards more COrg deposition.

“Middle” Valanginian (Verrucosum):
δδδδ13C: very positive and shifting values.
Sea-level:  Highstand (Provence, Jura), later large high frequency variations
Sedimentation: Last limonite ore deposition on the Jura platform. Oyster event

and turnover of bryozoan faunal assemblage (Walter 1991) on the Jura and
Provence platforms. Wide-spread condensed sedimentation. Rapid facies
changes and increased reworking on the Provence platform and on the
Vocontian basin margin. Restricted carbonate platform deposition on the
Friuli platform. Continued phosphogenesis on the Helvetic shelf (Kuhn
1996). Enrichment of organic matter in pelagic sediments (Lini et al. 1992,
Patton et al. 1983). Major faunal exchange between Tethys and boreal realm
(Bulot & Thieuloy 1993, Melinte & Mutterlose 2001).

Climate:  Less humid. Relatively cold water temperatures on the Jura and
Provence platforms.

Explanation:  Icehouse climate. High sea-level and cool water temperatures allow
faunal exchange between Tethys and boreal realms. High plant fertility due
to high nutrient supply, and high weathering rates lowered atmospheric
pCO2 below initial (Berriasian) level. High frequency climatic and eustatic
changes result in frequent facies changes and sediment reworking and in
shifting carbon isotope values. Probable slow and irregular build-up of
methane gas hydrates.

Late Valanginian (Late Verrucosum-Callidiscus):
δδδδ13C: High values decrease sharply (Late Verrucosum-basal Trinodosum) then

more gradually.
Sea-level: Major regression and sequence boundary
Sedimentation:  Sedimentary gap on the Jura and the Provence platforms.

Restricted carbonate platform deposition on the Friuli platform. High
sedimentation rates in the Lombardian, Vocontian and Helvetic basins. High
terrigeneous input in the Vocontian and Helvetic basins.

Climate:  Cooler but still humid climatic conditions on the continent. Cold water on
northern Tethys shelf. Possibly, ice build-up in polar regions.
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Explanation:  Icehouse climate. Global climate cooling culminates in ice build-up
in polar regions and produces eustatic regression. High oceanic primary
productivity increases CCarb sedimentation rates. Large temperature
gradients enhance oceanic circulation and the reworking and oxidation of
organic matter. The balance of COrg/CCarb burial shifts back towards more
CCarb deposition. Possible release of methane gas hydrates at the beginning.

Early Hauterivian (radiatus zone):
δδδδ13C: Continued slow decrease.
Sea-level: Major transgression
Sedimentation:  Hemipelagic and pelagic sedimentation on the former Jura and

Provence platforms. Condensed sedimentation on the Vocontian basin
margin. Continued high sedimentation rates in the Helvetic basin, change
from marly to marly and siliceous sedimentation.

Climate:  Still humid and quite warm, but less warm than in the Early Valanginian.
End of icehouse climate.

Explanation : Less continental plant fertility and lower weathering rates due to
cooling stopped CO2-drain and stabilised the atmospheric pCO2 at “normal”
Early Cretaceous level. Still high oceanic productivity. Melting of polar ice
produces global transgression.

Note:  The cold-water ingression may be diachronous from the Jura platform
(Early Verrucosum?) to the Vocontian basin border (Late Verrucosum), or
the sedimentation on the Jura platform may have continued into the Late
Verrucosum (even Early Trinodosum?) zone.

Berriasian

Early
Valang inian

"middle
Valang inian"

Late
Valang inian

Early
Hauter ivian

Time

Major transgression
Hemipelagic sedimentation
on former carbonate platforms

Sedimentary gaps
on platforms

Faunal migrations between
Tethys and boreal realm

"Normal" growth of carbonate platforms

Major emersion surface

δδδδ13C sea-levelevents

Warm and very humid
Higher weathering rate
Important continental runoff
Eutrophic conditions
High pCO2

cold water ingression
cooler climate

warm and dry

warm and dry

very humid

climatic  interpretation

"Normal" growth of carbonate platforms

Oyster event
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Iron ore deposition on Jura platform
Calcification crisis in pelagic realm

Fig. 8.4: Compilation of carbon isotopes, sedimentary events, sea-level and climatic interpretation for
the Valanginian in the Jura and Provence regions.
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8.4 DISCUSSION

The Valanginian is not the only time when a global carbon isotope excursion was
accompanied first by a climate warming and accelerated water cycle, then by a
sudden cooling. One famous similar event is the Miocene Monterey event (Vincent &
Berger 1985, Jacobs et al. 1996). The mechanisms discussed in 8.3 are frequently
invoked for this much younger and better defined event. Other major isotopic and
climatic events include the Cenomanian / Turonian (Jenkyns et al. 1994) and Aptian /
Albian (Menegatti et al. 1998) boundaries.
These, and the many other carbon isotope events, could be used to test different

hypotheses mentioned in this study. E.g. the relation of sea-level with δ13C, iron and
phosphorus enrichment related to climate and sea-level, carbonate platform
drowning and δ13C, carbonate platform drowning and climate, etc.
The comparison of well-dated sequences of events distributed all over the world

should allow to confirm or reject certain theories. Unfortunately, the time-resolution is
usually not very precise. Absolute datations are quite rare for the Valanginian
(Gradstein et al. 1994). The insecurity whether shallow water sequences are
complete (Wissler 2001) even in well-dated sections makes detailed comparisons
difficult.
Apart from datation, the interpretation of sedimentary events proves to be very

subjective and varies from one author to the other. The most obvious problem lies
with sequence stratigraphy and the inferred eustatic sea-level. Regional sea-level
changes may be interpreted correctly, but are they eustatic? Opposed sea-level
interpretations (e.g. late Valanginian exposition or drowning?) for the same region
are also quite frequent.
More work is needed in the absolute datation and in the reliable interpretation of

sedimentary and geochemical events to obtain a more secure picture of
environmental reaction mechanisms on global disturbances. Even the origin and
nature of the disturbance remains insecure.
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8.5 CONCLUSIONS

In the Valanginian, a well defined, global positive carbon isotope excursion occurs.
This indicator of global change in the biospheric carbon cycle is preceded and
accompanied by major ecological changes on river-influenced, shallow-water
depositional environments in the Early Valanginian. The eutrophication of formerly
oligotrophic carbonate platforms and the deposition of limonitic iron ore document
increased weathering on the continent in a more humid and warm climate.
This global climatic change is interpreted as the sequel of increased volcanic activity

and CO2 input into the atmosphere, and the contemporaneous major eustatic
transgression as the result of faster mid-ocean ridge spreading. The actual trigger of
the positive δ13C excursion may have been a sudden release of methane gas
hydrates increasing the already high pCO2 of the atmosphere beyond an equilibrium
threshold. Decreased calcification of pelagic nannoplankton and decreased CCarb
deposition on submerged former carbonate platforms followed. Small temperature
gradients in warm oceans resulted in sluggish oceanic circulation, large oxygen
minimum zones and enhanced preservation of terrestrial and marine organic matter.
A warm and humid climate on the continents increased the weathering rates and the
nutrient availability for land plants, increasing terrestrial biomass.
At peak δ13C-values, water temperature dropped and boreal faunas invaded the

Northern Tethyan region. Enhanced primary productivity on land and in the oceans is
supposed to have lowered pCO2 below initial levels and to be responsible for a global
climatic cooling in the Late Valanginian. The Late Valanginian regression may even
point to ice build-up in the polar regions. δ13C values first fluctuate at a high level;
nutrient availability was probably still very good for primary productivity.
Later δ13C values decrease sharply, then more gradually until they reach pre-

excursion values at the end of the Early Hauterivian. Increased thermohaline
circulation due to stronger temperature gradients probably rapidly oxidised dissolved
and particulate organic carbon in the oceans, lowering the global δ13C DIC values.
The end of the calcification crisis, and returning high pelagic calcification rates
presumably helped the Ccarb/Corg balance to go slowly back to the initial balance.
In the Early Hauterivian, the basal transgression indicates the end of the Late

Valanginian cold period. The continuing high input of terrigeneous material
documents a still humid climate with important continental runoff.
The Valanginian event is comparable with other well-known geochemical and

sedimentological events like the Miocene Monterey-event, the Aptian / Albian and
Cenomanian / Turonian boundary events, etc.
What always seems to happen is that sooner or later, a balance very near the initial

starting point is reached. This will probably also happen with the actual
anthropogenic climatic warming. Bearing in mind the time-span involved of hundred
thousands or millions of years to reach this balance, this consideration is not very
consoling regarding human time scales.
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A1 Appendix A

A   PPENDIX A  :                   DESCRIPTION OF THE SECTIONS                                               

Lamoura section (L)
The whole section is of a rusty red colour, typical for the Calcaire Roux. Exceptions are mentioned
below.
Calcaire Roux, lower part: L 1-17 (0-11 m)

1: (1.8 m) Thin, cross-stratified beds with planar surfaces. Well sorted oolites (0.2-0.5 mm) with coarser
bioclasts (max. 3 mm). The upper beds are grouped and form small sandwaves about 30 cm
thick. Dominant current direction is from East to West.

2: (45 cm) Two mainly bioclastic, unsorted beds with rhynchionellids and crinoid fragments.
3: (45 cm) Lowermost 5cm, oolitic bed with regular echinoids. Above, marly, fine-grained, bioturbated,

obliquely stratified calcarenite.
4&5: (1.4 m) 10-40 cm thick beds with chert concretions in their upper part. Fine-grained calcarenite

with quartz grains. The uppermost bed is a continuous chert layer (L 5). The chert replaces
components and cement and does not destroy the texture

6-8: (1.3 m) Partly cross-stratified, mainly oolitic calcarenite beds with rare, coarse shell debris and some
chert concretion layers. At L 7 the chert nodules are oriented parallel to the cross-stratification.
Fossiliferous, slightly encrusted top-surface with echinoids, oysters, bryozoans and crinoid
fragments

9: (60 cm) Faulted, unsorted, fossiliferous, bioclastic and oolitic calcarenite (L 9, tempestite?).
10&11: (95 cm) Marly interlayer and thin (5 cm) bed with terebratulids (L10). Above, 60 cm partly

amalgamated, laminated (alternately coarse/fine grained), bioturbated, bioclastic calcarenite
beds. Then, 15 cm bed: very coarse grained (max. 5 mm), laminated bioclastic calcarenite.
Uppermost 15 cm bed: fine-grained in lower part, coarse and bioclastic in upper part
(winnowing?).

12: (70 cm) Fine-grained, well sorted, cross-stratified, oolitic calcarenite (grainstone). 6-13 cm thick
beds with parallel lamination at base and oblique stratification in upper part. Erosive contacts.

13: (1.2 m) 10-30 cm beds, partly cross-stratified, partly parallel-laminated. Well sorted oolites with
coarser bioclasts. Frequent accumulation of coarse bioclasts (bryozoans, crinoid fragments) on
bed surfaces. Some complete fossils within beds (oysters, terebratulids, regular echinoids).

14-15: (1 m) Cross-stratified small calcarenitic sandwaves with erosive contacts. Lowermost sandwave
well sorted and oolitic, the others coarser and bioclastic. Uppermost bed with slightly
encrusted and bored surface and large bryozoan fragments.

16&17: (60 cm) One obliquely stratified (West oriented), coarse grained, badly sorted, bioclastic
sandwave. Foresets without toesets. Limonite pebbles. Two large grinding-type lateral teeth
of Asteracanthus sp. (Determination: Heinz Furrer) were found. Marked hardground on top.
The surface shows borings, infilled with rusty-yellowish and green soft marl. At some places it is
heavily encrusted with serpulids and small oysters (L 17).

Transition Calcaire Roux - Alectryonia-beds: L 18-28 (11-15.5 m)

18-21: (1.6 m) Calcarenitic beds with brachiopods, sponges, echinoid spikes within, and oysters on
top of the banks. Thalassinoides-burrowings blur the dm-bedding into apparently thicker beds.
Grain size 0.3-0.5 mm with larger limonite pebbles and bioclasts.

22&23: (1 m) Thick, coarse (0.7 mm) bioclastic bank with some burrowings but without fossils or coarse
bioclasts.

50 cm gap
24&25: (1m) 5-20 cm thick bioturbated marly calcarenites with thin marly interlayers and limonite

pebbles.
26-28: (ca. 1m) 7-25 cm calcarenite beds with cm marly interlayers. Some beds are coarse grained (1-2

mm). The marls expand towards the top. First Alectryonia debris in L 26.
Alectryonia-beds: L 29-40 (15.5-22 m)

29-33: (ca. 2m) Badly outcropping red, yellow and green fossiliferous marls, partly arenitic with crinoids,
brachiopods, oysters, Alectryonia rectangularis and bivalve moulds. One 20 cm red, arenitic
Alectryonia-bed with siliceous sponges, regular echinoids and brachiopods, where the
Alectryonia-shells are bored and externally silicified (L 30). Part of the marls (L 32&33) contain
only molluscs (oysters, burrowing bivalves) and few sponges and may indicate brackish
conditions.

ca. 2 m of this marly, arenitic lithology are covered by vegetation.
34-36: (1 m) Thin bedded (5-16 cm) marly fossiliferous calcarenite.
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37-40: (1 m) Fossiliferous limy marl, green with red spots. A few thin (5 cm) calcareous layers occur.
Fossil diversity increases towards top. Green marls in the upper part are topped by a heavily
encrusted surface with big (15 cm diameter) encrusted and bored oysters, Alectryonias and
serpulids (L 39). Above, 10 cm marl are filled with different species of excellently preserved
calcareous sponges, bryozoans and Alectryonia (L 40).

Calcaire Roux, upper part: L 41-47 (22-26 m)

41: (0.3 m) Poorly laminated, bioturbated calcarenite.
Gap: small path to field above outcrop, ca. 50 cm missing.
42&43: (1.3 m) Very fossiliferous, marly calcarenite. Well bedded, thin calcarenite banks at base, then

marly arenite with big gastropod moulds, big (10 cm) oysters and numerous endobenthic
bivalve moulds. One bank extremely brachiopod-rich (L 43). No Alectryonias were found here,
contrarily to L 37-40, which makes a tectonic repetition as described in (Guillaume 1966)
improbable, though not impossible. Above, 0.5 m fossiliferous roughly laminated calcarenite.

44-47: (2 m) Tectonically disrupted, poorly sorted massive calcarenite with few brachiopods, echinoids,
oysters, crinoids and endobenthic bivalve moulds.

Glauconitic unit: L 48-50 (26-28.5 m)

48-50: (2.5 m, long outcrop along the road, beds almost horizontal.) Very distinct lithological change to
micritic, bioclastic, glauconitic, calcareous marl (wackestone-grainstone). Very rich in colonial
serpulids, echinoiderm clasts and benthic foraminifera at the base. Above, plenty of Trigonia-
casts, some calcareous sponges and gastropods. Fossil content very diverse and different
from the Calcaire Roux.

End of section

Le Boulu section (Bo)
There are several small faults dislocating the beds and a major one on top of the section (geologic

map).
The Calcaire Roux are black and only red where weathered.

Vions-formation (Berriasian): BO 1&2 (0-1.2 m)

Several meters of nearly vertical, m-thick bedded, black, arenitic limestone, some beds with
hardgrounds on top outcrop around the quarry.
Between them and the section there is a fault-zone which makes continuous sampling
hazardous.

1&2: (1.2 m) Dark, fine-grained calcarenite, first thick (50 cm), then thin (dm) bedded. The last 5 cm are
burrowed and bored.

Calcaire Roux, basal part: BO 1-13 (1.2-5.5 m)

1-9: (1.9 m) Alternation marl/calcarenite. Thin (1-3 cm) coarse-grained, bioclastic beds alternate with cm
thick, yellow marls. Calcarenite beds tend to grow thicker (5-10 cm) towards the top. Some
banks (BO 8) are bioturbated with burrows filled with yellow, soft material, identified as ankerite
(X-ray).

10-13: (2.4 m) 5-15 cm thick, generally obliquely stratified, bioclastic beds with cm-thick marly in-
terlayers. One 30 cm small sandwave at base. Bioturbation on top of some banks.

Calcaire Roux, lower part: BO 14-45 (5.5 m-19.3 m)

14-21: (4.7 m) Obliquely stratified, bioclastic sandwaves with marly interlayers alternate with small
channel-fills. Generally erosive contacts between the units. BO 14 with white (silicified) clasts,
bryozoans and sponges. Some mud clasts within calcarenites (BO 17). The sandwaves get
thicker towards the top (15 cm at base - 1 m on top). Top surface with marl-filled burrows.

22: (20 cm) Fault zone. Marl with small encrusted and bioturbated calcarenitic beds.
23&24: (1.1 m) Massive S-oriented sinusoidally bedded sanddune. No marl, amalgamated dm to 15 cm

coarse-grained oolitic and bioclastic beds. Some glauconite present.
25&26: (1 m) Amalgamated, dm-thick, bioclastic beds with erosive contacts. BO 25: alternating coarse/

fine-grained cm-thick layers, oblique stratification.
27-29: (0.8 m) Steeply south-dipping (relative to "normal" banking) cm-dm banks. Muddy at base,

containing very coarse bioclasts of sponges, bryozoans, crinoids, echinoids, colonial serpulids
and oysters (8 cm). Wave ripples on top of the banks in the upper part. (large surface along the
road). Coarse bioclasts accumulated on bank surfaces. Uppermost surface with brachiopods,
regular echinoids and small oysters.
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30-33: (0.7 m) dm-thick, bioclastic banks with coarse bioclasts. Marly and bioturbated at base, amalga-
mated without marl in upper part.

34: (10-75 cm) Coarse-grained (1-5 mm) bioclastic sanddune builds up a positive relief.
35-37: (2.2-1.6 m) Regularly, slightly obliquely stratified, bioclastic beds level the former relief. Last 60

cm (BO 38) form an independent unit. Well sorted, dm-banks dip towards the East.
38-40: (1.2 m) Bioclastic calcarenites getting finer-grained towards the top. Three 40 cm units: First,

thinning upwards beds oriented towards the West. Second, dm-banks internally oblique,
oriented to the East. Third, 5-10 cm thick beds internally oriented in opposite directions
(Herringbone).

Fault-zone. Probably no big displacement.
41: (0.45-1 m) Lower part, steeply dipping banks. Upper part with current ripples of 0.5 m wavelength.
42: (25-15 cm) Fine-grained, parallel laminated bed with erosional base.
43: (0.5 m) Sandwave prograding towards the North, some internal stratification in opposite direction.

Medium-grained (1-2 mm) bioclastic calcarenite.
44&45: (30-40 cm) Top with a very pronounced red hardground, bored and encrusted (BO 45). Upper

part partially disrupted, voids filled with muddy material. Lower part less bioturbated with well
preserved laminations due to varying grain-size (1-5 mm). Up to 5 crinoid columnals still clinging
together in coarser parts.

Alectryonia-beds: BO 46-49 (19.3-22.3 m)

Bad outcrop conditions. Thicknesses difficult to evaluate because of tectonic dislocations.
46: (ca. 1 m, above hardground, at the side of the road) Yellow and green fossiliferous marls with

brachiopods oysters, sponges, echinoids, bryozoans and fish teeth. First Alectryonias after ca.
20 cm.

47&48: (0.5 m, flat beside road) White, arenitic Alectryonia-limestone with coarse bioclasts and marly
burrow-fillings and clasts.

49: (ca. 1.5 m, bad outcrop) Yellow, arenitic marl with Alectryonias, bivalve moulds and irregular
echinoids.

Calcaire Roux, upper part: BO 50-53 (22.3-23.6 m)

50&51: (0.5 m) 15 cm and thicker bioclastic beds with green marl in pellets and burrowings.
52&53: (0.8 m, only last 30 cm clearly outcropping) Coarse, bioclastic, rusty banks with oysters,

brachiopods and colonial serpulids. Beds get thicker towards top.
Glauconitic unit: BO 54&55 (23.6-24m)

54&55: (40 cm, in grass) Micritic, greenish, bioclastic, fossiliferous, calcareous marl.
End of section

Arzier - St. Cergue (AC)

Schematic        description
Chambotte ("Marbre bâtard"): about 5 m exposed

White, m-thick bedded limestone (Oosparite-wackestone with foraminifera, peloids and lithoclasts).
The uppermost surface is reddish, irregular and bored. In the holes, different lithoclasts are embedded
in a reddish limestone matrix.
Marnes d'Arzier: 2-4.5 m

Lowermost ca. 30 cm alternation of marly calcarenite and marl. Some calcarenite beds are blood-red.
The bulk of the marls are either dark-grey, fossiliferous, arenitic marls with calcarenitic, fossiliferous,
partly encrusted nodules, or dark-grey, argillaceous marls with fewer fossils. At some places the marls
are weathered to an ochre colour. Most frequent fossils: brachiopods (terebratulids & rhynchionellids),
calcareous sponges, serpulids.
Marl/Calcaire Roux alternation: 1.5-2 m

Gradual transition of arenitic marl with calcarenite beds to calcarenite beds with marly interlayers.
Calcaire Roux: about 2 m visible

Typical rusty-coloured, bioclastic calcarenite with indistinct oblique stratification.
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Colas I section (St)
The section was numbered from top to bottom. The distinction "Couche de Villers"-"Couche à
Astieria" within the Alectryonia-beds is derived from (Baumberger 1903). The whole section was taken
on the left side of the Arnon, with exception of the lowermost two samples.
"?Berriasian": St 41-34 (0-6.8 m)

41: Several meters inaccessible, thick bedded limestone. Bioturbated, dark-grey nodular limestone
with burrowed surface on top.

40: (70 cm outcrop, 3.5 m eroded by riverbed.) Dark grey arenitic, bioturbated sandy marl.
39&38: (1.3 m) dm-bedded, black, fine-grained oolite with calcareous sponges at base. Top 10 cm

marly and a slightly disrupted bed under that.
37-34: (1 m) Thick, rusty-coloured calcarenite bed. Upper part completely disrupted and very porous

with holes partially filled by cement. Gradually more compact towards the base with relics of a
dm-15 cm bedding.

Marnes d'Arzier: St 33-18 (6.8-10.5 m)

33&32: (25 cm) tectonically disrupted arenitic marl at base, marly limestone above
31-22: (2.6 m) Dark grey-blue, silty, arenitic marl alternating with less dark, arenitic, marly limestone.

Marls predominant. Some marly layers are very fossiliferous with numerous gastropods, large
oysters, bivalves and some brachiopods. In addition to that, marly limestones contain
carbonised wood fragments (St 23&25).

21: (0.8 m) Blue arenitic marl with colonial serpulids, bivalves and numerous gastropod moulds. Ochre
colour on top.

20: (10 cm): Ochre and green marly layer with many limonite pebbles (5 mm), fish teeth, bivalves,
gastropods, bored oysters and colonial serpulids.

Calcaire Roux: St 19-11 (10.5-13.2 m)

19-16: (1.5-1.9 m) Thin banked (5-15 cm) Calcaire Roux. Fine-grained, bioclastic calcarenites, partly
obliquely stratified.

15: (20-25 cm) Homogenised, bioturbated, black, fine-grained, glauconitic calcarenite.
14: (10 cm) 1-2 cm marl at base followed by bioturbated, dark-grey, fine-grained (0.3 mm) calcarenite

with limonite and glauconite. Coarser bioclasts on top.
13-11: (30 cm) 3 cm oyster-rich marl at base (St 13). Marly Calcaire Roux above. Three calcarenitic

banks with encrusted, fossiliferous marl on top (St 11) change laterally into one bioturbated,
homogenised, slightly marly layer (St 12). A lot of limonite pebbles, echinoderm debris and
glauconite present.

Alectryonia-beds: St10-2a (13.2-17m)

"Couche de Villers": St 10-5 (13.2-14.8 m)

10-6: (1.6 m) Arenitic marls, very fossiliferous (calcareous sponges, crinoids, bryozoans, brachiopods,
Alectryonia, bivalves) with pyrite concretions.
10: (25 cm) Fossiliferous marl.
9: (40 cm) More calcareous, arenitic marl with brachiopods and Alectryonia (St 9).
8: (40 cm) Marl rich in calcareous sponges.
7: (35 cm) Bioclastic marls, coarse (1 mm and more), rounded bioclasts, mainly echinoderm
debris. 10 cm at base more calcareous.
6: (25 cm) Bioturbated, nodular arenitic marl with broken shells and black pebbles (pyrite
concretions around crinoid columnals).

5: (6 cm) 2 cm bioclastic calcarenite covered by 4 cm dark-grey marl with brachiopod debris.
"Marnes à Astieria": St 4-2a (14.8-17 m)

4: (0.9 m) Blue-grey, bioclastic marl with Alectryonia, bryozoans, brachiopods, calcareous sponges,
echinoids and crinoids. 1 cm more calcareous layer on top.

3: (1.1 m) Arenitic marl.
2a: (10 cm) Nodular limy marl with Alectryonia, bivalves, brachiopods, colonial serpulids and pyrite

concretions.
Marnes bleues d'Hauterive: St2&1 (17-20.6 m)

2: (60 cm) Arenitic sandy marl. Calcareous nodules in upper part.
1: (3 m) Blue silty marls with rare nodular, fossiliferous layers (St 1a), "Exogyra" (Aetostreon sp.)

present.
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End of section (1993)

Colas II section (SC)
Marnes bleues d'Hauterive: SC 1-11 (0-6.5 m)

Right side of the river
"Mergelkalkzone"

1: (0.6 m) Dark-grey, fossiliferous, bioturbated marl with coarse, unsorted bioclasts (crinoids, echinoid
spikes).

2: (20 cm, this level outcrops on the right side of the river for about 25 m) Nodular, marly, bioclastic
limestone, with white serpulids and glauconite.

3: (20 cm) Marly, bioturbated bioclastic limestone with few rhynchionellids.
4: (30 cm) Bioturbated, bioclastic marl with coarse bioclasts, rounded components and few bra-

chiopods.
5 &6: (0.7 m) Same bioclastic, calcareous marl with three brachiopod-bivalve-banks.
7&8: (1.6 m) Bioturbated, calcareous marl with serpulids, large bivalves and brachiopods. Some arenitic

nodules in upper part. Top with irregular echinoids and generally fewer fossils.
Marnes bleues, upper part

9: (0.8 m) Light grey, soft, silty marl with small brachiopods (mainly Rhynchionellids) and a 10 cm large
ammonite on top. Dark-grey bioturbation fillings in upper 30 cm.

10: (10 cm) Dark, marly, bivalve-brachiopod limestone bank.
11: (2 m) Homogeneous, bioturbated, dark-grey, sandy, silty marl, imprints of bivalves (dissolved

shells) and few brachiopods, regular echinoids and serpulids.
1.5 -2 m covered by debris.

Pierre Jaune: SC 13-22 (8-18.5 m)

13: ( 0.8 m) Marly, glauconitic, calcarenite at the base. Then 10 cm glauconitic, bioclastic calcarenite
with brachiopods and large bryozoan-fragments on top. Above 5-10 cm bedded, coarse (3
mm), glauconitic, bioclastic calcarenite with thin (mm) marly interlayers.

Section covered on right side of the river for 1.4 m.
Left side of the river:
14: (30 cm above covered part) Yellow, argillaceous marl with red, slightly glauconitic calcarenite

nodules and few brachiopods.
15: (50 cm) Simple ooids, bioclasts and a little glauconite build up a sandwave. Beds 2-5 cm at base, 10

cm in upper part, obliquely stratified, all in the same direction (WSW).
16: (30 cm) Thin (3-10 cm) calcarenite beds. In upper part 3-4 cm interval with small (5 mm), rippled

calcarenite beds, covered by red clay. Top 7 cm one calcarenite bed.
17: (10 cm) Yellow, plastic clay with thin (1-5 mm) calcarenite layers.
Right side of the river:
16 & 17: Yellow, marly, nodular, bioclastic brachiopod bank, with Eudesia sp. and bryozoans.
Left side of the river continued:
18: (1.1 m) 80 cm dm-bedded, oolitic, bioclastic sandwave with little glauconite. Upper 30 cm dm-

bedded cross-stratified calcarenite, more or less planar top.
19: (1.5 m) dm-bedded, three to four 30-60 cm sandwaves form larger unit, with erosional surface on

top. Fine-grained (0.5 mm) oolitic, glauconitic calcarenite.
20: (2.7 m, long cliff along the river) dm-20 cm bedded large sandwaves with at least 20m wavelength

for individual units. Thinner-banked on top and bottom. Flat erosional surface on top.
21: (2 m) dm-50 cm-bedded, cross-stratified, oolitic, bioclastic, glauconitic calcarenite. Discordant,

erosional surface on top.
?Marnes à Eudesia: SC 22 (18.5-ca. 23 m)

22: (2 m, 80 cm accessible above river, rest inaccessible in crumbly cliff) 70 cm homogeneous yellow,
sandy, marly limestone. Then 20 cm sandy marl. Upper part marly limestone with planar
bedding.

Correlation: After (Remane 1989b) the numbers for the lithological units of (Rittener 1902) can be at-
tributed with some confidence to the Marnes bleues and the basal part of the Pierre Jaune.
The bulk of the Pierre Jaune is comparable to the L'Auberson-section. The yellow marls may
correspond to either the "Marnes à Eudesia" or the "Marnes d'Uttins".
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Col des Etroits (E)
Calcaire Roux: E 4-9

4-9: This lithology is a few meters thick, strongly weathered and tectonically deformed. The reddish-
brown calcarenitic banks are 5-10 cm thick. Some show cross-stratification indicating an
overturned situation.

Alectryonia-beds:

"Marnes à Bryozoaires": E 1-3

1-3: These marls are covered by a thin soil. When exposed they have a yellow colour, the bioclasts are
white. The marls are malleable and show no sign of cementation. The large (>2 mm) bioclasts
consist of fragments of Alectryonia, bryozoans, a few echinoid spines, calcareous sponges
and terebratulid brachiopods. The main part of the smaller bioclasts are echinoderm remains,
some of which are exceptionally well preserved.
? Pierre Jaune: E10

10: The outcrops are very similar to those of the "Calcaire Roux". Tectonic faults make it difficult to
estimate the thickness of this lithology at this place.

Salève section (S)
Lower Chambotte: S 1&2 (-1-0 m)

Sa 1&2: Thick-bedded, white, oolitic and bioclastic limestone. Karst holes in upper part filled with
laminated calcite. Irregular surface covered by Calcaire Roux.

Calcaire Roux, lower part: S9-41 (0-8.5 m)

9: (ca. 20 cm) Bioturbated, fine-grained reddish oolite.
10: (20 cm) Limonitic calcarenite with oysters and Alectryonia on bed-surface.
11-17: (1.2 m) Sandy, coarse-grained arenitic laminated marl alternating with finer-grained thin oolitic

calcarenite. Bioturbation on top of certain banks. Some wave-rippled beds. Rounded pebbles,
bivalves and oysters in some banks.

18-20: (1.1 m) Thin-bedded oolitic grainstones with coarse oyster-and other bio-clasts. Partly
amalgamated beds, otherwise bioclastic marly interlayers. Some oblique stratification.

22-26: (0.9 m) Very fossiliferous, irregularly bedded, green and reddish marly limestone, with
bryozoans, big oysters, colonial serpulids, Alectryonia, broken irregular echinoids and fish
teeth. Fossils partly filled with white micrite. Bioturbation in upper part.

27-33: (2.8 m) dm-bedded bioturbated, bioclastic calcarenite with thin (1-4 cm), rippled, bioclastic marly
interlayers. Perforated surface with bryozoans on top.

34&35: (20 cm) Marly, bioturbated, arenitic limestone with iron-oxides on clefts.
36&37: (40 cm) Very fossiliferous, arenitic marly limestone with oysters and bryozoans.
70 cm covered
38-40: (0.8 m) Calcarenitic marl alternating with obliquely stratified calcarenite. Upper 30 cm (S 40)

oyster-rich with partly bored, rounded pebbles.
41: (10 cm) Yellow arenitic marl.

Calcaire Roux, middle part: S 42-59 (8.5-18.5 m)

42: (55 cm) Cross-stratified 5 cm-dm-bedded calcarenite.
43&44: (0.8 m) Partly obliquely stratified, fine-grained, oolitic, bioclastic calcarenite, 3-8 cm bedded.
45: (15 cm) Calcarenite with cement-filled holes (fossil-moulds?), oysters, colonial serpulids and white

micrite.
46-49: (1.2 m) Oolitic calcarenite (grainstone) dm-25 cm bedded. Rare marly interlayers.
50: (70 cm) 40-20 cm oolitic sandwave oriented towards S-E, dm-bedded calcarenite.
51-57: (5 m) Oolitic, bioclastic 5-25 cm bedded calcarenite (grainstone), partly amalgamated beds,

partly obliquely stratified.
58: (1.1 m) First two (35 cm & 28 cm) South-east oriented sandwaves, eroded on top. Then two (18 cm

& 32 cm) complete, sinusoidal sandwaves.
59: (0.8 m) 30 cm undulating, amalgamated dm-calcarenite beds. 50 cm SE-oriented sandwave, with 7-

20 cm thick beds.
Calcaire Roux, upper part: S 60-70 (18.5-23.3 m)

60: (15 cm) Erosive contact, marly base, then calcarenite.
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61: (60 cm) 5-10 cm beds, coarser grained (1 mm) partly graded calcarenite with bioclasts (3 mm) on
bed surfaces. Upper part with marly interlayers.

62: (33 cm) Thin-bedded (1-3 cm) calcarenite.
63: (60 cm) Indistinctly, thin bedded (1-3 cm) calcarenite grouped into dm units. Slightly marly

interlayers, marl layer on top.
64: (50 cm) 15, 25 & 20 cm units subdivided into smaller (2-4 cm) beds. Uppermost unit obliquely

stratified.
65: (36 cm) 16 & 20 cm units, first South-east oriented sandwave, second with current ripples (20 cm x

1 m).
66: (40 cm) 18, 12 & 8 cm units with partly amalgamated thin beds. Calcarenite with 2 mm bioclasts.
67: (45 cm) 18 cm small oolitic sandwave with few coarser bioclasts. 15 cm alternating fine-grained (0.5

mm) and coarse grained (1-2 mm) thin (1-3 cm) calcarenitic beds. 13 cm three calcarenite beds
with coarse bioclasts (5 mm -1 cm).

68: (55 cm) Thin bedded calcarenite with bioclasts. 2 cm marl on top.
69: (30 cm) Very fossiliferous limestone with calcareous sponges, bivalves, oysters and bryozoans.
70: (40 cm) 10 cm marly calcarenite, 15 cm first parallel, then obliquely stratified coarse bioclastic

calcarenite, 12 cm laminated calcarenite, slightly bioturbated with coarse bioclasts on top.
10-20 cm gap

Marly Calcarenite: S 71-83 (23.3-30.3 m)

71 & 72: (1m) 5 cm-dm-bedded, fine-grained, bioclastic, arenitic marl, partly covered.
1.5-2 m covered by vegetation
73 & 74: (1 m) Bioturbated arenitic marl with oysters. Very oyster-rich bank in middle part.
75: (25 cm) Three coarse-grained, bioclastic calcarenite-beds.
76-79: (1.3 m) Two superposed north-oriented, obliquely stratified, 5 cm-dm bedded coarse bioclastic

sandwaves.
80: (75 cm) Discordant erosive contact. 5 cm-dm-bedded, partly obliquely stratified (south-oriented)

calcarenite. Fine-grained (1 mm and less) calcarenite with some coarser, marly beds. Chert-
concretion in upper part.

81: (50 cm) Marly, alternatively coarse and fine-grained bioclastic calcarenite.
82: (50 cm, bad outcrop) 20 cm dm-bedded calcarenite, then coarser-grained, marly, bioclastic arenite.
83: (30 cm) 5 cm bedded calcarenite with marly interlayers.
End of section
84: 3 m above: small outcrop in path: Fine-grained calcarenite.

Carajuan section (PC)
The section starts above thick massive limestones, which outcrop in the "Ravin des Fondis".
1: (last 35 cm of massive limestone) Fossiliferous (bivalves) limestone.

Karakaschiceras beds: PC 2-16 (0-10.2 m)

2-6: (4.3 m) Blue marly limestone with nodular limestone-beds in upper part. Bivalve- and ammonite-
bearing.

7-9: (2.3 m) Marl/ limestone alternation, with Toxaster, bivalves and ammonites.
10-12: (2.5 m) Marl/ marly limestone alternation with few fossils.
13-16: (1.1 m) Fossiliferous limestone and marly limestone with red bivalves, brachiopods, serpulids

and ammonites.
Marnes à Toxaster: PC 17-43 (10.2-35.5 m)

17-19: (1.8 m) Very fossiliferous marl and marly limestone with many small terebratulids, small oysters,
colonial serpulids and Toxaster. Some oysters in situ.

20&21: (2.7 m) Blue marl with few Toxaster and brachiopods, cm-thick yellow and green argillaceous
layers.

22-25: (2 m) At base, small (10 cm) calcarenite. Then 70 cm marl/ limestone alternation with oysters,
brachiopods and bivalves. Then 1.2 m fossiliferous marl getting more calcareous towards the
slightly encrusted top.

26 & 27: (1 m) Marl with few brachiopods and bivalves.
28-31: (2.2 m) Marl with fossiliferous and more calcareous patches in lower part (0.7 m). Then small-

scale (10-20 cm) marl/ marly limestone alternation with bivalves, ammonites and oysters.
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32-43: (15 m) Marl with marly limestone beds. Some Toxaster and bivalves (Pinna sp. PC33, plate
4.4.3).

Petite Lumachelle: PC 44-57 (35.5-45.8 m)

44: (50 cm) Three limestone beds with Toxaster and bivalves.
45 & 46: (2.9 m) Marly limestone with many bivalves and big ammonites (Karakaschiceras biassalense).
47 & 48: (1.8 m, small wall) 10-30 cm bedded, bioclastic limestone with brachiopods, oysters and

Toxaster.
49 & 50: (1.6 m, partly covered) First (70 cm) marl and arenitic marl with Toxaster, brachiopods, bivalves

and shark teeth. 30 cm covered. Then 60 cm marly limestone with many bivalves and few
brachiopods.

51: (30 cm) Reddish calcarenite with erosive base. Partly 3 beds with marly interlayers, partly one
amalgamated bed. Unbroken brachiopods are filled with fine sediment.

52: (1.1 m) Partly covered marl.
53: (50 cm) Fine-grained calcarenite with Toxaster and coarse grained, obliquely stratified bio-

calcarenite. Strong bioturbation on top.
54: (0.7 m, bed of dried small river) Marly limestone with Toxaster and beautiful, big bivalves.
55: (20 cm) Three current-rippled, coarse, bioclastic calcarenite beds with marly interlayers. Sharp

base. Bioturbation at places obscures these beds through mixing with marl.
56: (40 cm) Marl with bryozoans and ammonites.
57: (20 cm) Rusty-coloured limestone with few fossils.

Marnes à Toxaster: PC 58-77 (45.8-58.9 m)

58&59: (1 m) Marl and calcareous marl with few bivalves.
60&61: (1 m) Marl with Toxaster and fragments of a regular echinoid.
62&63: (1.6 m) Marl with Toxaster and bivalves.
64: (45 cm) Marl with Toxaster, upper 10 cm accumulation of Toxaster and bivalves.
65: (60 cm) Marl with numerous rusty (ex-pyritic) fossils. Upper 10 cm bioclastic with many bivalves,

oysters, bryozoans and ammonites (Olcostephanus guebhardi-querolensis).
66&67: (1.7 m) Fossiliferous marl with Toxaster and bivalves. In upper part (67) vertical concentric

concretions around ?burrowings, with pyrite and green clay.
68&69: (1.3m, small wall) Marly fossiliferous limestone. Lower 25 cm with greenish concretions and

gypsum crystals, 20 cm crowded with small oysters, 25 cm bioclastic with complete
brachiopods and bivalves, 30 cm less bioclastic with Toxaster, 20 cm marl, uppermost 10 cm
marly limestone with ammonite-puzzle (Karakaschiceras cf. proenecostatum).

70-72: (2.5 m) Homogeneous blue and yellow marl with rare Toxaster.
73: (10 cm) White weathered nodular calcareous marl.
74&74a: (1.1 m) Calcareous marl with oysters at base. More calcareous with bivalves in upper part.
75: (10-20 cm) Marly, very fossiliferous bed with serpulids, oysters, bryozoans and Alectryonia.
76&77: (1.6 m) Blue marl with Toxaster.

Grande Lumachelle: PC 78-92 (58.9-65.2 m)

78: (30 cm) Lumachellic bed full of large bivalves and colonial serpulids.
79: (5 cm) Marly bed with oysters in situ and serpulids.
80&81: (1.1 m) Fossiliferous marl with Alectryonia and terebratulids getting more fossiliferous and

calcareous towards the top.
82&83: (0.8 m) Alectryonia-limestone, with oysters, brachiopods, serpulids, many large bivalves and

bioclasts. Marly on top.
84: (1 m) Marl with few fossils.
85: (20-30 cm) Alectryonia-limestone with bivalves and crinoids.
86: (1 m) Blue marl full of colonial serpulids.
87: (40-50 cm) Alectryonia-limestone with bivalves, marly upper part, brachiopods on top.
88: (40 cm) Fossiliferous marl.
89&90: (50 cm) Alectryonia-limestone with greenish marl.
91: (20 cm) Marl with oysters.
92: (20 cm) Fossiliferous limestone with bivalves and ammonites (Neohoploceras depereti)

Calcareous marl with limestone beds: PC 93&94 (65.2-69.3 m)

93: (20-40 cm) Nodular limestone with marly base. Few shells and pyritised colonial serpulids.
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4 m covered by debris.
94: (ca. 30 cm) bluish calcareous marl.

Lower Hauterivian limestone: PC 95-102 (69.3-71.9 m)

95: (40 cm) Two nodular limestone beds.
96: (25 cm) Very fossiliferous marly limestone with big, partly pyritised ammonites and belemnites
97: (35 cm) Bioclastic limestone with Toxaster, belemnites and ammonites.
98: (20 cm) Ammonite and belemnite-rich limestone, partly pyritised fossils. Marl at top and bottom.
99-102: (1.2 m) Limestone/ calcareous marl alternation with Toxaster, ammonites and belemnites.

Phosphatised nodules and ammonites. One calcarenitic bed (101).
Lower Hauterivian marl (71.9-74 m): PC 103

103 (Sample taken 2 m above last limestone bed) Bluish marl with few fossils, calcareous marl beds with
partly pyritised ammonites and belemnites.

Barre des Taulières section (Ta)
The whole section is subhorizontal (ca. 10° dip), with small extensional faults slightly displacing the
succession.
Calcaire blanc supérieur (-x--0.2 m): TA 1

x m: Wall of thick-bedded, white limestone, foraminiferal wackestones with large gastropods and small
bivalves.

1: (20 cm) Uppermost bed, nodular limestone (foraminiferal wackestone) with rusty-coloured limestone
between the nodules. Undulating, burrowed surface on top builds small (-1 m) topographic
relief.

Marnes à Toxaster, calcareous member (-0.2-22.1 m): Ta 2-49

2&3: (10-30 cm) Very fossiliferous marly limestone with Alectryonia, oysters, colonial serpulids,
terebratulids, Toxaster, bivalves, gastropods and large Ammonites (Karakaschiceras
biassalense). Small red components (iron ooids?) and burrowings.

4: (1.1 m) Bioclastic calcareous marl with red components and Toxaster.
5&6: (1.2 m) More or less calcareous marl with bioclasts (1-2 mm) and Toxaster.
7&8: (1.1 m) Fine-grained bioturbated marl with Toxaster.
9: (15 cm) Very fossiliferous bed with big (15 cm) and small bivalve moulds, brachiopods, Alectryonia,

numerous oysters (Exogyra), gastropods and fish teeth.
10-14: (3.6 m) Bioturbated arenitic marl with few Toxaster.
15&16: (50-60 cm) Marly limestone with Toxaster, bivalves, Exogyra and brachiopods.
17&18: (0.8 m) Lower 30 cm backweathering marl, upper part nodular marly limestone with Toxaster

and oyster bed (= Alectryonia & Exogyra) on top.
18a: (30 cm) Same pattern as above, with fewer fossils.
19: (30 cm) Marl getting more calcareous towards the top with rhynchionellids.
20: (50 cm) Marl, upper 10 cm more calcareous. Rusty components and few bioclasts.
21-23: (1 m) Lower part, homogeneous marl. Calcareous, fossiliferous and nodular in upper-most 10

cm.
24: (65 cm) Marly limestone.
25: (50-60 cm) Nodular, bioturbated, fossiliferous marly limestone. Surface enriched with oysters.
26&27: (55 cm) Fine-grained marl, quite fossiliferous (brachiopods) in upper part, with serpulids on top.
28: (50 cm) Calcareous marl with few shell clasts.
29-31: (1.5 m, bad outcrop) Blue marl with few bivalve moulds and terebratulids.
32&33: (60 cm) Tectonically disrupted, bioturbated marly limestone.
34&35: (1 m) Calcareous marl with fossiliferous bed (bivalves, Exogyra) in lower part.
36: (30 cm, mostly covered) Marl with oysters (Exogyra) and bivalves.
37: (25 cm) Lower 15 cm very fossiliferous nodular limestone with Exogyra in situ, terebratulids and

serpulids. Upper 10 cm limestone with marly base.
38: (40 cm, bad outcrop) Marl with Toxaster and bioclasts.
50 cm covered.
39: (0.9 m, partly covered) Crumbly marl with more calcareous bed in upper part.
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40: (15 cm) Fossiliferous limestone with brachiopods, oysters (Exogyra), colonial serpulids and
gastropods.

41&42: (50 cm) Sandy marl with nodular, fossiliferous (bivalve moulds, Exogyra), calcareous beds.
Small red components.

43&44: (1.1 m) Fine-grained bioturbated marl with few small bivalve moulds.
45: (20 cm) Nodular marl with black oysters (Exogyra), Alectryonia and serpulids.
46: (20 cm) Marl with small oysters and bivalve moulds.
47: (40 cm) Lower part marly, upper part nodular and more calcareous with few bivalve moulds, small

oysters and small brachiopods.
30 cm covered.
48:(20-30 cm) Calcareous marl with brachiopods, bivalves and oysters.
80 cm covered.
49: (15-20 cm) Very fossiliferous calcareous marl with bivalve moulds, colonial serpulids, brachiopods

and Alectryonia. Then erosional surface covered by fossiliferous bio-calcarenite with
brachiopods and ammonites (Karakaschiceras proenecostatum).

Marnes à Toxaster, marly member (22.1-35.9 m): Ta 50-64

50: (0.8 m, mostly covered) Marl with many large reddish brachiopods (terebratulids & rhynchionellids).
51: (0.8 m) Fossiliferous blue-green marl with Toxaster and small brachiopods.
50 cm covered.
52&53: (0.8 m) Blue marl with few, badly preserved fossils (bivalves, Toxaster, ammonites).
54: (45 cm, partly covered) Argillaceous marl with many small, badly preserved fossils and brachiopods.
55: (70 cm, bad outcrop) Argillaceous marl with few fossils.
1.7 m covered by debris.
56&57: (70 cm) Argillaceous marl with bivalve moulds, brachiopods and small oysters.
58: (60 cm) Marl with Toxaster and overturned oysters (slump?).
59: (80 cm, partly covered) Marl with terebratulids and Toxaster.
60: (1 m) Blue marl.
61: (20 cm) Nodular, fossiliferous calcareous marl.
62&63: (90 cm, partly covered) Bioclastic, arenitic marl. Bivalve moulds, small oysters and small

brachiopods homogeneously distributed within marl (Slump/tempestite).
64: (50 cm, outstanding bed) Sandy?, bioclastic fossiliferous bed. Bivalve moulds, oysters and colonial

serpulids homogeneously distributed in marl (slump/tempestite).
4.3 m (probably marl) covered by debris.

Calcarenite member (35.9-40.7 m): Ta 65-75

65&66: (80 cm) Arenitic limestone with oysters, brachiopods and colonial serpulids on top.
67: (55 cm) Greenish, slightly marly arenitic limestone (fine-grained packstone).
68: (65 cm) Two fossiliferous arenitic limestone beds.
69: (50 cm, tectonically dislocated) Marly, arenitic limestone. Brachiopods, colonial serpulids and

broken fossils homogeneously distributed within bank (slump/tempestite).
70: (5 cm) Thin limestone bed with terebratulids in living position.
30 cm covered.
71: (40 cm) Clear, arenitic limestone (grain-packstone), upper part slightly nodular.
72-74: (1.2 m, lower part partly covered) Nodular, slightly marly arenitic limestone with Toxaster.
75: (30 cm) Green marl.

Silex limestone (40.7-45.5 m): Ta 76

76: (8-10 m) White fine-grained limestone wall with darker silex bands in middle part.

Val Cellina sectio
Calcare del Cellina

At base: weathered and tectonically overprinted bed with constant water-source.
0-3: (3.6m) Porous and dolomitised at base. Thick-bedded white limestone, pack- and grainstones.
4&5: (4.6m) Thick, massive bed. Wackestone with macrofossil layers. Irregular top with green clay.
6: (4.4m, point 35A of Ghetti 1987) At base, algal-laminated mudstone. Then pack- and wackestones

with few macrofossil layers with void structures. Top with green clay.
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7: (1.2m) Three beds. First with algal laminated wackestone, second stratified mud- and wackestone
(foraminifers and void stuctures) in 5-7cm beds with green clay interlayers, third massive bed
mud- and wackestone with void structures and microfossils. Top with green clay and thrust
plane.

8: (1.15m) Internally overthrusted bed. Stratified mudstone with void structures getting more frequent
towards the top.

9: (1.05m) Tectonically disturbed intraclast-packstone with void structures and peloidal grain-
packstone.

10: (2m) Lower part, peloidal grainstone, upper part massive pack- and grainstone with large void
structures.

11: (90cm) Backweathering lower part intraclast-packstone. Upper part, peloidal grainstone with
microfossils.

12: (0.1m) Mudstone with plane-parallel cements.
13-18: (5.6m) Bedded, alternating wacke- (partly with void structures) and pack/grainstones. Partly

irregular bed-surfaces.
19: (4m) Tectonised. Lower 1.3m, fine-grained packstones and mudstones with parallel cements.

Then alternating grainstones (pelsparit), mudstones with void structures, and wackestones
with microfossils. Intraclasts up to 5mm in grainstones.

20-23: (2.4m) Back-weathering, well stratified (40-70cm) pack,- wacke- and grainstones with
microfossils. C21= 36B Ghetti.

24: (ca. 2m) Gap. Possibly cycle boundary.
25: (0.8m) Grainstone (0.2mm) with textulariids.
26: (0.6m) Back-weathering, very white, badly cemented fine-grained grainstone.
27&28: (0.5m) Several layers of fine-grained packstones with void structures and green marl

interlayers. Truncated top with undulating surface. Bed 28 fills topography with fine-grained
packstone with void structures

29: (0.5m) Horizontal base and undulating top with green clay and paleokarst features. Packstone with
microfossils.

30: (ca. 0.6m) Basal 20cm, 5cm beds of micrite with parallel cements and void structures, filling
topography. Above, massive pack- grainstone.

31: (0.5m) Back-weathering, badly cemented, porous, fine-grained grainstone.
32: (0.75m) Badly cemented grainstone, top micrite with void structures. Marly (not green) interlayer.
33&34: (1.5m) dm-stratified hard packstone getting coarser towards the top. Upper 10cm individual

bed with slightly undulating surface.
35: (1m) Massive bed, sharp base, undulating surface with green clay layer.
36-38 (2.2m) Lower 1m, massive fine-grained packstone. Upper part stratified in horizontal 3-5cm

beds. Fine-grained packstone with void structures. Slightly undulating top.
39: (0.1m) Limestone bed with reworked green clay between two green clay layers.
40&41: (1.8m) Undulating base. Finegrained packstone, partly with void structures, indistinctly

stratified. In middle part (C41) markedly back-weathered. Top with marl.
42: (0.4m) Micrite with plane-parallel void structures. Upper 10cm karstified with green marls.
43: (0.3m, point 37 Ghetti) Intraclast grainstone. Clasts micritic, 1mm up to 3mm. straified in 3-10cm

beds.
44: (1.4m) Fine-grained pack-and grainstones, upper 40cm internally stratified, top micritic. Undulating

surface with patches of green clay.
45: (1.2m) Micrite with void structures, more voids in upper part. Internal stratification truncated on top,

discordant green marly interlayer, no visible karst.
46: (ca. 1.7m) Tectonised. 20-30cm beds, grainstone, oblique stratification. Top with green marl.
47:(15-25cm) Intraclast grainstone,oblique stratification, top micrite with void structures.
48&49: (0.4m) Stratified intraclast grainstone with micrite on top.
Transition from road outcrop to small brook before tunnel.
50: (0.9m) Tectonised. At base, micrite with void structures, above peloidal grainstone. Top with karst

features and green clay.
51&52: (ca.0.8m) At base micrite with void structures, then coarse-grained (3mm) packstone fill up

karst relief. Above grainstone. Top surface undulating with ca. 20cm topography and green
clay.
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53&54: (ca. 1.7m) First 50cm tectonised, fine-grained packstone. Above very white, badly cemented
and back-weathering dm-bedded pack-grainstone. Top with paleokarst and green clay.

55&56: (1.9m) Massive mainly intraclast grain- and packstones. Upper 30cm stratified (2-8cm beds).
Top micrite with void structures, karstified with green clay.

57: (0.35m) Well stratified, beds 5-15cm. Micrite with void structures. Slight karstification on one bed
surface.

58: (max. 0.7m) Indistinctl stratified grain- and packstones. Intensive karstification on top with green
marls. Discordance surface can cut down to level 57.

59: (0-0.2m) Reworked material above discordance.
60: (0.2m) Well stratified grainstone. Smooth overthrust surface on top (359/24).
61: (1.5m) Massive bed. Packstone with void structures and green clay clasts. Green marly interlayer.
62: (0.5m) Massive bed. Lower part greenish packstone with clay clasts, in middle part small paleo-karst

with green clay, above micrite with numerous void structures.
63&64: (0.4m) Packstone and micrite with void structures, green clay layers with styloliths, slightly

karstified top.
65&66: (0.5m) Stratified, micrite or fine-grained packstone with void structures, especially in upper part

of the beds.
67: (2.7m) Lower part massive grainstone. Upper 20-50cm bedded grainstone with green clay clasts

and karstified surfaces. Karstic dissolution goes ca. 80cm down from top surface. Top with 1-
2cm green clay.

68: (1-1.1m) Undulating base. Massive bed, fine-grained packstone with forams. Top with karstic
dissolution.

69: (0.6m) Massive bed, packstone with void structures. Top strongly weathered with patches of green
clay.

70: (1.5m) Lower part connected to bed 69, well cemented fine-grained pack- and grainstones. Middle
part slightly back-weathering. Upper part grainstone with numerous forams and dark cement.
Irregular top.

71: (0.5m) Lower part fills up topography of bed 70, limestone with green clay. Massive bed, fine-
grained grainstone. Top surface partly irregular, partly smooth.

72: (1.6m) Grainstone. Upper 30cm with irregular surfaces, styloliths overprinting karst. uppermost part
micrite with void structures.

73: (0.8m) Lower part indistinctly stratified grainstone, middle part micritic, upper part grainstone with
void structures. Top slightly karstified (+styloliths).

74: (0.5m) Fine-grained grain-packstone with few void structures.
75: (1.6m) Lower part tectonically offset by ca. 50cm. Lower part wackestone-micrite with red clay in

styloliths. Upper part part wackestone-micrite with void structures. Top with karst features.
76: (0.5m) Massive bed, micrite with fossils and void structures. Smooth top. Fault, unknown

displacement (probably very little).
77: (0.4m) Massive bed, wackestone-micrtite.
78 (0.1m) Back-weathering. Wackestone with small bivalves, green clay in bottom, middle and top

position.
79: (0.3m) Two beds. Wacke-packstone with irregular void structures in upper part and clay in styloliths.
80 (0.3m) Alternating wackestone with void structures and grainstone.
81: (ca. 1m) Tectonised. White micrite-wackestone.
82: (0.5m) Brownish grainstone and pack- to wackestone.
Gap, 2-4m
84: (ca. 0.4m) Fine-grained packstone, micrite with void structures in upper part. Irregular top surface.
85: (0.6m) partly tectonised. fine-grained packstone with grainstone in upper part. Stylolithic contact.
86: (1.4m) massive bed. Fine-grained packstone, upper part grainstone with foraminifers. Top

karstified with a little green clay.
87: (0.9m) Grain-packstone with styloliths.
88: (0.35m) Three beds. Lower and upper back-weathering. Grain-and packstone.
89: (0.9m) Grain- and fine-grained packstone. Karstified top.
90: (0.5m) Reddish grainstone. Upper 10cm covered.
91: (1.3m) Massive bed. Grainstone. Top stylolith.
92: (1.4m) Three beds separated with styloliths. Grainstone. Top with karst features.
93-97: (3.1m) 30-90cm bedded limestone with karstified tops.
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A   PPENDIX B  :      S                   TABLE CARBON AND OXYGEN ISOTOPES                                                          
Sample identification:
Xy3= rock sample number of section Xy
Xy 3a, b, c, etc. = different rock samples of the same level
Xy3/b= powder sample b of rock number Xy3.

Abbreviations after rock sample numbers:
A = Alec = Alectryonia
bryo = bryozoan
crino =crist = crinoid ossicle
crir = crinoid columnal
criu = crinoid arm plate
Diag = diagenetic overprint
E = exogy = Exogyra sp.
F = filling of fossil
Huis = oyster
Kluft = cleft cement
M = mollusc
mergel = marl bulk sample
N = normal sample
prism = prismatic shell (inoceramid)
recrist = recristallised
S = shell sample
Schw = sponge
seik = echinoid
seist = echinoid spine
serp = serpulid
sersoc = colonial serpulid
silex = chert sample
T = tere = Terebratulid
Z = cement
ZS = black cement
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Stable isotopes and calcimetry of the Lamoura section

sample meter δ13C
bulk

δ18O
bulk

δ13C
tere

δ18O
tere

δ13C
Alec

δ18O
Alec

% Carb

l1n1 0.9 0.85 -4.81 95.31
L1N2 0.9 0.64 -4.99
L1N2 0.9 0.71 -4.99
L2N1 1.9 0.93 -4.43
L2N2 1.9 0.91 -4.58 93.86
L3 2.4 0.75 -4.68
L3 2.4 0.77 -4.74
L4/A 3.2 -0.19 -5.60 88.63
L4/SILEX 3.2 0.24 -6.46 sil37.14
l6n1 4.5 0.83 -5.09
L6N2 4.5 0.55 -5.10 92.93
L7N1 4.95 0.33 -5.30
L7N2 4.95 0.26 -5.77
L9 5.8 0.83 -4.23 89.91
L9N 5.8 0.39 -4.48
L10 6.1 0.73 -5.13 92.31
L11 7.05 0.70 -4.85 93.14
L13N1 8.75 0.76 -5.25 94.82
L13N2 8.75 0.78 -5.32
L14N1 9.8 0.82 -4.96
L14N2 9.8 0.76 -5.34 94.34
L16N1 10.2 0.75 -5.04
L16A N2 10.2 -0.98 -4.65
L16A N1 10.2 0.12 -4.98 89.64
L16A N2' 10.2 -0.92 -4.65
L17C N1 10.7 0.47 -4.07 88.37
L17C N2 10.7 0.52 -4.15
L20 11.9 0.79 -4.94 89.02
L20/SILEX 11.9 0.15 -6.32 sil21.68
L21A A1 12.3 2.54 -2.15
L21A A2 12.3 2.08 -1.55
L21A N1 12.3 0.93 -4.64
L21A N2 12.3 0.81 -4.57
L22 13 1.01 -4.66 91.69
L22 13 1.02 -4.73
L23 N1 13.5 0.70 -4.80
L23 N1 13.5 0.67 -4.83
L23 N2 13.5 0.91 -4.80
L24 N1 13.8 1.06 -4.55 87.79
L24 N2 13.8 1.17 -4.55
L25 14.4 1.23 -4.80
L26 14.7 1.08 -4.78 90.03
L26 14.7 1.03 -4.82
L29 N 16.5 1.33 -3.94
L29 F 16.5 1.11 -4.39
L29 T1N 16.5 1.36 -4.00
L29T1N 16.5 1.41 -3.89
L29t1f 16.5 1.20 -4.34
L29t1f 16.5 1.33 -4.23
L29T1S 16.5 1.67 -2.58
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sample meter δ13C
bulk

δ18O
bulk

δ13C
tere

δ18O
tere

δ13C
Alec

δ18O
Alec

% Carb

L30B/A 16.7 1.47 -4.20 92.35
L30B/A 16.7 1.46 -4.19
L31 T2F 17 0.61 -6.19
L31T1 F 17 1.31 -4.35
L31T1 F 17 1.27 -4.37
L31 T2S 17 1.36 -1.61
L31T1 S 17 1.53 -2.65
L31T2F 17 0.47 -6.32
L31T1S 17 1.55 -2.69
L31T2S 17 1.46 -1.61
L31T3/F 17 1.29 -4.35 86.19
L32 T1F 17.3 1.59 -3.81
L33N1 17.7 1.59 -4.13 86.98
L33a N1/Diag 17.7 0.89 -5.78
L33a N1/Diag 17.7 0.83 -4.49
L35/A 20.6 1.26 -5.31 92.52
L36 N1 21.2 1.38 -5.28 90.05
L36N2 21.2 1.21 -5.31
L37 N1 21.5 1.45 -4.90
L37 N2 21.5 1.41 -4.83
L38 E1F 21.7 1.29 -4.72
L39 F1 21.8 1.54 -4.20
L39 N1 21.8 1.46 -4.43
L39N2 21.8 1.55 -4.27 90.61
L39A/N1 21.8 1.45 -4.33
L39a A1S1 21.8 2.38 -1.79
L39a A1S2 21.8 3.02 -1.17
L39a A1S3 21.8 3.06 -1.72
L40 T1F 22.1 1.52 -4.47
L40 T1S 22.1 2.39 -0.90
L40T1F 22.1 1.27 -4.87
L40T1S 22.1 2.44 -0.78
L41N1 22.5 1.56 -4.38 93.23
L41N2 22.5 1.63 -3.97
L42/A 22.7 1.52 -4.53 91.52
L42/B 22.7 1.45 -4.55
L43/a 23.1 91.89
L44N1 24.6 1.49 -5.14 94.89
L44N2 24.6 1.54 -5.21
L44N3 24.6 1.63 -4.77 92.92
L46N1 25.8 1.76 -4.34 93.25
L46 N2 25.8 1.65 -4.76
L46 N2 25.8 1.64 -4.90
L47 25.9 1.57 -3.19
L47 T2 F 25.9 1.62 -3.06
L47T1S 25.9 -1.12 -1.92
L47A=F 25.9 1.68 -3.16
L47A 25.9 1.64 -3.14
L47B=S 25.9 1.08 -2.66
L47B 25.9 1.04 -2.62
L47T2F 25.9 1.67 -3.09
L48A NF1 26.25 1.68 -3.69 90.6
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sample meter δ13C
bulk

δ18O
bulk

δ13C
tere

δ18O
tere

δ13C
Alec

δ18O
Alec

% Carb

L49 T1F 26.25 1.81 -3.02 90.93
L49T1F 26.25 1.74 -3.16
L49T1SRekr 26.25 -1.80 -3.64
L50 T1F 27 1.84 -3.53 90.93
L50 T1S 27 0.92 -1.61
L50 T1N 27 1.89 -3.41 86.15
L50 T1S 27 1.36 -1.66
L50T1F 27 1.76 -3.61
L50T1S 27 0.86 -1.66

Stable isotopes of the Le Boulu section

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

BO1 0.7 1.20 -4.53 Bo29/2 13.4 0.84 -4.28
BO1 0.7 1.15 -4.62 BO29/3 13.4 0.88 -4.35
BO1 0.7 1.17 -4.43 BO29/4 13.4 0.85 -4.32
BO 2/a 1.1 1.12 -4.45 BO29/5 13.4 0.87 -4.40
BO 2/b 1.1 1.15 -4.59 BO 30/a 13.7 0.33 -4.85
BO3/A 1.25 0.86 -4.30 BO35 15 0.50 -4.80
BO3/B 1.25 1.13 -3.93 BO 36 15.5 0.91 -4.42
BO5/A 1.9 0.96 -4.48 BO 37 15.95 -1.66 -6.02
BO5/A 1.9 1.08 -4.39 BO38 16.5 0.15 -5.03
BO5/B 1.9 0.87 -4.54 BO 39 17.15 0.46 -4.77
BO 6/a 2.15 1.10 -4.18 BO 40 17.55 0.46 -5.02
BO8/A 2.5 0.88 -3.60 BO 41 18.20 0.66 -5.33
BO8/B 2.5 0.90 -3.53 BO 41 18.20 0.50 -5.80
BO8/BF 2.5 1.45 -0.30 BO43 18.60 -1.04 -6.17
BO10/A 3.7 0.84 -4.39 BO 44/a 19.05 1.07 -4.45
BO11/A 4.1 1.03 -4.53 BO 44/b 19.05 0.91 -4.84
BO12/A 4.6 1.00 -4.28 BO45/A 19.30 0.12 -4.82
BO12/B 4.6 1.04 -4.42 BO45/B 19.30 0.57 -4.59
BO12/B 4.6 1.01 -4.43 Bo 46/a 20.00 1.23 -4.59
BO 13/a 5.3 -0.08 -3.94 BO 48 20.80 1.40 -4.52
BO 13/b 5.3 0.64 -3.79 BO50/A 22.50 0.90 -5.47
BO 15/ 6.3 0.88 -4.05 BO 52/a 23.30 1.34 -4.41
BO16 7 1.02 -4.02 BO 53 23.60 -0.05 -4.78
BO20 9.3 0.86 -4.12 BO 55/a 24.00 2.01 -3.15
BO 21/a 10.1 1.06 -3.34 BO 55 24.00 1.40 -3.98
BO 21/b 10.1 0.85 -4.27 bo57/b 1.05 -4.70
BO 22/a 10.5 0.96 -4.33 BO57/A 1.15 -4.59
BO 23/a 10.9 1.00 -4.42 BO59 0.20 -5.07
BO 23/b 10.9 0.93 -4.44 BO62 0.68 -5.56
BO 24/a 11.5 0.88 -4.46 BO66/A 0.94 -4.08
BO 27/a 12.8 1.00 -4.33 BO70/A 1.12 -4.53
BO 27/b 12.8 0.91 -4.47 BO70/KLUFT -6.94 -6.38
SP1=BO 29 13.4 0.83 -4.09 BO74/A 1.35 -4.32
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Stable isotopes and calcimetry of the Colas I section (Saint-Croix)

sample meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

% Carb

St1/bulka 20.6 1.28 -2.52 76.4
St1/bulkb 20.6 1.36 -2.39
St1/Prism 20.6 1.23 -3.08
St1/sersoc 20.6 1.25 -3.71 89.6
St1a 19.7 1.25 -2.56 88.3
St1a/b 19.7 1.27 -2.69
St1b/Bulka 18.7 1.51 -2.22 84.2
St1b/Bulka 18.7 1.47 -2.31
St1b/bulkb 18.7 1.49 -2.38
St1b/kluft 18.7 1.58 -7.22
St1c/F 19 1.37 -2.95
St1c/Exogy 19 3.29 -0.73 89.5
St2 17.6 1.35 -3.10 68.2
St2 17.6 1.39 -3.07
St2/b 17.6 1.35 -2.79
St3 16.2 1.26 -3.07 68.7
St5 14.8 0.49 -3.49
St5 14.8 0.45 -3.62 78.4
St6 14.65 -0.30 -3.30 88.9
St7/a 14.4 0.77 -3.28 80.9
St7/ac 14.4 0.54 -3.64
St8 14 0.16 -2.87 83.9
St8/b 14 0.42 -3.13
St8/c 14 0.59 -2.97
st8/mergel1 14 0.50 -3.12 65.1
st8/bulka1 14 0.63 -3.34 71.7
st8/bulka2 14 0.58 -3.35
ST8/Brachrekr. 0.05 -3.55
ST8/CRINOA 0.33 -2.33
ST8/FUELLCC 0.37 -3.49
ST8/PRISM 2.11 -2.04
ST8/SCHALEA 0.47 -3.76
ST8/SCHWA 0.75 -4.65
ST8/SCHWA1 0.05 -2.78
St10 13.3 0.43 -3.17 70.3
St10/b 13.3 0.55 -3.04
St10/bf 13.3 0.58 -4.13 78.1
St10/s 13.3 1.44 -1.54
St10/prism 13.3 92.5
St11 13.2 0.74 -3.80 86.7
St11a 13.1 0.14 -3.51
St11a 13.1 0.23 -3.40
St11a 13.1 0.19 -3.27
St12 13 0.82 -3.64 81.6
St13 12.9 1.00 -3.61 84.8
St15 12.6 0.48 -4.68
St15 12.6 0.69 -4.15
St16 12.1 0.42 -4.49 95.1
St17 11.6 0.17 -4.74 96.2
St17'a 11.8 0.38 -4.84
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sample meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

% Carb

St17'a/b 11.8 0.50 -4.98
St17'b 11.48 0.54 -4.18
St17'b/b 11.48 0.41 -4.80
St18/a 10.9 0.49 -3.73
St18/b 10.9 0.51 -3.58
St19 10.6 0.55 -4.49 91.4
St20 10.4 0.40 -3.47
St20/a 10.4 0.25 -3.06
St20/b 10.4 0.33 -3.19 89.9
St20/s 10.4 -0.17 -3.63
St23 8.9 0.94 -2.73 79.3
St26 8.5 1.18 -2.73 40.3
St26/b 8.5 1.11 -2.79
St27 8.4 0.96 -2.58 82.6
St27 8.4 1.00 -2.40
St27// 8.4 0.99 -2.53
St28 8.15 1.07 -2.11
St29/am 7.95 1.29 -2.74 44.3
St31 7.25 1.15 -3.36 49.8
St31/b 7.25 1.17 -3.20
St32 6.9 0.92 -3.28
St32/B 6.9 1.24 -2.67 64.8
St34 6.65 1.07 -3.27 95.0
St34/Z 6.65 0.12 -8.26
St35 6.4 1.04 -3.91
St35/b 6.4 1.06 -4.12
St36 6 0.83 -3.99
St37 5.8 0.96 -3.75
St38 5.5 1.04 -3.50
St38/a 5.5 0.83 -3.86 95.4
St38/b 5.5 0.67 -3.82
St39 4.5 1.13 -3.59 92.4
St39/b 4.5 1.08 -3.55
St39/c 4.5 0.81 -2.64
St40/bulk 0.5 1.64 -2.48 82.2
St41 0.15 0.87 -4.16 95.2
ST41/B 0.15 1.27 -3.69
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Stable isotopes and calcimetry of the Colas II section (Saint-Croix)

sample mete
r

δ13C
bulk

δ18O
bulk

%Car
b

sample mete
r

δ13C
bulk

δ18O
bulk

%Car
b

SC 1/BF 0.3 1.42 -4.08 SC 15/b 10.4 0.44 -4.82
SC1/M 0.3 1.48 -2.73 38.4 SC16' 10.8 0.41 -4.50
SC 2/a 0.7 1.39 -3.82 92.1 SC 16'/b 10.8 0.16 -4.01
SC 2/a 0.7 1.31 -4.06 SC16'/c 10.8 0.38 -4.35
SC2/b 0.7 1.39 -3.86 SC 17 11 -0.29 -4.53 58.0
SC2/b 0.7 1.35 -4.12 SC17/B 11 -0.21 -4.78
SC 3 0.9 1.40 -3.78 SC18/a 11.5 -0.24 -4.92
SC3/A 0.9 1.30 -4.13 SC18/a 11.5 -0.10 -4.66
SC 4 1.2 1.45 -3.45 87.3 SC 18a/a 12.1 -0.39 -4.63
SC 5 1.5 1.31 -3.57 SC 18a/a 12.1 -0.47 -4.92
SC 5/b 1.5 1.26 -3.82 SC 18a/b 12.1 -0.35 -4.60
SC5/b' 1.5 1.16 -3.69 SC 18a/b 12.1 -0.26 -4.46
SC5/S 1.5 0.89 -3.54 SC 19 13.1 -0.88 -4.80 95.2
SC 6a 1.9 1.26 -3.81 90.5 SC 19 13.1 -0.96 -4.96
SC6a 1.9 1.29 -3.80 SC19/B 13.1 -0.85 -4.82
SC7/a 2.5 1.15 -2.70 SC19/B 13.1 -0.84 -4.89
SC7/a 2.5 1.15 -2.90 SC19/B 13.1 -0.86 -4.94
SC 7/b 2.5 1.16 -4.03 SC 20a 16 -1.17 -4.76 94.3
SC 8 3.15 1.28 -3.19 76.5 SC 20a 16 -1.21 -5.00
SC 10 4.35 1.20 -3.35 84.0 SC 20a 16 -1.16 -4.93
SC 10 4.35 1.15 -3.51 SC 21 18.3 -1.99 -5.23
SC 11 6.35 1.20 -2.85 67.1 SC21/b 18.3 -1.68 -5.20
SC 13 8.25 0.82 -4.13 92.2 SC21/b 18.3 -1.81 -5.28
SC 13/b 8.25 0.87 -4.43 SC 22 18.5 -1.49 -5.05 83.8
SC13A/A 8.9 0.66 -4.41 SC 22 18.5 -1.52 -5.23
SC13A/B 8.9 0.79 -3.95 SC 22 18.5 -1.46 -5.09
SC 15 10.4 0.37 -4.91 95.3 SC 24 27 -0.50 -4.69
SC15/A 10.4 0.48 -4.68 SC 24 27 -0.52 -4.88

Stable isotopes and calcimetry of the Col des Etroits locality

Sample Fractio
mm

meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

% Carb

E1/BULKA 4 1.49 -2.83 23.7
E1/NM 0.6 4 1.50 -2.86
E1/NF 0.3 4 1.40 -2.97
E1/BULKB1 4 1.23 -2.89 33.9
E2/TF 5 1.55 -1.45
E2/TS 5 1.85 -1.33
E2/BFCRINOS 0.3 5 1.45 -2.45
E2/SUSP.1 0.1 5 0.96 -3.39
E2/NMCRINOS 0.6 5 1.47 -2.21
E2/NF 0.3 5 1.45 -3.05
E2/SUSFEIN 0.01 5 0.95 -3.47
E2/BULKA1 5 1.36 -3.04 45.7
E2/MNA 0.6 5 1.63 -3.01 82.5
E2/NGBRYOS 1 5 1.28 -3.92
E2/SUSPGROB 0.05 5 1.20 -3.02
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Sample Fractio
mm

meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

% Carb

E2/SUSP1.25 0.125 5 1.03 -3.40 20.7
E2/BULKA2 5 1.37 -3.04
E2/NGAUST 2 5 1.87 -2.32
E2/NGPECTEN 2 5 1.50 -2.06
E2/PRISM 1 5 2.02 -0.33
E2/NGSERSOC 1 5 1.15 -4.53
E2/NGSCHWA 1 5 1.48 -1.49
E3/BULK 5.5 1.50 -2.49 53.4
E3/.5-.25 0.4 5.5 1.50 -2.95
E3/.25-.125 0.2 5.5 1.33 -2.87
E3/NM 0.6 5.5 1.40 -2.90
E3/NF 0.3 5.5 1.40 -2.96
E3/BRYO1 5.5 1.02 -4.36
E3/BRYO2 5.5 1.13 -3.62
E3/BRYO3 5.5 1.29 -3.94
E3/BRYO4 5.5 1.26 -3.63
E3/SCHW1 5.5 1.24 -3.13
E3/SCHW2Z 5.5 1.20 -3.70
E3/CRIU1 5.5 1.60 -1.94
E3/CRIU2 5.5 1.54 -1.84
E3/CRIU3 5.5 1.51 -1.29
E3/CRIU4 5.5 1.46 -1.69
E3/CRIU5 5.5 1.54 -1.10
E3/CRIUx1 5.5 1.53 -0.95
E3/CRIUx2 5.5 1.30 -3.13
E3/CRIUx3 5.5 1.74 -1.63
E3/CRIUx4 5.5 1.83 -1.50
E3/CRIST1 5.5 1.35 -1.96
E3/CRIST2 5.5 1.56 -1.72
E3/CRIR1 5.5 1.37 -2.54
E3/CRIR2 5.5 1.79 -1.79
E3/CRIR3 5.5 1.79 -1.20
E3/CRIR4 5.5 1.68 -1.33
E3/CRIR5 5.5 1.53 -0.91
E3/CRIrx1 5.5 1.41 -1.77
E3/SEIST1 5.5 1.42 -5.02
E3/SEIST2 5.5 1.58 -3.65
E3/SEIK1 5.5 1.12 -2.97
E3/SSOCZ1 5.5 1.16 -4.08
E3/SERPZ 5.5 1.16 -3.75
E3/ALEC1 5.5 3.15 -1.92
E3/ALEC2 5.5 3.21 -1.89
E4 8 0.05 -3.52
E5 3.5 0.54 -5.23
E6 3 0.67 -5.05
E7 2.2 0.62 -5.26
E8 1.6 0.56 -5.21
E9 1 0.59 -5.26
E10 0 0.51 -5.15
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Stable isotopes of the Salève section

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

Sa1/B -2 -2.76 -6.60 S54 13.9 0.60 -4.67
Sa 1/a -2 -1.88 -6.20 S55/A 14.8 -0.33 -4.52
Sa2/a -2 0.58 -3.71 S55/B 14.8 -0.16 -4.59
S2/A 0.1 -0.13 -4.11 S56 15.6 -0.12 -4.91
S10 0.3 0.33 -4.25 S57/a 16.4 0.24 -5.18
S14 0.95 0.74 -3.78 S57/b 16.4 0.42 -4.91
S15A 1.4 0.85 -3.73 S58 17.1 0.02 -4.69
S18/A 1.9 1.05 -3.47 S59 17.9 -0.43 -4.33
S18/B 1.9 0.95 -3.64 S60 18.6 0.68 -4.66
S20/a 2.3 1.11 -3.86 S61 19 0.87 -5.07
S20/b 2.3 0.95 -3.92 S61A/a 19.1 0.14 -4.61
S21/a 2.75 0.74 -4.18 S62/A 19.35 0.94 -4.33
S23 2.95 1.02 -3.65 S62/B 19.35 0.92 -4.30
S28 4.45 1.15 -3.33 S63 19.8 0.80 -4.50
S29 5 0.98 -3.47 S64/A 20.25 0.69 -4.53
S30 5.35 1.13 -3.23 S64/B 20.25 0.73 -4.61
S31 5.65 -0.50 -4.44 S65 20.85 0.65 -4.43
S35/A 6.55 0.22 -4.76 S67 21.8 0.65 -4.21
S36/A 6.7 0.50 -4.47 S68/B 22.4 0.33 -5.15
S36/B 6.7 0.46 -4.64 S68/a 22.4 0.37 -4.03
S37 6.95 0.04 -4.76 S68/b 22.4 0.58 -4.65
S38 7.7 0.71 -4.29 S68A/a 22.45 0.77 -3.94
S39 8.05 0.78 -4.51 S68A/b 22.45 0.77 -4.11
S40A/A 8.55 0.95 -3.92 S69/A 22.6 0.54 -4.84
S40A/B 8.55 1.24 -3.41 S70/A 23.2 0.44 -4.03
S40A/C 8.55 0.75 -4.25 S71 23.9 0.14 -4.50
S40/a 8.55 0.92 -4.61 S72/A 24.4 0.00 -4.86
S41 8.75 0.69 -4.65 S73 25.9 -1.82 -4.91
S42 8.95 1.18 -4.20 S74/A 26.3 0.27 -3.95
S43 9.25 1.07 -3.72 S76 27.2 0.69 -4.32
S44/a 9.6 1.19 -3.99 S77/A 27.5 0.58 -4.44
S45/A 9.9 1.17 -3.61 S77/b 27.5 0.37 -5.08
S45/B 9.9 1.22 -3.54 S79/A 28 0.62 -3.86
S47/A 10.3 0.81 -4.34 S79/B 28 0.50 -4.41
S48 10.65 0.76 -4.30 S81/dupl 29.2 0.84 -5.21
S49/A 10.81 0.66 -4.62 S81 29.2 0.87 -5.21
S50 11.3 0.69 -4.60 S82 29.6 0.36 -4.87
S52/A 12.3 0.54 -4.81 S83 30.2 0.52 -4.51
S53 13.15 0.38 -5.34 S84 32 -0.26 -5.60

Stable isotopes of the Wellenberg core

sample depth δ13C
bulk

δ18O
bulk

δ13C
Bel

δ18O
Bel

W149 -876.93 1.48 -4.19 0.96 -2.62
W149 -876.93 0.67 -2.10
W146 -863.72 1.60 -3.95
W144 -859.21 1.74 -3.63 0.19 -0.08
W142 -857.48 1.57 -3.76
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sample depth δ13C
bulk

δ18O
bulk

δ13C
Bel

δ18O
Bel

W138/a -851.75 1.63 -3.98
W138/b -851.75 1.58 -4.02
W 136 -848.47 1.85 -3.82
W131 -839.97 2.27 -3.51 1.84 -1.06
W 129 -836.78 2.13 -3.87
W 126B -832.88 2.08 -3.97
W 123 -830.18 1.82 -3.64
W123 -830.18 1.77 -3.19 1.23 -1.43
W123 -830.18 0.53 -2.48
W123 -830.18 0.55 -0.78
W123 -830.18 1.46 -0.74
W123 -830.18 1.10 -1.02
W123 -830.18 0.73 -1.10
W123 -830.18 1.98 -2.33
W122 -829.96 2.02 -3.05 1.27 -1.26
W120 -827.65 1.16 -1.75
W120 -827.65 1.56 -1.86
W 121 -828.77 1.76 -3.73
W 119 -826.8 1.24 -3.71
W 117 -823.57 1.02 -4.13
W 114 -818.52 0.89 -3.77
W 109 -810.34 0.84 -3.95
W 104 -800.2 0.94 -3.88
W98 -788.7 0.83 -4.15
W1 -575.3 0.93 -3.47
W9 -559.8 0.96 -3.68
W11 -555.5 0.89 -3.28
W16 -545.7 0.91 -3.62
W18 -540.3 1.16 -3.44
W24/c -528.4 2.14 -3.67
W20 -536.4 1.67 -3.29 0.97 -1.96
W20 -536.4 1.82 -3.42 1.51 -1.48
W22 -532 2.15 -3.63
W24 -528.4 2.14 -3.81 0.80 -1.11
W25 -526.2 0.70 -0.24
W28 -519.9 2.36 -3.45
W30 -515.4 2.32 -3.48
W32 -511.2 2.19 -3.36
W33 -509.1 2.22 -3.39
W35 -504.6 2.23 -3.44
W36 -502.5 2.17 -3.34
W39 -496.7 1.87 -3.42 0.50 -1.59
W42 -490.9 1.61 -3.72
W45 -485.3 1.64 -3.79
W47 -481.4 1.67 -3.72
W51 -473.6 1.40 -3.58 -0.20 -2.09
W56 -463.6 1.24 -4.29 -0.45 -0.94
W62 -450.9 1.14 -4.48
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Stable isotopes of the La Charce section

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

LC200 -15 2.07 -1.01 LC255 p 90.8 1.27 -1.43

LC201 -8 1.91 -1.23 LC256 91.5 1.36 -0.75

LC204 1.3 2.24 -1.01 LC257 92.6 1.28 -0.80

LC206 5.1 2.05 -1.03 LC258 94.3 1.27 -0.94

LC207 9.9 1.82 -1.24 LC259 p 94.8 1.34 -0.95

LC208 13.4 1.81 -1.23 LC260 p 95.3 1.47 -0.62

LC212 24.4 1.95 -1.00 LC262 98.8 1.30 -0.81

LC212 p 24.4 2.04 -0.99 LC263 99.6 1.34 -0.86

LC213 25.5 2.62 -0.75 LC264 100.8 1.13 -1.38

LC214 32.6 2.36 -0.84 LC265 102.3 1.11 -0.90

LC216 36.9 1.82 -1.21 LC266 103.4 1.22 -0.80

LC218 39.2 2.04 -0.99 LC267 104.2 1.37 -0.72

LC219 40 2.01 -1.02 LC268    104.9 1.26 -0.84

LC220 40.8 1.95 -0.84 LC269 p    105.6 1.13 -0.77

LC221 44.6 1.78 -0.91 LC270 p 106.4 1.19 -0.81

LC221C 45 1.77 -1.01 LC271 p 109 0.87 -0.82

LC222 48.4 1.71 -1.16 LC271A p 109 0.61 -0.75

LC223 51.4 1.61 -1.05 LC271B p   109 0.83 -0.83

LC225 53 1.62 -1.10 LC272 p    111 1.27 -0.89

LC229 58.5 1.69 -0.97 LC273 p 112 1.32 -0.83

LC230 p    61 1.03 -0.86 LC274 112.8 1.29 -0.91

LC233 66.6 1.73 -1.17 LC275B 113.5 1.49 -1.03

LC234 67.8 1.78 -1.17 LC276 116.4 1.43 -1.05

LC235 69.3 1.32 -1.34 LC277 p    115.7 1.50 -1.00

LC237 71.4 1.59 -1.05 LC278 p    116.3 1.29 -1.25

LC238 74.4 1.72 -0.91 LC280 p    117.7 1.18 -1.00

LC241 78.5 1.63 -0.93 LC282 p    118.9 1.13 -0.89

LC243 81 1.48 -0.95 LC283 p    119.5 1.19 -0.80

LC244 82.3 1.58 -0.94 LC284 p    120.2 1.21 -1.01

LC245 83.1 1.05 -1.10 LC285 121 1.18 -0.89

LC245 83.1 1.06 -1.03 LC286 122.5 0.51 -0.94

LC245 p 83.1 1.21 -0.86 LC287 123.1 0.99 -1.03

LC246 84 1.33 -1.03 LC288 123.9 1.04 -1.06

LC248 85.6 1.39 -1.04 LC289 124.6 0.93 -1.10

LC248 85.6 1.38 -1.03 LC289 124.6 0.99 -1.07

LC248 p 85.6 1.39 -1.18 LC289 124.6 0.97 -1.08

LC249 86.4 1.19 -1.04 LC289 p 124.6 1.01 -1.18

LC250 87.1 1.56 -0.95 LC291 126 1.08 -0.98

LC251 87.9 1.26 -1.05 LC292 p    132.8 0.86 -0.84

LC251 p 87.9 1.61 -0.92 LC293 p    136 1.02 -0.85

LC252 88.6 1.47 -0.71 LC294A 137 1.18 -0.96

LC253 89.4 1.21 -0.89 LC294B 137 1.16 -0.89

LC254 90 1.51 -0.82 LC295 138 0.93 -0.87



Appendix B A24

Stable isotopes and calcimetry of the Pont de Carajuan section

sample meter δ13C
bulk

δ18O
bulk

%Car
b

sample meter δ13C
bulk

δ18O
bulk

%Car
b

PC1 -0.1 1.36 -2.93 90.8 PC42 33.85 2.25 -2.72
PC2 1 1.43 -2.36 89.7 PC42/Z 1.69 -6.44
PC3 1.6 1.36 -2.31 PC43 34.65 2.26 -2.69
PC4 3.05 1.46 -2.96 88.7 PC44 35.7 2.26 -3.34 91.6
PC4/b 3.05 1.42 -2.93 PC45 36.4 2.41 -2.93
PC5 3.65 1.40 -2.30 PC46 37.55 2.38 -3.00 82.2
PC6 4.3 1.22 -2.46 88.1 PC47 39.5 2.32 -3.66
PC7 4.8 1.40 -2.52 PC47/b 39.5 2.41 -3.08
PC8 5.95 1.23 -2.74 93.2 PC47/c 39.5 2.47 -3.30
PC9 6.5 1.35 -3.00 PC48 40.45 2.47 -3.21 90.7
PC10 7.4 1.09 -2.51 72.9 PC48 40.45 2.47 -3.24
PC11 7.85 1.23 -2.50 PC49 40.95 2.38 -3.43
PC12 8.3 1.30 -2.72 86.5 PC50 42.2 2.44 -3.30 91.7
PC12 8.3 1.14 -2.85 PC51 42.5 2.31 -3.70
PC13 9.2 1.39 -2.94 PC51/b 42.5 2.45 -3.34
PC14 9.6 1.50 -2.71 PC51a 42.7 2.26 -3.95 94.6
PC15 9.8 1.47 -2.79 88.0 PC52/dia 43.35 1.87 -2.67 78.5
PC16 10.15 1.53 -2.42 pc52a 43.55 2.12 -3.24
PC17 10.5 PC52a/b 43.55 2.46 -3.11
PC18 11 1.57 -2.97 86.9 PC52b 43.7 2.27 -3.55
PC18 11 1.49 -2.98 PC53 44.15 2.36 -3.27
PC19 11.7 1.58 -2.54 PC54 44.7 2.31 -2.89
PC20 12.9 PC55 45 2.27 -3.36
PC21 14.45 1.65 -2.68 PC56 45.45 2.12 -2.58
PC21/b 14.45 1.65 -2.82 PC56 45.45 2.18 -2.65
PC22 14.8 1.81 -2.43 89.5 PC57 45.65 2.08 -2.72 87.6
PC23 15.45 1.82 -2.47 PC57/b 45.65 2.20 -2.39 91.7
PC24 15.6 1.72 -2.62 88.4 PC58 46.15 2.34 -2.13 80.6
PC25 16.8 1.75 -2.55 84.0 PC59 46.7 2.17 -2.30
PC25 16.8 1.76 -2.60 PC60 47.3 2.25 -2.52
PC26 17.95 1.54 -2.30 70.7 PC61 47.75 2.22 -2.62 61.8
PC27 18.2 2.03 -1.53 PC62 48.6 2.30 -2.25 60.0
PC27/b 18.2 1.73 -2.74 PC63 49.25 2.19 -2.31
PC28 19.4 1.82 -2.94 79.9 PC64 49.8 2.28 -2.44
PC29 19.6 1.83 -2.76 PC65 50.45 2.22 -2.45 77.7
PC30 20 83.7 PC66 51.1 2.44 -2.07
PC31 20.3 1.94 -2.72 PC66/b 51.1 2.45 -2.07 78.7
PC32 21.25 1.84 -2.59 73.5 PC67 52.05 2.23 -2.38
PC33 22.5 1.96 -2.67 PC67/b 52.05 2.12 -2.40
PC34 23.8 1.97 -2.58 82.5 PC67/b 52.05 2.18 -2.33
PC34 23.8 1.92 -2.66 PC67/c 52.05 2.35 -1.80
PC35 25.1 1.93 -2.83 PC67/d 52.05 2.40 -1.61
PC36 26.3 2.06 -2.69 PC67/e 52.05 2.53 -1.47
PC37 27.9 1.99 -2.47 79.7 PC67/f 52.05 2.44 -1.68
PC38 30 2.10 -2.77 81.8 PC68 52.4 2.12 -2.75
PC39 31.6 2.17 -2.35 PC69 53.2 2.33 -2.08 82.3
PC40 32.4 2.09 -2.59 82.3 PC70 54 2.13 -2.36
PC40/B 32.4 2.10 -2.64 84.5 PC71 54.7
PC40/B 32.4 2.12 -2.71 PC72 55.4 2.06 -2.25
PC41 33.15 2.16 -2.87 PC72 55.4 2.01 -2.42
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sample meter δ13C
bulk

δ18O
bulk

%Car
b

sample meter δ13C
bulk

δ18O
bulk

%Car
b

PC73 55.95 1.91 -2.21 78.0 PC89 64.3 1.78 -2.03 92.9
PC73/b 55.95 1.96 -1.99 PC90 64.65 1.79 -2.35
PC74 56.3 2.33 -3.03 PC90/b 64.65 1.82 -2.33
PC74a 56.9 76.3 PC91 64.8 1.50 -2.15 90.1
PC75 57.15 2.27 -1.98 PC92 65 1.55 -1.63
PC76 57.95 2.40 -2.09 PC92a 65 1.73 -2.20
PC76/b 57.95 2.29 -1.82 66.6 PC92a/b 65 1.70 -1.87
PC77 58.4 2.27 -1.74 63.2 PC93 65.25 1.75 -1.58
PC77 58.4 2.13 -2.06 PC93 65.25 1.73 -1.73
PC78 58.9 2.39 -2.42 PC94 69.2 1.38 -1.64 82.8
PC78/b 58.9 2.52 -2.11 PC95 69.4 1.19 -2.15 87.6
PC79 59.1 2.91 -1.48 PC96 69.9 1.19 -2.65
PC79 59.1 3.04 -1.32 PC97 70.35 1.15 -2.37
PC80 59.5 2.65 -1.88 PC98 70.45 1.28 -2.42
PC81 60.2 2.20 -2.93 PC99 70.55 1.43 -2.10 91.0
CP82 60.5 2.63 -1.99 92.7 PC99/b 70.55 1.37 -2.34 89.7
PC83 61 2.07 -2.22 PC100 70.8 1.51 -2.14
PC84 61.6 2.13 -2.09 CP101 71.1 1.42 -2.63
PC85 62.2 2.22 -2.29 91.9 PC102 71.8 1.27 -2.41
PC85Z 0.83 -5.79 PC102/b 71.8 1.03 -2.64 91.9
PC86 62.8 1.93 -2.26 PC103 73.6 1.23 -2.26
PC87 63.5 1.99 -2.43 91.7 PC103 73.6 1.25 -2.39
PC88 64 1.88 -2.31

Stable isotopes of the Barre des Taulières section

sample meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

TA-1 -0.2 2.40 -2.43
TA1 -0.6 1.75 -1.98
TA2 0 2.63 -2.44
TA2/HUIS1 0 3.04 -1.62
TA2/HUI2 0 3.14 -1.37
TA4A 1.1 2.67 -2.57
TA8/b 3.05 2.93 -2.26
TA9 3.4 2.84 -2.57
TA9/MS1 3.4 2.02 -1.94
TA10 3.7 2.58 -2.51
TA17 8 2.46 -2.61
TA18A 8.75 2.69 -2.65
TA21 9.9 2.89 -2.43
TA22 10.25 2.82 -2.29
TA23 10.6 2.86 -2.36
TA25 11.75 2.93 -2.50
TA26 11.95 2.59 -2.83
TA27 12.35 2.72 -2.72
TA27/B 2.35 3.03 -2.34
TA28 12.6 2.72 -2.93
TA29 13.2 3.00 -2.19
TA30 13.45 2.77 -2.47
TA31 13.6 2.31 -2.66
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sample meter δ13C
bulk

δ18O
bulk

δ13C
fossil

δ18O
fossil

TA32 14.1 2.96 -2.42
TA34 14.9 2.81 -2.92
TA34/ES1 14.9 3.12 -2.50
TA35 15.3 2.92 -2.60
TA39 17.5 2.68 -2.35
TA41 18.45 2.78 -2.16
TA45 19.95 2.92 -1.99
TA45/ZS 19.95 2.84 -6.98
TA45/ZSW 19.95 2.71 -6.12
TA49 22 2.44 -1.73
TA49/F 22.1 2.68 -2.32
TA50/TF 22.5 2.42 -1.08
TA50/RF 22.5 2.25 -1.56
TA50/TS1 22.5 0.21 -2.46
TA50/TS2 0.73 -2.17
TA50/R1S1 2.04 -1.59
TA51 22.9 2.92 -2.40
TA52 23.5 2.71 -2.65
TA52/TS 23.5 1.80 -1.59
TA57 27.6 3.08 -2.19
TA57/b 27.6 3.04 -2.23
TA58 28.1 2.72 -2.54
TA58/ES 28.1 2.09 -1.77
TA64 31.5 3.02 -2.23
TA64/MS 3.25 -3.33
TA64/ZF 31.5 2.67 -6.74
TA65 36.3 2.86 -2.41
TA66 36.75 2.54 -2.43
TA66/B 36.75 2.77 -3.06
TA73 40.1 2.91 -2.65
TA74 40.4 3.05 -2.26
TA76 41 2.43 -3.38

Stable isotopes of the Niollon locality

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

N0/A -1 1.39 -3.75 N2/A -0.3 1.26 -4.47
N0/Z -1 1.03 -8.12 N2/B -0.3 -3.45 -6.30
N1/A -0.5 0.96 -5.08 N4 0.5 2.20 -3.04
N1/Z -0.5 1.29 -8.41

Stable isotopes of the Val Cellina section

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

C1/a 0 0.44 -8.76 C21 29.7 1.48 -4.07
C1/b 0 1.21 -9.02 C25/A 33.6 0.82 -4.95
C1/c 0 1.18 -7.72 C25/b 33.6 -1.68 -4.11
C2/a 1.9 1.22 -5.19 C25/c 33.6 -0.13 -4.39
C2/b 1.9 0.85 -5.20 C25/d 33.6 1.01 -5.92
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sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

C4/a 5.75 1.82 -4.57 C26 34 0.79 -4.74
C4/b 5.75 1.93 -6.88 C31 36.3 0.53 -4.16
C5/a 8.15 1.46 -2.03 C33 37.4 0.95 -3.85
C5/b 8.15 1.81 -2.13 C37 41.4 1.23 -3.37
C6 8.2 1.95 -2.63 C40 42.5 0.57 -3.66
C7 12.6 1.04 -2.61 C42/A 44 -2.48 -3.79
C7a) 12.9 -0.32 -2.14 C42/A 44 -2.72 -3.81
C8 14.1 1.50 -2.64 C42/B 44 -0.26 -2.93
C9 15 0.54 -2.68 C44A 45.9 0.75 -2.69
C10 16.3 2.04 -4.49 C49/A 49.35 0.81 -2.75
C10a/a 17.7 2.04 -3.74 C49/B 49.35 0.94 -2.75
C10a/b 17.7 1.91 -3.86 C52/A 51.15 0.48 -4.17
C11 18.1 1.92 -4.07 C52/B 51.15 0.66 -3.32
C11a 18.4 1.94 -4.10 C54 52 0.70 -4.54
C14/a 21.6 2.11 -3.72 C55 54.5 0.67 -4.92
C14/b 21.6 2.07 -3.92 C60 56.1 0.94 -5.49
C14a/a 22.1 2.09 -3.60 C66 59.1 -0.04 -3.17
C14a/b 22.1 1.99 -3.86 C67 60.7 0.69 -5.40
C15 22.8 2.18 -3.73 C70/a 63.3 0.84 -4.01
C16 23.7 2.16 -4.25 C70/b 63.3 0.95 -4.30
C19a 27.1 1.80 -4.20 C70/c 63.3 0.76 -3.45
C19b/a 27.5 1.80 -3.35 C78 70.8 -0.35 -2.85
C19b/b 27.5 1.82 -4.15

Stable isotopes of the Cimon dei Furlani Southern part section

sample meter δ13C
bulk

δ18O
bulk

sample meter δ13C
bulk

δ18O
bulk

FS0N2 0 2.08 -2.67 FS24 52 1.20 -2.14
FSON2 0 2.06 -1.58 FS26 57.4 0.64 -1.47
FS1B 1.6 1.77 -3.44 FS29 N1 63.5 1.36 -2.05
FS3 N1 5 2.15 -2.61 FS29 N2 63.5 1.28 -1.76
FS4b N1 6.5 1.58 -4.80 FS30B 64.4 1.62 -2.15
FS5 N1 8.8 1.87 -4.43 FS32 N1 69.8 0.55 -2.95
FS6N1 11.6 2.21 -2.81 FS32 N2 69.8 0.46 -2.63
FS8N1 15.6 2.37 -3.33 FS32 N3 69.8 0.89 -1.92
FS9 N1 19.5 2.04 -2.35 FS34 76 1.51 -1.94
FS11B N1 25 1.75 -2.88 FS36 78.2 0.43 -3.07
FS12 N1 26.2 2.26 -1.65 FS35 78.2 1.59 -2.16
FS13 N1 29.5 2.46 -2.64 FS38 86 0.97 -2.94
FS14 30.4 2.22 -2.46 FS41 90.4 2.36 -2.04
FS14B N1 30.4 2.84 -1.60 FS44B 98 1.57 -1.78
FS14B N2 30.4 2.74 -1.36 FS45 N1 100.6 1.28 -1.81
FS14B N1 30.8 2.84 -1.65 FS 48 N1 105.9 1.13 -2.30
FS16 N1 35 1.49 -2.32 FS53 N1 115 1.22 -2.66
FS16 N2 35 1.88 -1.95 FS53 N2 115 1.60 -1.98
FS17C N1 38.6 2.89 -2.30 FS54B N1 116.2 1.74 -4.78
FS17C N2 38.6 2.93 -2.77 FS56 121.5 1.87 -1.86
FS18 41 2.36 -2.03 FS58B 126 0.95 -1.72
FS20 42.6 1.67 -2.63 FS63 144 1.11 -1.43
FS22 N1 43.6 1.17 -1.46 FS65 147.8 0.71 -1.78
FS22 N2 43.6 1.45 -1.02
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A   PPENDIX    C:      E                 LECTRON MICROPROBE  ,                                    RAW DATA                

First row: absolute weight% of the elements (total usually less than 100%)
Second row: relative mol% abundance (total exactly 100%)

Quantitative analysis based on standards for all elements except oxygen.
O is calculated based on the assumption that it is the only anion.
No correction for carbonates or structurally bound water.

Colas 1, sample St12
sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr F O
st12gruen    wt% 4.74 6.21 21.38 13.59 0.03 O 0.43 1.93 0.03 0.01 0.06 0.07 O 36.26
mol% 3.26 6.19 20.47 6.55 0.02 O 0.29 2.13 0.04 0.01 0.05 0.04 O 60.96
st12dklzemb 1.45 1.40 6.23 11.67 0.04 0.10 22.50 0.91 0.03 0.05 0.04 0.05 O 21.71

1.49 2.09 8.93 8.42 0.03 0.07 22.62 1.50 0.04 0.06 0.04 0.04 O 54.66
st12zemagelb 0.03 0.06 0.09 1.80 0.00 0.05 38.90 0.37 O O 0.01 0.01 O 16.47

0.04 0.11 0.16 1.56 0.00 0.04 47.24 0.74 O O 0.02 0.01 O 50.09
st12sehrgruen 5.65 4.53 21.25 18.20 O O 0.65 1.74 0.06 0.03 0.05 0.01 O 36.07

3.86 4.48 20.22 8.71 O O 0.43 1.91 0.07 0.02 0.03 0.01 O 60.25
st12gruen3 5.47 4.83 21.92 16.72 0.01 0.03 0.38 1.88 0.09 0.01 0.05 0.04 O 36.65

3.70 4.73 20.63 7.91 0.01 0.01 0.25 2.04 0.10 0.01 0.03 0.02 O 60.55
st12spezkarb 0.01 0.07 0.08 35.54 O 0.09 4.60 3.05 O 0.01 0.02 0.02 O 14.23

0.01 0.15 0.16 35.86 O 0.09 6.47 7.06 O 0.03 0.03 0.02 O 50.13
st12anke 0.90 1.73 3.49 8.31 0.05 0.06 20.32 5.62 0.41 4.39 0.04 0.04 1.02 25.34

0.80 2.21 4.29 5.13 0.04 0.04 17.49 7.97 0.61 4.89 0.04 0.02 1.84 54.63
st12anke2 0.33 0.72 1.51 3.99 0.02 0.04 22.15 9.65 0.19 1.93 0.06 0.04 0.42 21.18

0.33 1.05 2.12 2.83 0.01 0.03 21.85 15.70 0.33 2.47 0.07 0.03 0.87 52.33
st12anke3 0.97 2.17 4.41 13.62 0.10 0.05 17.87 3.40 0.41 5.10 0.07 0.02 1.04 26.81

0.83 2.67 5.21 8.10 0.07 0.03 14.81 4.65 0.59 5.47 0.06 0.02 1.81 55.67
st12opak 0.01 0.73 0.80 47.52 0.18 0.16 0.30 0.57 0.08 0.33 0.12 0.04 O 16.32

0.02 1.36 1.44 42.91 0.19 0.15 0.38 1.19 0.18 0.54 0.17 0.04 O 51.44
st12opak2 0.01 0.85 0.82 46.61 0.19 0.15 0.34 0.62 0.03 0.37 0.11 0.08 O 16.29

0.02 1.59 1.49 42.32 0.20 0.14 0.43 1.29 0.07 0.61 0.15 0.08 O 51.62
st12gelbtransp 3.00 5.14 14.34 19.26 0.13 0.05 0.39 1.70 0.03 0.08 0.13 0.09 O 28.56

2.56 6.35 17.01 11.49 0.09 0.03 0.32 2.34 0.05 0.08 0.12 0.06 O 59.50
st12dklgelb 0.02 1.39 0.85 44.95 0.22 0.25 0.29 0.65 0.09 0.37 0.14 0.07 O 16.39

0.02 2.61 1.53 40.74 0.23 0.23 0.37 1.35 0.20 0.60 0.20 0.07 O 51.85
st12anker1 0.47 1.06 2.00 4.39 0.05 0.18 19.31 10.25 0.06 0.09 19.25

0.52 1.70 3.07 3.40 0.05 0.14 20.79 18.20 0.11 0.12 51.92
st12anker2 0.19 0.54 1.14 2.28 O 0.20 23.48 11.67 0.09 0.04 19.66

0.20 0.83 1.68 1.69 O 0.15 24.31 19.92 0.16 0.05 51.00
st12anker3 0.31 0.79 1.63 1.68 0.03 0.20 22.82 12.20 0.09 0.04 20.40

0.32 1.18 2.34 1.21 0.02 0.15 22.95 20.22 0.16 0.05 51.40
st12anker4 0.16 0.39 0.72 1.69 0.00 0.23 23.81 12.04 0.12 0.04 19.26

0.17 0.61 1.08 1.27 0.00 0.17 24.98 20.82 0.21 0.05 50.64
st12anker5 0.39 1.18 2.33 3.52 0.02 0.15 19.81 10.39 0.09 0.07 19.70

0.42 1.84 3.51 2.67 0.02 0.12 20.93 18.10 0.17 0.09 52.14
st12anker6 0.16 0.48 0.93 1.73 0.02 0.17 22.94 11.14 0.11 0.05 18.67

0.18 0.78 1.44 1.35 0.02 0.14 24.96 19.98 0.21 0.07 50.88
st12glauklgruen 4.19 6.01 19.84 12.92 0.03 0.02 4.27 1.66 0.06 O 35.35

2.93 6.10 19.32 6.33 0.02 0.01 2.92 1.87 0.07 O 60.44
st12glauklgrue2 4.51 6.42 21.76 13.06 0.03 0.01 1.67 1.60 0.15 0.02 36.99

3.05 6.28 20.44 6.17 0.02 0.01 1.10 1.74 0.18 0.01 61.01
st12anke1 0.06 0.07 0.33 0.28 O 0.08 27.39 12.55 0.08 0.07 19.87

0.07 0.11 0.48 0.20 O 0.06 27.67 20.90 0.14 0.09 50.28
st12anke2 0.76 1.69 3.79 12.38 0.12 O 18.39 2.27 0.51 5.94 26.28

0.68 2.20 4.73 7.78 0.09 O 16.10 3.27 0.78 6.73 57.64
st12anke3 0.53 1.26 2.40 6.90 0.03 0.03 20.66 6.91 0.34 3.13 22.92

0.52 1.78 3.26 4.72 0.03 0.02 19.69 10.85 0.57 3.86 54.71
st12anke4 1.72 3.69 8.35 10.42 0.07 0.04 11.57 2.77 0.30 3.52 27.27

1.51 4.72 10.25 6.43 0.05 0.02 9.95 3.93 0.46 3.91 58.77
st12anke4gruen 1.47 3.21 8.08 4.90 0.04 0.01 17.42 1.96 0.43 5.62 29.44

1.22 3.85 9.32 2.84 0.03 0.00 14.08 2.61 0.60 5.88 59.59
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sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr F O
st12anke5gruen 1.00 2.56 6.36 4.38 0.01 0.04 17.68 3.56 0.27 3.34 24.81

0.95 3.53 8.44 2.92 0.01 0.02 16.44 5.46 0.43 4.02 57.78
st12alec1 O O O 0.11 0.01 O 46.15 0.22 0.05 0.01 18.63

O O O 0.09 0.01 O 49.43 0.39 0.08 0.01 49.99
st12alec2 O O O 0.03 O O 42.68 0.26 0.10 O 17.25

O O O 0.02 O O 49.33 0.50 0.21 O 49.95
st12alec3 O O O 0.17 0.00 0.05 42.22 0.22 0.08 0.00 17.09

O O O 0.15 0.00 0.04 49.26 0.43 0.15 0.00 49.97
st12alec4 O 0.01 O 0.08 O O 43.73 0.17 0.09 O 17.63

O 0.01 O 0.07 O O 49.46 0.32 0.18 O 49.96
st12goe1 0.03 1.02 0.88 36.89 0.23 0.09 0.22 0.57 0.05 0.21 13.40

0.04 2.34 1.94 40.98 0.30 0.10 0.34 1.44 0.13 0.43 51.98
st12goe2 0.01 1.17 0.98 40.93 0.23 0.12 0.26 0.72 0.01 0.27 15.00

0.02 2.41 1.93 40.69 0.26 0.12 0.36 1.65 0.02 0.49 52.05
st12goe3 0.01 0.94 0.97 39.45 0.26 0.09 0.29 0.63 0.05 0.25 14.32

0.01 2.03 2.00 41.05 0.32 0.10 0.43 1.50 0.13 0.47 51.99
st12goe4 0.02 1.13 1.02 39.83 0.23 0.08 0.29 0.75 0.05 0.16 14.60

0.02 2.38 2.07 40.62 0.28 0.08 0.42 1.75 0.13 0.30 51.95
st12glauinmikr1 5.65 5.14 22.37 15.60 0.04 O 0.98 2.14 0.21 0.01 37.61

3.72 4.91 20.51 7.19 0.02 O 0.63 2.27 0.24 0.01 60.51
st12glauinmikr2 5.81 5.19 22.64 15.73 0.03 0.03 0.91 2.17 0.04 0.00 37.93

3.79 4.91 20.59 7.20 0.01 0.01 0.58 2.28 0.05 0.00 60.57
st12glauinmikr3 4.31 4.86 21.87 12.37 0.03 O 0.71 2.11 0.01 O 35.37

3.06 5.00 21.59 6.14 0.02 O 0.49 2.41 0.02 O 61.28
st12dklmatrix1 0.21 1.20 2.02 26.54 0.17 0.13 10.19 0.96 0.03 0.15 16.06

0.28 2.33 3.77 24.94 0.18 0.13 13.34 2.07 0.07 0.25 52.66
st12dklematrix 0.24 1.42 2.29 35.73 0.16 0.11 4.16 1.12 0.07 0.24 17.03

0.30 2.62 4.06 31.82 0.17 0.10 5.16 2.29 0.16 0.38 52.94
st12rhombinmatr1 0.23 0.68 1.14 0.52 0.00 0.06 23.41 11.44 0.04 0.02 19.04

0.26 1.08 1.75 0.40 0.00 0.05 25.07 20.21 0.07 0.03 51.09
st12rhombinmatr2 0.07 0.20 0.44 0.11 O 0.03 26.38 13.18 0.04 0.03 19.99

0.07 0.30 0.64 0.08 O 0.03 26.54 21.86 0.07 0.04 50.39
st12rhombinmatr3 0.09 0.17 0.57 0.34 0.01 0.01 25.96 14.20 0.05 0.03 20.68

0.09 0.24 0.79 0.24 0.01 0.01 25.27 22.79 0.08 0.04 50.44
st12dklmatrix2 0.25 1.25 1.98 31.22 0.12 0.15 7.76 0.97 0.04 0.22 16.51

0.33 2.36 3.59 28.50 0.12 0.14 9.87 2.04 0.09 0.36 52.61
st12dklmatrix3 0.24 1.43 2.39 39.50 0.15 0.20 2.35 1.16 0.06 0.19 17.48

0.30 2.57 4.12 34.25 0.15 0.17 2.84 2.30 0.12 0.30 52.89
st12dklmatrix4 0.21 0.79 1.54 18.37 0.09 0.11 21.22 0.77 0.08 0.11 17.00

0.27 1.43 2.67 16.02 0.09 0.10 25.79 1.53 0.18 0.18 51.76
st12rhombinmatr4 0.15 0.42 0.93 0.30 0.00 0.01 26.31 13.82 0.06 0.05 21.24

0.15 0.59 1.27 0.20 0.00 0.00 25.11 21.74 0.10 0.06 50.77
st12rhombinmatr5 0.11 0.20 0.33 0.27 O O 28.25 12.95 0.05 0.02 20.49

0.11 0.29 0.46 0.19 O O 27.67 20.91 0.08 0.03 50.28
st12rhombinmatr6 0.05 0.11 0.28 0.31 0.01 O 25.03 12.97 0.08 0.02 19.09

0.06 0.17 0.42 0.23 0.01 O 26.29 22.45 0.14 0.02 50.22
st12dklmatrix5 0.26 0.98 2.03 27.28 0.15 0.22 9.43 1.93 0.06 0.15 16.47

0.33 1.85 3.69 24.89 0.16 0.21 11.98 4.05 0.13 0.25 52.46
st12dklmatrix6 0.27 1.05 2.28 27.27 0.13 0.16 9.50 0.86 0.07 0.15 16.11

0.36 2.04 4.25 25.59 0.15 0.15 12.43 1.85 0.17 0.25 52.76
st12dklmatrix7 0.33 1.11 2.62 22.13 0.11 0.15 12.21 0.85 0.05 0.13 16.11

0.44 2.17 4.91 20.90 0.12 0.14 16.07 1.85 0.11 0.22 53.08
st12rhombinmatr7 0.07 0.11 0.22 0.17 O O 27.51 13.73 0.07 0.04 20.50

0.07 0.16 0.31 0.12 O O 26.88 22.11 0.11 0.05 50.19
st12zemumkomp 0.02 O O 1.02 0.00 0.10 43.32 0.24 0.02 0.02 17.81

0.02 O O 0.82 0.00 0.08 48.56 0.43 0.04 0.03 50.01
st12zemumkomp 0.05 0.17 0.35 1.35 O 0.09 39.14 0.45 0.03 0.02 16.92

0.06 0.30 0.59 1.15 O 0.08 46.49 0.89 0.06 0.03 50.36
st12rhombtrasp1 0.01 0.01 O 4.07 0.01 0.11 23.74 10.16 0.06 0.03 17.44

0.01 0.01 O 3.35 0.01 0.09 27.18 19.17 0.13 0.04 50.01
st12rhombtrasp2 0.00 O 0.01 4.26 0.01 0.18 24.42 10.19 0.01 0.01 17.76

0.01 O 0.01 3.44 0.01 0.15 27.46 18.89 0.01 0.01 50.01



Appendix C A30

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr F O
st12rhombtrasp3 0.02 0.02 0.02 4.23 O 0.10 24.66 10.41 0.09 0.02 18.03

0.03 0.04 0.03 3.36 O 0.08 27.28 18.99 0.17 0.02 49.99
st12glauincrin1 2.81 2.92 11.41 7.87 0.04 0.06 17.66 1.41 0.03 0.00 26.44

2.49 3.75 14.10 4.89 0.03 0.04 15.29 2.01 0.04 0.00 57.37
st12glauincrino2 4.86 4.89 20.81 12.36 0.03 0.04 1.33 2.18 0.06 0.02 34.64

3.49 5.10 20.81 6.22 0.02 0.02 0.93 2.52 0.08 0.01 60.81
st12crino 0.04 O 0.00 0.55 O 0.10 43.62 0.35 0.01 0.01 17.85

0.05 O 0.00 0.44 O 0.08 48.77 0.64 0.02 0.01 50.00
st12crino2 0.10 0.13 0.25 0.94 O 0.09 40.47 0.37 0.03 0.02 17.15

0.12 0.22 0.42 0.79 O 0.08 47.33 0.72 0.07 0.03 50.24
st12crino3 0.02 O O 0.46 0.02 0.10 42.33 0.30 0.00 0.00 17.27

0.02 O O 0.38 0.01 0.09 48.91 0.58 0.01 0.00 50.00
st12grobzem O 0.02 O 1.06 0.00 0.07 42.08 0.14 0.02 O 17.24

O 0.03 O 0.88 0.00 0.06 48.73 0.26 0.04 O 50.00
st12glaukgrue 5.56 5.32 22.47 18.05 0.03 0.06 0.74 1.92 0.21 0.02 38.33

3.58 4.97 20.17 8.15 0.02 0.03 0.47 1.99 0.23 0.01 60.39
st12glaukgrue2 5.62 5.05 21.81 18.58 0.05 0.02 0.57 1.85 0.11 O 37.33

3.71 4.83 20.07 8.60 0.03 0.01 0.37 1.97 0.12 O 60.30
st12qzidiom1 O O 45.67 0.03 0.01 O 0.02 0.01 O O 52.06

O O 33.31 0.01 0.00 O 0.01 0.01 O O 66.66
st12qzidiom2 0.00 O 45.68 0.01 0.00 O 0.03 0.00 O 0.01 52.08

0.00 O 33.31 0.01 O O 0.02 0.00 O 0.01 66.66
st12ookernalec 0.02 0.00 O 0.10 O 0.01 42.89 0.31 0.14 0.02 17.43

0.02 0.00 O 0.08 O 0.01 49.06 0.58 0.28 0.02 49.94
st12ookernalec 0.00 O O 0.01 0.01 0.01 42.94 0.23 0.13 0.01 17.36

0.01 O O 0.01 0.01 0.00 49.31 0.44 0.27 0.01 49.95
st12oorind1 0.03 0.16 0.36 1.34 0.02 0.07 40.40 0.36 0.02 O 17.35

0.03 0.28 0.60 1.12 0.02 0.06 46.81 0.68 0.04 O 50.36
st12oorind2 0.01 0.07 0.14 0.97 O 0.07 40.07 0.29 0.02 0.02 16.73

0.01 0.12 0.24 0.83 O 0.06 47.94 0.57 0.04 0.03 50.16
st12oorind3 0.04 0.16 0.32 1.10 0.03 0.06 40.33 0.36 0.02 0.01 17.22

0.04 0.28 0.53 0.92 0.03 0.05 47.07 0.69 0.05 0.01 50.33
st12oorind4 0.03 0.06 0.19 0.58 O 0.05 41.04 0.41 0.03 0.00 17.12

0.03 0.10 0.32 0.49 O 0.04 48.00 0.79 0.06 0.01 50.17
st12oorind5 0.04 0.09 0.29 0.93 0.00 0.11 40.51 0.36 0.04 0.02 17.16

0.05 0.16 0.48 0.78 0.00 0.09 47.38 0.68 0.08 0.03 50.27
st12oorind6 0.07 0.22 0.55 0.97 0.00 0.06 38.65 0.40 0.03 0.02 16.85

0.08 0.40 0.93 0.83 0.00 0.05 46.27 0.79 0.07 0.03 50.55
st12rhombtrasp1 O 0.00 O 6.63 O 0.17 24.62 9.10 0.02 0.00 17.78

O 0.01 O 5.34 O 0.14 27.64 16.84 0.04 0.01 50.00
st12rhombtrasp O 0.01 0.01 5.73 O 0.16 23.94 8.10 0.01 0.01 16.60

O 0.01 0.02 4.94 O 0.14 28.79 16.05 0.02 0.01 50.02
st12glauko 4.06 6.41 22.37 12.98 0.03 0.04 0.43 2.02 0.08 0.03 37.32

2.73 6.25 20.95 6.11 0.02 0.02 0.28 2.18 0.09 0.02 61.36
st12goe1 0.47 1.64 2.93 34.05 0.21 0.19 0.28 0.91 0.12 0.30 15.99

0.65 3.28 5.64 32.90 0.24 0.19 0.38 2.02 0.28 0.52 53.92
st12goe2 0.82 2.41 4.58 36.27 0.19 0.13 0.30 1.09 0.11 0.26 19.30

0.95 4.06 7.41 29.51 0.18 0.10 0.34 2.03 0.22 0.38 54.81
st12goe3 0.18 1.61 1.91 44.72 0.20 0.16 0.35 0.86 0.16 0.39 17.91

0.22 2.82 3.20 37.70 0.20 0.14 0.41 1.67 0.33 0.59 52.71
st12goe4 0.26 1.66 2.03 46.87 0.23 0.36 0.31 0.93 0.21 0.38 18.83

0.30 2.75 3.24 37.56 0.21 0.29 0.34 1.70 0.40 0.56 52.66
st12goe5 0.17 1.32 1.61 45.83 0.22 0.35 0.27 0.81 0.27 0.39 17.65

0.21 2.32 2.72 38.91 0.21 0.31 0.32 1.58 0.55 0.59 52.30
st12goe6 0.13 1.27 1.47 44.57 0.26 0.43 0.26 0.71 0.17 0.34 16.97

0.16 2.31 2.59 39.33 0.27 0.39 0.32 1.44 0.36 0.55 52.28
st12goe7 0.10 1.29 1.22 44.60 0.24 0.20 0.33 0.63 0.20 0.32 16.57

0.13 2.41 2.18 40.14 0.25 0.18 0.41 1.31 0.43 0.51 52.06
st12braundiff1 1.61 3.70 8.47 23.18 0.15 0.15 6.02 3.83 0.13 0.23 25.32

1.47 4.89 10.76 14.80 0.11 0.09 5.35 5.62 0.19 0.27 56.44
st12braundiff2 1.61 3.75 7.19 17.47 0.12 0.13 8.90 4.89 0.13 0.18 24.03

1.53 5.16 9.51 11.63 0.09 0.08 8.26 7.48 0.22 0.22 55.82



A31 Appendix C

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr F O
st12braundiff3 1.11 2.43 5.65 18.83 0.14 0.24 9.38 5.56 0.10 0.30 22.21

1.12 3.57 7.95 13.33 0.12 0.18 9.26 9.04 0.17 0.39 54.89
st12braundiff4 0.74 1.57 3.81 12.69 0.25 0.12 14.71 7.71 0.10 0.13 20.87

0.78 2.38 5.55 9.30 0.21 0.09 15.01 12.97 0.18 0.17 53.36
st12braundiff5 1.33 2.86 6.90 23.11 0.14 0.23 7.51 4.48 0.07 0.25 23.75

1.27 3.97 9.19 15.47 0.11 0.16 7.01 6.90 0.12 0.30 55.52
st12braundiff6 1.88 3.97 9.25 9.09 0.13 0.08 8.84 5.22 0.09 0.13 24.33

1.81 5.54 12.40 6.13 0.10 0.05 8.30 8.09 0.15 0.16 57.26
st12braundiff7 1.03 2.23 5.05 11.20 0.10 0.13 14.12 7.41 0.10 0.20 22.07

1.03 3.26 7.08 7.89 0.08 0.09 13.86 11.99 0.17 0.26 54.28
st12braundiff8 1.06 2.35 5.08 8.61 0.07 0.16 14.80 7.22 0.09 0.13 21.52

1.09 3.53 7.31 6.24 0.06 0.12 14.94 12.01 0.16 0.17 54.38
st12braundiff9 1.28 3.15 6.66 15.67 0.10 0.10 10.44 5.27 0.12 0.22 23.19

1.25 4.47 9.09 10.75 0.08 0.07 9.98 8.31 0.20 0.27 55.54
st12braundiff10 0.82 1.91 3.50 9.84 0.06 0.12 14.75 8.27 0.09 0.19 20.35

0.88 2.96 5.22 7.38 0.05 0.09 15.43 14.26 0.16 0.26 53.31
st12glaubraun 1.85 3.41 10.10 24.82 0.22 0.09 1.25 1.47 0.05 0.10 23.81

1.84 4.92 14.00 17.30 0.18 0.06 1.21 2.36 0.09 0.12 57.92
st12glaugrinviech 4.30 4.99 19.38 11.20 0.00 0.04 1.31 1.82 0.12 O 32.38

3.31 5.57 20.77 6.03 0.00 0.02 0.98 2.25 0.16 O 60.91
st12glauinmikr 4.88 4.85 20.64 12.92 0.01 0.02 0.74 2.08 0.04 0.00 34.22

3.55 5.11 20.90 6.58 0.01 0.01 0.53 2.43 0.05 0.00 60.84
st12glaukorngruen 5.58 4.97 22.19 15.75 0.01 O 0.20 1.88 0.06 0.02 36.71

3.78 4.87 20.91 7.46 0.00 O 0.13 2.05 0.06 0.02 60.72
st12glaukorngruen 5.42 5.07 22.36 15.39 0.02 O 0.25 1.90 0.06 0.01 36.89

3.65 4.95 21.00 7.27 0.01 O 0.17 2.06 0.07 0.01 60.81
st12glaukorngruen 5.46 4.88 21.82 15.42 0.02 0.06 0.24 1.81 0.06 0.02 36.09

3.76 4.87 20.92 7.44 0.01 0.03 0.16 2.00 0.07 0.02 60.74
st12glaubraun 3.71 5.42 17.90 14.47 0.10 0.02 0.55 1.88 0.04 0.06 31.73

2.90 6.14 19.47 7.92 0.06 0.01 0.42 2.36 0.06 0.06 60.61
st12glaubraun2 3.13 5.49 15.16 13.91 0.13 0.02 0.65 1.60 0.08 0.08 28.31

2.73 6.94 18.40 8.49 0.09 0.01 0.55 2.25 0.13 0.08 60.33
st12glaugruen 5.64 4.85 21.87 18.39 0.01 0.02 0.53 1.79 0.06 0.01 37.08

3.75 4.68 20.28 8.58 0.01 0.01 0.34 1.92 0.07 0.01 60.36
st12braundiff 0.58 1.38 3.09 5.22 0.04 0.09 17.97 9.19 0.06 0.19 19.90

0.63 2.18 4.67 3.98 0.04 0.07 19.07 16.08 0.12 0.26 52.91
st12braundiff 0.38 0.93 1.86 2.17 0.02 0.13 21.19 10.96 0.09 0.10 19.52

0.41 1.46 2.81 1.65 0.02 0.10 22.42 19.11 0.16 0.14 51.74
st12braundiff3 4.93 4.71 12.71 3.00 0.04 0.06 9.58 5.14 0.11 0.04 27.87

4.19 5.81 15.05 1.79 0.03 0.04 7.95 7.03 0.15 0.04 57.93
st12glaugrue1 5.34 4.76 20.71 18.03 0.02 0.01 0.31 1.82 0.09 0.03 35.49

3.71 4.80 20.04 8.78 0.01 0.01 0.21 2.03 0.10 0.02 60.29
st12glaugrue 5.40 5.25 21.20 16.37 O 0.04 0.23 1.82 0.09 0.01 35.97

3.72 5.24 20.32 7.89 O 0.02 0.16 2.01 0.11 0.01 60.52
st12glaubraun 4.84 4.97 19.66 17.19 0.05 0.04 0.57 1.74 0.06 0.01 34.19

3.49 5.20 19.75 8.69 0.03 0.02 0.40 2.02 0.07 0.01 60.31
st12glaugelb 4.33 4.55 18.86 15.41 0.06 0.01 0.26 1.68 0.02 0.05 32.15

3.34 5.08 20.25 8.32 0.04 0.01 0.19 2.08 0.03 0.05 60.61
st12glaugruen 5.48 4.47 22.13 17.25 O O 0.30 1.78 0.07 0.01 36.58

3.71 4.39 20.88 8.18 O O 0.20 1.94 0.08 0.01 60.60
st12rhombdoltras 0.02 0.01 O 0.02 O O 28.80 13.44 0.05 0.02 20.40

0.02 0.02 O 0.01 O O 28.18 21.67 0.09 0.02 49.99
st12mikrit 0.21 0.76 2.10 1.08 0.01 0.07 36.94 0.44 0.02 0.02 18.51

0.24 1.26 3.35 0.87 0.01 0.06 41.38 0.81 0.04 0.03 51.95
st12mikrit2 0.20 0.66 1.71 1.43 0.01 0.10 36.68 0.43 0.02 0.03 17.99

0.24 1.12 2.79 1.18 0.01 0.08 42.03 0.82 0.04 0.05 51.65
st12mikrit3 0.22 0.91 2.17 1.65 0.03 0.05 33.23 0.52 0.01 0.02 17.47

0.27 1.61 3.70 1.42 0.03 0.04 39.65 1.02 0.02 0.03 52.22
st12glaugruen 6.16 2.75 21.22 22.26 0.02 O 0.34 1.83 0.07 0.02 35.67

4.22 2.73 20.25 10.68 0.01 O 0.23 2.02 0.09 0.02 59.75
st12glaugruenblau 5.69 2.76 20.42 20.75 0.01 O 1.55 1.83 0.06 0.01 34.68

4.01 2.81 20.02 10.23 0.01 O 1.07 2.07 0.07 0.01 59.71



Appendix C A32

Colas 2, sample SC16

sample K Al Si Fe Ti Mn Ca Mg Na P O
sc16glaudkl    wt% 5.91 3.83 22.60 18.24 0.03 0.02 0.87 2.55 0.04 0.03 37.68
    mol% 3.87 3.63 20.59 8.35 0.01 0.01 0.55 2.68 0.04 0.02 60.25
sc16glaudkl2 6.09 3.28 22.25 19.41 0.04 O 0.60 2.53 0.01 0.02 37.02

4.05 3.15 20.57 9.03 0.02 O 0.39 2.70 0.01 0.01 60.08
sc16glauschw 5.24 3.69 21.90 17.62 0.02 0.02 0.58 2.29 0.04 0.02 36.15

3.59 3.66 20.87 8.44 0.01 0.01 0.38 2.52 0.04 0.01 60.46
sc16glaudkl3 5.98 3.02 21.95 19.12 0.02 O 0.42 2.58 0.02 0.01 36.29

4.05 2.97 20.71 9.07 0.01 O 0.27 2.81 0.02 0.01 60.09
sc16glauschw2 5.54 3.10 21.24 17.58 0.01 O 0.52 2.49 0.03 0.02 35.00

3.90 3.16 20.82 8.67 0.00 O 0.36 2.82 0.03 0.01 60.23
sc16glauschw3 5.97 2.95 21.65 18.76 0.01 0.02 0.51 2.56 0.03 0.02 35.83

4.10 2.93 20.67 9.01 0.01 0.01 0.34 2.82 0.04 0.02 60.05
sc16kompglau1 1.12 1.07 5.02 3.68 0.04 0.02 29.84 0.68 0.03 0.47 20.97

1.18 1.64 7.41 2.73 0.04 0.02 30.84 1.16 0.05 0.63 54.30
sc16kompglau2 1.51 1.47 7.45 4.67 0.08 0.02 25.52 0.92 0.04 0.59 23.07

1.49 2.11 10.28 3.24 0.07 0.01 24.66 1.47 0.07 0.74 55.86
sc16glauschw4 5.87 3.01 20.93 19.35 0.02 O 0.63 2.41 0.04 0.03 35.16

4.09 3.04 20.32 9.45 0.01 O 0.43 2.70 0.05 0.02 59.90
sc16aglauschw1 6.67 2.99 21.69 20.07 0.01 0.02 0.32 2.25 0.02 0.02 36.14

4.52 2.94 20.46 9.52 0.01 0.01 0.21 2.46 0.02 0.02 59.84
sc16aglauschw2 6.51 3.17 21.60 19.20 0.01 O 0.29 2.22 0.01 0.01 35.86

4.45 3.14 20.58 9.20 0.00 O 0.19 2.45 0.01 0.01 59.97
sc16aglauschw3 6.75 3.12 21.94 18.79 0.01 O 0.38 2.28 0.03 O 36.21

4.58 3.06 20.70 8.91 0.01 O 0.25 2.49 0.04 O 59.97
sc16aglauschw4 6.81 3.14 22.00 19.55 O 0.01 0.26 2.29 0.02 0.00 36.48

4.58 3.06 20.58 9.20 O 0.00 0.17 2.48 0.02 0.00 59.91
sc16crigruen1 5.01 3.55 21.09 16.08 0.04 0.01 0.91 2.34 0.05 0.13 34.93

3.55 3.65 20.81 7.98 0.02 0.01 0.63 2.67 0.06 0.11 60.51
sc16crigruen2 1.16 0.80 4.93 3.68 O 0.03 31.55 0.89 0.01 0.04 20.85

1.22 1.22 7.22 2.71 O 0.02 32.40 1.50 0.02 0.05 53.64
sc16crigruen3 0.13 0.01 0.06 0.32 O O 39.90 0.39 0.02 O 16.38

0.16 0.02 0.10 0.28 O O 48.61 0.78 0.04 O 50.01
sc16crigruen4 5.59 3.16 19.66 16.69 0.04 O 0.88 1.98 0.05 0.01 32.85

4.18 3.42 20.48 8.74 0.03 O 0.64 2.39 0.07 0.01 60.05
sc16acrifuellg1 5.25 2.44 19.99 16.79 0.01 O 2.56 2.26 0.03 0.04 33.41

3.85 2.59 20.43 8.63 0.01 O 1.84 2.67 0.04 0.04 59.92
sc16crifuellg2 6.00 2.35 22.24 19.58 O 0.04 0.87 2.39 0.02 0.05 36.27

4.07 2.31 20.99 9.29 O 0.02 0.58 2.61 0.02 0.04 60.08
sc16acrifuellg3 3.27 1.85 13.45 26.34 0.12 0.01 2.49 1.27 0.03 0.05 27.16

2.86 2.35 16.40 16.16 0.09 0.01 2.13 1.79 0.04 0.05 58.14
sc16acri 0.05 0.02 0.03 0.37 0.01 0.07 39.39 0.89 0.04 0.01 16.52

0.06 0.03 0.05 0.32 0.01 0.06 47.60 1.76 0.09 0.01 50.01
sc16acri2 0.04 0.02 O 0.14 0.01 0.05 43.34 0.53 0.05 O 17.75

0.04 0.04 O 0.11 0.01 0.04 48.70 0.99 0.09 O 49.98
sc16acrifuellg4 5.55 2.11 20.21 18.60 0.00 0.00 0.71 1.88 0.02 0.03 32.92

4.14 2.28 21.00 9.72 0.00 0.00 0.52 2.26 0.02 0.03 60.05
sc16acrifuellg5 5.29 2.23 18.66 16.36 0.01 0.05 3.04 1.82 0.02 0.01 31.45

4.11 2.51 20.17 8.89 0.01 0.03 2.30 2.27 0.03 0.01 59.69
sc16acrifuellg6 3.43 1.24 11.93 10.47 O O 16.30 1.35 0.04 0.03 25.84

3.11 1.63 15.03 6.64 O O 14.39 1.97 0.06 0.03 57.16
sc16acribraunfuellg7 5.43 2.39 21.30 16.79 0.01 O 1.08 2.16 0.03 0.02 34.21

3.92 2.50 21.41 8.49 0.01 O 0.76 2.51 0.03 0.02 60.36
sc16acribraunfuellg8 0.31 1.36 3.32 47.47 0.05 0.02 1.91 0.59 0.01 0.14 20.03

0.33 2.15 5.02 36.06 0.04 0.02 2.02 1.04 0.03 0.19 53.12
sc16acrigruenfuellg9 5.20 2.63 20.66 15.79 0.02 O 1.51 2.16 0.01 0.03 33.53

3.83 2.81 21.18 8.14 0.01 O 1.09 2.55 0.01 0.03 60.36
sc16acrigruenfuellg10 5.73 2.27 21.67 17.89 O O 0.58 2.20 0.02 0.02 34.72

4.07 2.34 21.44 8.90 O O 0.40 2.51 0.02 0.02 60.30
sc16acrigruenfuellg11 6.06 2.91 22.61 18.62 0.03 0.02 0.82 2.32 0.04 0.12 36.97

4.04 2.82 20.99 8.69 0.02 0.01 0.53 2.49 0.05 0.10 60.26
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sample K Al Si Fe Ti Mn Ca Mg Na P O
sc16acri3 0.07 O O 0.12 0.01 0.01 41.38 1.48 0.07 0.02 17.60

0.08 O O 0.10 0.01 0.01 46.91 2.77 0.13 0.03 49.97
sc16acri4 0.05 0.01 0.03 0.23 O O 41.61 0.64 0.07 0.01 17.19

0.06 0.01 0.05 0.19 O O 48.31 1.23 0.14 0.02 49.99
scglauko1 5.84 3.30 21.51 18.50 0.01 0.04 0.42 2.46 0.03 0.02 35.78

4.02 3.29 20.59 8.91 0.01 0.02 0.28 2.72 0.03 0.02 60.12
sc16glauko2 6.20 3.19 22.64 18.41 0.04 O 0.48 2.47 0.02 0.02 37.06

4.13 3.07 20.97 8.57 0.02 O 0.31 2.64 0.02 0.02 60.24
sc16glauko3 6.24 2.94 22.32 18.55 O 0.05 0.48 2.58 0.03 0.02 36.58

4.20 2.87 20.90 8.73 O 0.03 0.32 2.79 0.03 0.02 60.13
sc16mikrit1 0.54 2.04 3.78 0.39 0.02 0.04 34.18 0.50 0.09 O 20.36

0.58 3.18 5.64 0.29 0.01 0.03 35.80 0.86 0.16 O 53.44
sc16mikrit2 0.12 0.43 0.95 0.31 0.01 0.06 38.62 0.34 0.01 0.02 17.27

0.15 0.75 1.60 0.26 0.01 0.05 45.51 0.66 0.01 0.02 50.97
sc16aglauko1 5.33 2.26 18.62 17.41 O 0.01 6.37 2.07 0.03 0.02 33.25

3.88 2.38 18.84 8.86 O 0.01 4.51 2.42 0.03 0.02 59.05
sc16aglauko2 6.43 2.66 22.46 20.00 0.00 O 0.25 2.46 0.02 0.03 36.76

4.30 2.58 20.89 9.36 O O 0.17 2.64 0.02 0.03 60.03
sc16aglauko3 6.48 2.26 22.31 20.95 0.01 0.01 0.26 2.56 0.02 0.01 36.57

4.34 2.19 20.80 9.82 0.00 0.01 0.17 2.76 0.03 0.01 59.87
sc16aglauko4 6.35 2.43 22.43 20.05 0.00 0.01 0.33 2.57 0.04 O 36.60

4.26 2.36 20.94 9.41 0.00 0.00 0.22 2.78 0.05 O 59.98
sc16aglauko5 6.57 2.41 22.21 20.82 O O 0.32 2.47 0.03 0.02 36.53

4.40 2.34 20.73 9.77 O O 0.21 2.66 0.03 0.01 59.85
sc16aglauko6 6.00 2.67 22.00 19.23 0.01 O 1.68 2.53 0.04 0.02 36.56

4.02 2.59 20.54 9.03 0.00 O 1.10 2.73 0.04 0.02 59.92
sc16alec 0.01 0.04 0.14 0.26 O 0.01 39.26 0.26 0.14 0.01 16.18

0.01 0.07 0.25 0.23 O 0.01 48.51 0.52 0.30 0.02 50.08
sc16schwglauko1 6.14 2.68 23.03 19.53 0.01 0.03 0.44 2.66 0.05 0.03 37.46

4.04 2.55 21.07 8.99 0.00 0.01 0.28 2.81 0.05 0.02 60.17
sc16schwglauko2 6.34 2.44 23.02 19.93 O O 0.38 2.65 0.05 0.02 37.34

4.18 2.33 21.10 9.19 O O 0.25 2.81 0.06 0.01 60.08
sc16schwglauko3 6.08 2.66 22.85 19.75 0.02 0.05 0.35 2.56 0.02 O 37.16

4.03 2.55 21.08 9.16 0.01 0.03 0.23 2.73 0.02 O 60.17
sc16serpel1 O O 0.02 0.04 O O 41.19 0.24 O 0.02 16.65

O O 0.03 0.03 O O 49.40 0.48 O 0.03 50.04
sc16serpel2 O O O 0.12 O 0.01 42.12 0.29 0.03 0.02 17.07

O O O 0.10 O 0.00 49.25 0.56 0.06 0.02 50.00
sc16serpel3 O O O 0.13 O 0.00 43.28 0.34 0.01 O 17.54

O O O 0.11 O 0.00 49.26 0.63 0.01 O 50.00
sc16ookernmikr1 0.03 0.03 1.80 0.11 O 0.02 39.42 0.26 O 0.01 18.05

0.03 0.05 2.92 0.09 O 0.02 44.90 0.49 O 0.02 51.48
sc16oomikrkern2 0.12 0.23 0.66 0.28 0.01 O 39.68 0.36 0.04 0.42 17.70

0.14 0.40 1.08 0.23 0.01 O 45.69 0.68 0.08 0.63 51.06
sc16ookernmikr3 0.35 0.73 29.87 0.49 0.02 O 15.00 0.18 0.04 O 41.03

0.22 0.67 26.21 0.22 0.01 O 9.23 0.19 0.05 O 63.21
sc16oorinde1 0.01 0.03 0.15 0.54 O 0.05 39.38 0.19 0.01 0.03 16.26

0.01 0.06 0.26 0.47 O 0.04 48.53 0.38 0.02 0.05 50.18
sc16oorinde2 0.01 0.09 0.68 1.44 0.01 O 38.15 0.18 0.02 0.48 17.25

0.02 0.15 1.15 1.23 0.01 O 45.16 0.35 0.04 0.73 51.15
sc16oorinde3 0.03 0.14 0.27 1.49 0.01 0.07 39.31 0.28 0.01 0.03 16.82

0.04 0.25 0.46 1.28 0.01 0.06 46.96 0.55 0.02 0.05 50.32
sc16oorinde4 0.02 0.09 0.46 1.72 0.02 0.06 38.33 0.24 0.01 0.02 16.62

0.02 0.16 0.79 1.50 0.02 0.05 46.46 0.49 0.03 0.04 50.46
sc16aschwglau1 6.29 2.54 22.95 19.41 0.01 0.05 0.76 2.16 0.04 0.10 37.15

4.17 2.44 21.20 9.02 0.01 0.03 0.49 2.30 0.05 0.09 60.22
sc16aschwglau2 5.34 2.13 19.22 18.42 0.00 O 6.08 2.08 0.05 0.06 34.05

3.79 2.19 19.01 9.17 0.00 O 4.22 2.38 0.05 0.06 59.14
sc16achwglau3 6.23 2.62 21.84 19.76 0.01 0.02 1.56 2.26 0.04 0.03 36.31

4.20 2.57 20.50 9.33 0.00 0.01 1.02 2.45 0.05 0.02 59.85
sc16schwarz1 0.22 0.98 2.03 29.70 0.05 0.04 15.51 0.45 0.03 0.09 18.40

0.25 1.64 3.27 24.10 0.05 0.04 17.53 0.84 0.05 0.14 52.10



Appendix C A34

sample K Al Si Fe Ti Mn Ca Mg Na P O
sc16schwarz2 0.41 0.62 2.31 14.89 0.05 O 23.36 0.36 0.01 0.06 17.20

0.51 1.11 3.99 12.95 0.05 O 28.32 0.72 0.03 0.09 52.23
sc16schwarz3 O 0.04 0.01 1.12 0.01 O 41.22 0.19 O 0.02 16.96

O 0.07 0.01 0.95 0.01 O 48.54 0.36 O 0.02 50.04
sc16zem 0.01 O 0.01 0.04 O 0.02 44.58 0.13 O O 17.91

0.01 O 0.02 0.03 O 0.01 49.69 0.24 O O 50.01
sc16zem2 O O 0.00 0.39 0.01 0.09 40.97 0.29 0.03 O 16.71

O O 0.01 0.34 0.01 0.08 48.95 0.57 0.06 O 50.00
sc16zem3 0.01 0.02 O 0.21 O O 41.24 0.29 O 0.00 16.73

0.02 0.03 O 0.18 O O 49.19 0.58 O 0.00 50.01
sc16zem4 O 0.01 O 0.67 O 0.03 42.68 0.14 O 0.01 17.35

O 0.01 O 0.55 O 0.02 49.11 0.27 O 0.02 50.02
sc16glauko1 6.40 2.62 22.49 19.98 0.03 0.02 0.38 2.37 0.05 0.02 36.76

4.28 2.53 20.92 9.35 0.01 0.01 0.25 2.55 0.06 0.02 60.03
sc16glauko2 6.23 2.60 22.36 19.87 O O 0.47 2.34 0.04 0.02 36.52

4.19 2.54 20.94 9.36 O O 0.31 2.54 0.04 0.02 60.06
sc16glauko3 5.76 2.65 20.81 19.14 O O 0.42 2.28 0.02 0.03 34.43

4.11 2.74 20.66 9.56 O O 0.29 2.61 0.02 0.03 60.00

Le Landeron Galerie, sample LLGal

sample K Al Si Fe Ti Mn Ca Mg Na P O
llgalanke1        wt% 0.16 1.93 2.05 10.41 0.09 0.19 12.65 8.57 0.06 0.05 17.96
                        mol% 0.19 3.34 3.41 8.73 0.09 0.17 14.78 16.51 0.13 0.08 52.57
llgalanker2 0.02 0.17 0.29 1.85 0.02 1.37 21.87 11.29 0.03 0.03 17.64

0.03 0.29 0.47 1.51 0.02 1.14 24.91 21.20 0.05 0.05 50.33
llgalanke3 0.13 1.46 1.81 14.40 0.11 0.24 7.09 4.97 0.04 0.15 13.95

0.20 3.28 3.91 15.67 0.14 0.27 10.75 12.41 0.11 0.28 52.98
llgalanke4 0.11 1.22 1.77 11.15 0.08 0.37 14.24 7.54 0.04 0.05 17.21

0.13 2.20 3.06 9.67 0.08 0.33 17.22 15.02 0.08 0.08 52.13
llgalankeinschl 0.44 4.42 7.48 24.40 0.18 0.17 1.87 1.57 0.03 0.12 21.64

0.48 6.96 11.31 18.56 0.16 0.13 1.98 2.75 0.05 0.16 57.46
llgalankeinschl2 0.57 5.48 10.42 21.93 0.10 0.05 0.68 1.24 0.04 0.01 24.35

0.57 7.89 14.40 15.24 0.08 0.03 0.66 1.98 0.07 0.02 59.06
llgalankeinschl3 0.99 4.72 8.70 22.98 0.28 0.03 0.45 1.09 0.03 0.12 22.15

1.07 7.37 13.06 17.34 0.24 0.03 0.48 1.88 0.05 0.16 58.33
llgaleinschl4 0.45 5.24 9.50 21.85 0.07 0.07 1.23 1.55 0.04 0.03 23.46

0.46 7.76 13.52 15.64 0.05 0.05 1.23 2.55 0.06 0.04 58.63
llgalanke5 0.07 1.00 1.59 8.87 0.06 0.40 14.95 7.72 0.02 0.06 16.55

0.09 1.87 2.85 7.98 0.06 0.37 18.74 15.95 0.05 0.09 51.96
llgalanktranspeinschl O 0.12 0.05 1.98 0.02 0.06 37.46 0.67 O 0.02 16.19

O 0.23 0.09 1.76 0.02 0.06 46.31 1.37 O 0.04 50.14
llgalgokarbmisch1 0.67 5.00 7.43 40.01 0.19 0.06 2.62 0.64 0.21 0.01 26.20

0.58 6.33 9.04 24.48 0.14 0.04 2.23 0.90 0.31 0.01 55.95
llgalgokarbmisch2 0.03 0.13 0.34 0.67 0.01 O 39.17 0.25 0.00 0.02 16.53

0.03 0.24 0.59 0.58 0.01 O 47.64 0.50 0.01 0.03 50.37
llgalgokarbmi3 0.06 0.38 0.63 2.02 0.02 0.11 37.01 0.24 0.01 0.02 16.65

0.07 0.69 1.09 1.76 0.02 0.10 45.02 0.48 0.01 0.03 50.73
llgalgkarbmi4 0.26 2.96 4.62 28.81 0.10 0.05 10.36 0.58 0.01 0.02 20.83

0.27 4.61 6.89 21.63 0.09 0.04 10.84 0.99 0.01 0.03 54.59
llgalgokarbmi5 0.07 0.91 1.40 24.72 0.07 0.07 19.68 0.33 0.01 0.00 17.65

0.09 1.58 2.33 20.69 0.07 0.06 22.95 0.63 0.03 0.01 51.57
llgalgokarbmi6 0.23 1.92 3.39 48.57 0.19 0.11 2.09 0.52 0.03 0.03 20.92

0.24 2.90 4.92 35.41 0.16 0.08 2.12 0.87 0.05 0.04 53.22
llgalgokarbmi7 0.44 1.69 3.58 13.37 0.10 0.08 23.05 0.52 0.03 0.02 19.17

0.50 2.80 5.69 10.69 0.10 0.06 25.67 0.95 0.06 0.03 53.47
llgalgokarbmi8 1.16 5.60 8.20 33.83 0.18 0.08 0.68 0.75 0.06 0.13 25.34

1.07 7.47 10.50 21.80 0.13 0.05 0.61 1.11 0.10 0.15 57.01
llgalgokarbmi9 0.38 3.39 5.70 28.84 0.19 0.08 10.35 0.66 0.06 0.01 22.59

0.38 4.91 7.93 20.17 0.15 0.05 10.09 1.05 0.09 0.01 55.16
llgalgokarbmi10 0.04 0.11 0.15 2.00 O 0.04 37.93 0.18 0.01 0.03 16.15



A35 Appendix C

sample K Al Si Fe Ti Mn Ca Mg Na P O
0.05 0.21 0.26 1.78 O 0.03 47.05 0.36 0.03 0.05 50.20

llgalgokarbmi11 0.25 1.57 2.53 5.53 0.03 0.05 29.19 0.36 0.07 0.00 17.86
0.30 2.75 4.25 4.68 0.03 0.04 34.39 0.71 0.13 0.00 52.72

llgalgokarbmi12 1.86 8.85 13.87 22.27 0.16 0.04 0.94 1.10 0.21 0.03 31.76
1.43 9.83 14.80 11.95 0.10 0.02 0.70 1.36 0.27 0.03 59.50

llgalgokarbmi13 2.21 10.52 17.05 16.75 0.07 0.03 0.58 1.07 0.12 0.13 35.21
1.56 10.75 16.75 8.28 0.04 0.02 0.40 1.22 0.15 0.11 60.74

llgalgokarbmi14 0.21 2.26 3.62 16.89 0.05 0.05 19.00 0.47 0.01 0.01 18.98
0.24 3.80 5.86 13.73 0.05 0.04 21.52 0.87 0.03 0.02 53.85

llgalgokarbmi15 1.07 6.81 11.67 11.26 0.06 0.05 2.96 0.56 0.11 0.05 24.50
1.08 9.97 16.40 7.96 0.05 0.04 2.92 0.91 0.18 0.06 60.45

llgalkarb 0.02 0.03 0.04 0.29 O O 41.90 0.09 O O 16.95
0.02 0.05 0.07 0.25 O O 49.39 0.18 O O 50.04

llgalgodif 0.07 2.68 4.68 38.09 0.09 0.08 0.72 0.63 0.02 0.02 19.46
0.08 4.48 7.52 30.80 0.09 0.07 0.81 1.17 0.05 0.03 54.92

llgalgodiff 0.74 4.39 7.46 34.49 0.14 0.07 2.89 0.62 0.04 0.02 24.14
0.70 6.07 9.92 23.07 0.11 0.05 2.70 0.95 0.06 0.02 56.36

llgalgodiff2 1.09 4.81 7.20 27.35 0.12 O 7.98 0.60 0.04 0.16 24.42
1.02 6.57 9.45 18.06 0.10 O 7.35 0.92 0.07 0.19 56.28

llgalgodiff3 0.14 1.65 3.56 37.31 0.11 0.15 6.62 0.49 0.02 0.14 19.51
0.15 2.68 5.57 29.38 0.10 0.12 7.26 0.88 0.04 0.20 53.61

llgalgodiff4 0.17 3.32 5.23 27.85 0.09 0.02 8.27 0.73 0.05 0.03 20.82
0.18 5.22 7.91 21.18 0.08 0.02 8.76 1.27 0.08 0.04 55.26

llgalgodiff5 0.31 2.73 4.57 39.29 0.12 0.08 1.39 0.46 O 0.04 19.98
0.35 4.44 7.13 30.81 0.11 0.07 1.52 0.83 O 0.06 54.68

llgalgodiff6 0.54 3.37 5.69 39.58 0.17 0.04 1.73 0.57 0.03 0.49 22.77
0.54 4.88 7.92 27.67 0.14 0.03 1.68 0.91 0.06 0.62 55.56

llgalgodiff7 0.19 2.35 4.03 42.70 0.14 0.13 1.35 0.51 O 0.03 19.98
0.21 3.77 6.21 33.12 0.12 0.10 1.46 0.90 O 0.04 54.08

llgalgodiff8 0.44 3.21 5.43 31.26 0.14 0.07 6.02 0.52 0.02 0.31 21.35
0.47 4.95 8.04 23.28 0.12 0.05 6.25 0.89 0.04 0.41 55.50

llgalgodiff9 0.74 5.27 10.12 15.04 0.06 0.01 13.87 0.84 0.03 0.01 26.83
0.65 6.72 12.40 9.27 0.04 0.01 11.92 1.19 0.04 0.01 57.74

llgalgodiff10 0.35 3.66 6.14 22.99 0.15 0.09 9.18 0.67 0.03 0.03 21.20
0.38 5.74 9.25 17.41 0.14 0.07 9.69 1.16 0.06 0.05 56.06

llgalgodiff11 0.57 5.11 8.37 27.84 0.12 0.05 0.36 0.83 0.06 0.01 22.99
0.59 7.61 11.99 20.04 0.10 0.04 0.36 1.38 0.10 0.01 57.78

llgalgodiff12 0.81 8.29 13.41 24.26 0.12 0.00 0.76 0.99 0.06 0.08 30.93
0.64 9.48 14.74 13.41 0.07 0.00 0.59 1.25 0.08 0.08 59.66

llgalgodiff13 1.03 6.89 11.56 21.91 0.10 0.05 0.89 0.95 0.04 0.10 26.99
0.93 8.99 14.48 13.80 0.07 0.03 0.78 1.38 0.07 0.11 59.36

llgalgodiff14 0.64 4.20 7.60 33.27 0.19 0.03 0.59 0.73 0.02 0.04 22.96
0.65 6.16 10.72 23.60 0.16 0.02 0.58 1.19 0.03 0.05 56.84

llgalgodiff15 0.05 4.97 8.76 22.38 0.01 0.01 0.36 1.03 O O 21.66
0.06 7.99 13.54 17.40 0.01 0.01 0.39 1.84 O O 58.76

llgalgodiff16 0.14 1.17 1.98 30.91 0.07 0.15 14.94 0.34 O 0.01 18.47
0.16 1.96 3.18 24.98 0.07 0.12 16.82 0.62 O 0.02 52.09

llgalgodiff17 0.58 3.09 5.15 40.39 0.14 0.05 0.70 0.64 0.05 0.08 21.23
0.61 4.74 7.60 29.95 0.12 0.04 0.72 1.08 0.09 0.10 54.94

Le Landeron, sample LL

sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
llbi1ookern1   wt% 0.19 2.83 2.03 46.77 0.11 0.26 0.34 0.66 0.38 0.04 0.06 0.06 19.50
                   mol% 0.21 4.56 3.15 36.48 0.10 0.20 0.37 1.17 0.53 0.05 0.05 0.04 53.09
llbi1rindin1 0.19 2.86 2.33 49.84 0.11 0.18 0.33 0.75 0.36 0.03 0.06 0.03 20.75

0.20 4.35 3.39 36.54 0.09 0.13 0.33 1.27 0.47 0.04 0.04 0.02 53.12
llbi1rind2 0.47 3.11 3.12 37.00 0.08 0.17 0.41 0.80 0.24 0.15 0.05 0.02 18.11

0.58 5.50 5.31 31.64 0.08 0.15 0.49 1.56 0.37 0.21 0.05 0.02 54.06
llbi1rind3 0.34 3.22 2.97 48.47 0.10 0.14 0.39 0.86 0.37 0.04 0.07 O 21.52

0.35 4.75 4.21 34.57 0.08 0.10 0.39 1.40 0.47 0.05 0.06 O 53.58



Appendix C A36

sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
llbi1rind4 0.05 3.14 1.42 53.09 0.15 0.12 0.48 0.76 0.24 0.04 0.09 0.03 20.80

0.05 4.70 2.03 38.36 0.13 0.09 0.48 1.25 0.32 0.05 0.07 0.02 52.46
llbirind5 0.04 2.94 1.32 53.86 0.14 0.09 0.49 0.85 0.21 0.02 0.08 0.02 20.74

0.04 4.40 1.89 38.91 0.12 0.07 0.49 1.40 0.28 0.03 0.06 0.02 52.30
llbi1rindaus6 0.05 3.09 1.35 52.43 0.15 0.18 0.49 0.83 0.25 0.01 0.12 0.08 20.61

0.05 4.67 1.96 38.23 0.13 0.13 0.50 1.39 0.33 0.01 0.09 0.05 52.46
llbi1kontakt 0.26 2.17 1.72 45.39 0.13 0.18 0.55 0.58 0.23 0.02 0.08 0.03 18.02

0.31 3.75 2.86 37.96 0.13 0.15 0.64 1.12 0.35 0.03 0.07 0.02 52.61
llbikomp1 0.35 2.74 2.75 51.14 0.14 0.15 0.59 0.94 0.50 0.01 0.03 0.05 21.94

0.34 3.95 3.80 35.60 0.11 0.10 0.57 1.50 0.62 0.02 0.02 0.03 53.32
llbi1komp2 0.32 2.80 2.49 41.90 0.08 0.14 3.62 1.92 0.39 0.01 0.03 0.05 20.73

0.33 4.27 3.65 30.81 0.07 0.11 3.71 3.24 0.51 0.02 0.03 0.04 53.22
llbikomp3 0.12 1.04 1.11 18.31 0.02 0.14 21.61 0.33 0.78 0.03 0.01 0.08 17.38

0.15 1.85 1.91 15.78 0.02 0.12 25.94 0.65 1.20 0.04 0.01 0.06 52.27
llbi1komp4 0.32 2.61 2.45 48.86 0.06 0.17 0.91 0.81 0.40 0.03 0.02 0.04 20.69

0.34 3.97 3.59 35.93 0.05 0.12 0.93 1.37 0.53 0.03 0.01 0.02 53.10
llgoekomp1 0.18 1.75 1.60 31.69 0.06 0.14 8.54 5.44 0.25 0.03 O 0.04 19.89

0.19 2.71 2.38 23.77 0.05 0.11 8.93 9.38 0.34 0.04 O 0.03 52.07
llgoekomp2 0.21 3.89 4.14 31.11 0.04 0.16 5.94 5.32 0.21 0.03 0.04 O 23.36

0.20 5.35 5.48 20.68 0.03 0.11 5.51 8.13 0.25 0.03 0.03 O 54.22
llgoekomp3 0.18 1.99 1.68 36.82 0.05 0.20 7.37 4.29 0.28 0.03 0.03 0.03 20.50

0.19 3.01 2.44 26.86 0.04 0.15 7.49 7.19 0.36 0.04 0.02 0.02 52.19
llgoeookern1 0.03 1.16 1.29 53.21 0.02 0.19 0.20 0.62 0.48 0.02 O 0.02 18.93

0.03 1.89 2.02 41.85 0.02 0.15 0.22 1.13 0.68 0.03 O 0.02 51.98
llgoeookern2 0.02 1.14 1.46 54.63 O 0.18 0.24 0.64 0.48 0.00 0.02 O 19.53

0.02 1.81 2.22 41.72 O 0.14 0.25 1.12 0.66 0.00 0.02 O 52.05
llgoeoorindin1 0.22 3.45 2.51 44.15 0.12 0.17 0.51 0.82 0.30 0.08 0.09 0.07 19.91

0.24 5.50 3.85 34.01 0.11 0.13 0.54 1.45 0.41 0.09 0.07 0.05 53.55
llgoeoorind2 0.13 2.73 2.16 46.46 0.14 0.28 0.55 1.10 0.34 0.07 0.06 0.04 19.80

0.14 4.33 3.30 35.67 0.12 0.22 0.59 1.95 0.47 0.09 0.05 0.03 53.06
llgoerind3 0.34 3.53 2.78 37.19 0.12 0.20 0.42 0.84 0.23 0.13 0.07 O 18.19

0.41 6.21 4.70 31.64 0.12 0.17 0.50 1.63 0.36 0.18 0.07 O 54.01
llgoerindaus4 0.28 2.69 2.63 22.56 0.07 0.08 0.50 0.16 0.13 0.53 0.01 0.02 12.34

0.50 7.04 6.60 28.50 0.10 0.11 0.88 0.46 0.30 1.06 0.02 0.02 54.42
llgoeko1 0.02 2.31 1.05 51.62 0.05 0.23 0.37 0.86 0.48 0.02 0.05 O 19.49

0.02 3.67 1.60 39.63 0.05 0.18 0.39 1.51 0.66 0.02 0.04 O 52.22
llgoeko2 0.05 2.44 1.27 52.03 0.07 0.24 0.34 0.87 0.52 0.02 0.04 0.04 20.05

0.05 3.78 1.89 38.98 0.06 0.18 0.35 1.50 0.70 0.03 0.04 0.03 52.42
llgoeko3 0.53 3.55 2.89 48.17 0.06 0.21 0.38 0.78 0.41 0.04 0.04 0.00 21.66

0.54 5.20 4.08 34.14 0.05 0.15 0.38 1.28 0.52 0.04 0.03 0.00 53.60
llgoeko1 O 2.42 1.22 52.41 0.06 0.49 0.28 0.75 0.38 0.03 0.01 0.03 19.84

O 3.78 1.82 39.55 0.05 0.38 0.29 1.29 0.52 0.03 0.01 0.03 52.25
llgoeko2 0.01 2.19 1.06 52.82 0.04 0.24 0.36 0.80 0.42 0.02 0.06 0.06 19.65

0.01 3.45 1.61 40.13 0.04 0.18 0.39 1.40 0.58 0.02 0.05 0.05 52.11
llgoeko3 0.01 2.57 1.22 53.58 0.06 0.24 0.23 0.73 0.32 0.01 0.05 0.06 20.16

0.01 3.95 1.80 39.76 0.05 0.18 0.24 1.25 0.43 0.01 0.04 0.04 52.24
llgrko1 0.62 2.78 3.70 46.45 0.05 0.12 2.03 0.90 1.22 0.02 0.04 0.05 23.19

0.59 3.86 4.95 31.23 0.04 0.09 1.90 1.38 1.47 0.02 0.03 0.03 54.41
llgrko2 0.50 2.58 3.27 41.39 0.08 0.12 5.58 0.88 2.52 0.02 0.04 0.08 24.16

0.47 3.49 4.25 27.05 0.06 0.08 5.09 1.32 2.97 0.02 0.03 0.05 55.13
llgrko3 0.62 2.79 3.76 43.62 0.07 0.08 3.67 0.91 1.75 0.01 O 0.07 23.79

0.58 3.81 4.94 28.81 0.06 0.05 3.38 1.38 2.08 0.01 O 0.04 54.86
llgrko4 0.67 3.04 4.14 45.65 0.06 0.13 2.17 1.01 1.14 0.01 0.03 0.08 23.75

0.63 4.15 5.43 30.08 0.04 0.08 2.00 1.53 1.35 0.01 0.02 0.05 54.63
llgrkorinde1 0.06 2.26 1.13 45.49 0.17 0.13 0.46 0.84 0.34 0.06 0.10 O 17.71

0.08 3.95 1.91 38.54 0.17 0.12 0.55 1.64 0.52 0.08 0.09 O 52.36
llgrkorinde2 0.05 2.83 1.22 44.78 0.16 0.21 0.48 0.91 0.38 0.04 0.06 0.03 18.23

0.06 4.85 2.01 37.09 0.15 0.18 0.55 1.74 0.57 0.05 0.06 0.03 52.68
llmischgoekarb 0.06 1.90 1.39 51.21 0.01 0.21 0.38 1.00 0.46 0.01 0.00 0.00 19.42

0.06 3.04 2.13 39.48 0.01 0.17 0.40 1.77 0.64 0.02 0.00 0.00 52.28
llmischgoekarb 0.01 0.01 0.01 0.67 O O 27.26 11.77 0.01 0.01 O 0.04 18.85

0.01 0.01 0.01 0.51 O O 28.86 20.55 0.01 0.02 O 0.03 50.00
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sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
llmischgoekarb3 0.03 1.65 1.31 53.83 0.04 0.25 0.53 1.01 0.45 0.01 0.02 0.05 19.97

0.03 2.56 1.95 40.21 0.03 0.19 0.55 1.73 0.61 0.01 0.02 0.03 52.08
lltraspgoe1 0.02 2.29 1.57 52.10 0.04 0.19 0.20 0.98 0.31 0.03 0.05 0.06 19.99

0.02 3.55 2.34 39.10 0.04 0.14 0.21 1.69 0.42 0.04 0.04 0.05 52.36
lltraspgoe2 0.02 2.02 1.41 50.56 0.04 0.24 0.17 1.02 0.34 0.04 0.04 0.02 19.17

0.02 3.26 2.19 39.47 0.04 0.19 0.18 1.82 0.48 0.05 0.04 0.02 52.25
lltraspgoe3 0.01 1.68 1.28 52.99 0.01 0.15 0.18 0.94 0.29 0.03 0.01 O 19.25

0.01 2.70 1.97 40.96 0.01 0.12 0.19 1.66 0.40 0.03 0.01 O 51.94
lltraspgoe4 0.01 2.68 1.30 50.42 0.05 0.28 0.22 0.97 0.43 0.04 0.04 O 19.71

0.01 4.23 1.97 38.45 0.05 0.22 0.23 1.70 0.59 0.04 0.03 O 52.48
lltraspgoe5 0.03 2.17 1.65 51.17 0.06 0.21 0.28 0.96 0.40 0.03 0.04 O 19.85

0.03 3.41 2.49 38.77 0.05 0.16 0.30 1.67 0.55 0.03 0.03 O 52.51
llfossigoe1 0.03 2.21 1.04 50.29 0.02 0.17 0.30 1.21 0.19 0.07 0.03 0.01 18.79

0.03 3.61 1.63 39.78 0.02 0.14 0.33 2.20 0.28 0.08 0.02 0.00 51.87
llfossigoe2 0.03 2.25 1.14 51.04 0.05 0.19 0.36 1.27 0.19 0.05 0.03 0.03 19.25

0.03 3.59 1.75 39.47 0.05 0.15 0.39 2.26 0.27 0.06 0.02 0.02 51.95
llfossigoe3 0.01 2.24 1.11 50.96 0.04 0.20 0.53 1.18 0.18 0.04 0.03 0.01 19.17

0.02 3.60 1.72 39.56 0.04 0.16 0.58 2.10 0.25 0.05 0.02 0.00 51.93
llfossikarb1 0.00 0.04 O 0.30 0.01 0.05 42.00 0.09 0.01 0.01 O 0.03 16.98

0.00 0.07 O 0.26 0.01 0.05 49.39 0.17 0.01 0.01 O 0.03 50.02
llfossikarb2 O 0.01 O 0.41 O 0.06 42.84 0.13 O 0.02 0.00 O 17.33

O 0.02 O 0.34 O 0.05 49.33 0.24 O 0.02 0.00 O 49.99
llfossigoe4 0.02 2.35 1.12 50.82 0.06 0.18 0.65 1.23 0.21 0.06 0.01 0.04 19.36

0.02 3.73 1.71 39.08 0.06 0.14 0.69 2.18 0.29 0.07 0.01 0.03 51.98
llfossigoe5 0.06 2.27 1.41 52.43 0.10 0.13 0.63 0.95 0.14 0.03 0.07 O 19.84

0.06 3.53 2.11 39.44 0.09 0.10 0.66 1.64 0.19 0.04 0.06 O 52.09
llgoerind1 0.19 2.95 1.68 44.67 0.11 0.13 0.47 0.79 0.36 0.17 0.07 0.01 18.64

0.22 4.95 2.71 36.28 0.11 0.10 0.53 1.48 0.52 0.21 0.06 0.01 52.84
llgoerind2 0.19 2.76 1.73 49.83 0.14 0.19 0.46 1.01 0.36 0.09 0.10 0.06 20.24

0.20 4.26 2.57 37.14 0.12 0.14 0.48 1.73 0.48 0.11 0.08 0.04 52.66
llgoekern 0.06 1.19 1.09 53.57 0.03 0.18 0.15 0.72 0.44 0.01 0.01 O 18.83

0.07 1.93 1.70 42.22 0.03 0.14 0.17 1.30 0.63 0.01 0.01 O 51.80
llgoekern2 0.03 1.33 0.86 52.71 0.03 0.14 0.15 0.80 0.40 0.04 0.02 0.02 18.44

0.03 2.21 1.37 42.30 0.02 0.11 0.17 1.47 0.59 0.04 0.02 0.02 51.65

Métabief, sample Meta

sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
metagoe1             wt% 0.27 3.47 2.21 47.32 0.11 0.80 0.48 1.00 0.25 0.04 0.05 0.07 20.72
                 mol% 0.28 5.27 3.23 34.76 0.09 0.60 0.49 1.69 0.33 0.05 0.04 0.05 53.13
metagoe2 0.13 2.95 1.96 48.25 0.09 0.51 0.46 0.92 0.29 0.02 0.06 0.06 20.12

0.14 4.60 2.94 36.36 0.08 0.39 0.48 1.59 0.40 0.02 0.05 0.05 52.92
metagoe3 0.11 3.14 1.62 45.57 0.09 0.62 0.39 1.02 0.24 0.06 0.02 0.06 19.11

0.12 5.14 2.55 36.07 0.08 0.50 0.43 1.86 0.35 0.07 0.02 0.04 52.78
metagelb1 0.17 3.12 2.11 44.56 0.23 0.17 0.59 0.84 0.20 0.09 0.07 0.06 19.25

0.19 5.11 3.31 35.24 0.21 0.14 0.66 1.52 0.28 0.12 0.06 0.05 53.13
metagelblam2 0.21 2.88 2.11 48.53 0.12 0.50 0.57 1.00 0.28 0.06 0.03 O 20.37

0.22 4.43 3.12 36.10 0.11 0.38 0.59 1.70 0.37 0.08 0.03 O 52.89
metagelblam3 0.40 2.91 2.89 42.83 0.19 0.33 0.62 0.67 0.20 0.12 0.08 O 19.41

0.45 4.76 4.55 33.86 0.17 0.26 0.69 1.21 0.29 0.15 0.07 O 53.56
metagelblam4 0.40 3.50 3.10 41.27 0.24 0.21 0.64 0.84 0.18 0.17 0.08 O 19.80

0.44 5.64 4.81 32.16 0.22 0.17 0.69 1.49 0.26 0.20 0.07 O 53.87
metako1 1.03 4.67 6.16 40.92 0.06 0.18 0.48 1.13 0.18 0.05 0.03 O 24.37

0.96 6.30 7.99 26.69 0.05 0.12 0.43 1.69 0.21 0.05 0.02 O 55.49
metako2 0.80 4.49 5.56 41.25 0.05 0.22 0.72 0.96 0.26 0.02 0.02 0.07 23.68

0.76 6.22 7.40 27.60 0.04 0.15 0.67 1.47 0.31 0.02 0.02 0.05 55.30
metako3 0.46 2.53 15.01 37.67 0.03 0.43 0.61 0.78 0.27 0.02 0.03 0.03 31.51

0.35 2.79 15.96 20.14 0.02 0.23 0.45 0.96 0.26 0.01 0.02 0.01 58.79
metakorot4 0.04 1.74 1.55 52.85 0.07 0.06 0.56 0.34 0.17 0.02 0.04 0.02 19.20

0.04 2.80 2.39 41.07 0.06 0.04 0.60 0.61 0.24 0.03 0.03 0.01 52.08
metarottrasp1 0.25 2.78 2.34 48.91 0.14 0.16 0.59 0.76 0.24 0.04 0.06 0.02 20.41

0.26 4.28 3.47 36.40 0.12 0.12 0.61 1.30 0.33 0.04 0.04 0.01 53.02
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sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
metarottrasp2 0.20 2.81 2.14 50.78 0.14 0.14 0.43 0.85 0.22 0.01 0.09 0.06 20.72

0.21 4.25 3.10 37.10 0.12 0.10 0.43 1.42 0.29 0.01 0.07 0.04 52.85
metarottrasp3 0.36 2.89 2.94 51.36 0.12 0.12 1.04 0.78 0.20 0.06 0.06 0.03 22.02

0.35 4.13 4.04 35.52 0.10 0.08 1.00 1.24 0.25 0.06 0.05 0.02 53.17
metatrueb1 0.35 1.71 4.30 1.14 0.07 0.02 2.60 0.37 0.13 0.26 0.01 0.02 8.27

1.04 7.41 17.87 2.39 0.17 0.05 7.58 1.78 0.48 0.85 0.02 0.03 60.34
metatrueb2 0.03 0.16 39.91 0.33 O 0.03 3.10 0.03 1.42 0.02 0.01 O 48.80

0.01 0.13 30.83 0.13 O 0.01 1.68 0.02 1.00 0.01 0.00 O 66.18
metatrueb3 0.31 1.16 4.20 1.15 0.16 0.01 2.75 0.44 0.05 0.45 0.02 O 7.67

0.99 5.34 18.56 2.55 0.41 0.01 8.52 2.26 0.19 1.59 0.04 O 59.54
metafsp 0.24 0.35 37.51 0.17 0.05 O 6.48 2.36 0.02 0.05 O 0.03 47.34

0.14 0.28 29.17 0.07 0.02 O 3.53 2.12 0.02 0.03 O 0.01 64.62

La Neuveville, sample NV1

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
NV1goe2  wt% O 1.41 0.94 53.52 0.00 O 0.12 0.17 0.01 0.07 O O 0.01 O 17.92
           mol% O 2.40 1.54 44.02 0.00 O 0.14 0.32 0.02 0.11 O O 0.01 O 51.45
nv1goe3 0.00 1.67 0.89 53.37 0.00 O 0.17 0.20 0.01 0.17 0.02 O O O 18.21

0.00 2.81 1.44 43.32 0.00 O 0.19 0.37 0.02 0.25 0.02 O O O 51.58
nv1goe4 0.00 1.01 0.98 54.25 0.02 O 0.18 0.20 O 0.06 0.01 0.00 O O 17.84

0.00 1.73 1.60 44.68 0.02 O 0.21 0.37 O 0.08 0.02 0.00 O O 51.29
nv1goe5 0.02 1.12 1.05 54.64 0.02 0.01 0.12 0.17 0.00 0.07 O O 0.04 O 18.12

0.02 1.89 1.70 44.39 0.01 0.01 0.14 0.32 0.01 0.10 O O 0.03 O 51.40
nv1goe6 O 0.63 0.95 55.02 O O 0.14 0.13 0.05 0.14 O O 0.02 O 17.74

O 1.07 1.56 45.47 O O 0.17 0.24 0.09 0.21 O O 0.02 O 51.18
nv1goe7 0.01 0.08 0.92 55.30 O 0.01 0.12 0.15 0.02 0.06 O O O O 17.18

0.01 0.14 1.54 46.89 O 0.01 0.14 0.29 0.04 0.09 O O O O 50.86
nv1goe8 0.02 0.62 0.93 52.95 O O 0.12 0.17 O 0.07 0.01 O 0.02 O 17.03

0.02 1.11 1.59 45.55 O O 0.14 0.33 O 0.10 0.01 O 0.02 O 51.14
nv1goe9 O 0.04 0.81 56.48 O 0.01 0.16 0.36 0.02 0.05 0.02 0.01 O O 17.52

O 0.07 1.34 46.84 O 0.01 0.19 0.68 0.05 0.07 0.02 0.01 O O 50.71
nv1goe10 O 0.08 1.34 59.91 0.01 0.07 0.26 0.18 0.01 0.01 O O 0.04 O 19.03

O 0.12 2.04 46.06 0.01 0.06 0.27 0.32 0.02 0.01 O O 0.03 O 51.06
nv1goerand 0.02 0.97 0.91 55.38 0.00 0.02 0.26 0.18 O 0.07 0.00 O 0.03 O 18.10

0.03 1.63 1.46 44.90 0.00 0.02 0.29 0.33 O 0.11 0.00 O 0.02 O 51.21
nv1goerand2 O 0.47 1.07 57.35 O 0.05 0.24 0.18 0.01 0.05 0.02 0.02 O O 18.36

O 0.77 1.69 45.71 O 0.04 0.27 0.34 0.02 0.07 0.03 0.01 O O 51.07
nv1goerein 0.01 0.06 1.16 62.43 0.01 0.05 0.25 0.05 0.05 0.10 O 0.01 O O 19.56

0.01 0.10 1.72 46.59 0.01 0.04 0.26 0.08 0.09 0.14 O 0.01 O O 50.97
nv1goerein2 O 0.05 0.93 59.36 0.00 0.01 0.18 0.29 O 0.11 0.02 0.03 0.02 O 18.53

O 0.08 1.45 46.68 0.00 0.01 0.19 0.51 O 0.16 0.03 0.02 0.02 O 50.85
nv1goediff1 0.02 0.00 O O 0.01 0.00 41.02 0.35 0.02 0.01 0.01 O O O 16.63

0.02 0.00 O O 0.01 0.00 49.22 0.70 0.04 0.01 0.01 O O O 49.99
nv1goediff2 0.28 1.68 2.49 10.05 0.02 0.02 27.32 0.40 O 0.08 0.03 0.02 O O 18.56

0.32 2.83 4.03 8.17 0.02 0.01 30.98 0.75 O 0.12 0.04 0.01 O O 52.72
nv1karbcal 0.00 0.02 O 0.05 0.00 O 40.85 0.18 0.03 0.04 0.01 0.04 O O 16.54

0.00 0.03 O 0.05 0.00 O 49.35 0.36 0.05 0.07 0.01 0.04 O O 50.04
nv1karbcal O O O 0.06 O O 41.59 0.07 0.00 0.03 0.01 0.03 O O 16.72

O O O 0.05 O O 49.69 0.14 0.00 0.05 0.01 0.02 O O 50.04
nv1karbdkl 0.01 0.05 0.04 0.04 0.00 0.00 41.56 0.14 0.04 0.02 0.02 0.00 0.02 O 16.83

0.02 0.09 0.07 0.04 0.00 0.00 49.33 0.27 0.08 0.03 0.02 0.00 0.02 O 50.04

La Neuveville, sample NV2

sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
nv2goeookern  wt% 0.24 2.11 1.92 44.33 0.06 0.17 2.45 0.60 0.31 0.04 0.03 0.06 18.69
                     mol% 0.27 3.52 3.09 35.80 0.06 0.14 2.75 1.11 0.45 0.04 0.03 0.05 52.70
nv2gookern2 0.10 3.05 1.72 53.12 0.18 0.22 0.26 0.81 0.52 0.02 0.06 0.01 21.43

0.10 4.46 2.42 37.54 0.15 0.16 0.26 1.32 0.66 0.02 0.05 0.01 52.86
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sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
nv2gookern3 0.20 2.89 2.09 51.87 0.09 0.15 0.29 0.68 0.42 0.06 0.05 0.03 21.06

0.20 4.30 2.99 37.34 0.08 0.11 0.29 1.12 0.54 0.06 0.04 0.02 52.92
nv2gookern4 0.23 3.35 2.21 47.16 0.12 0.12 0.25 0.65 0.43 0.05 0.06 O 20.26

0.25 5.23 3.31 35.59 0.11 0.09 0.26 1.12 0.58 0.06 0.05 O 53.36
nv2gookern5 0.26 3.27 2.13 50.10 0.12 0.18 0.28 0.71 0.32 0.04 0.04 0.03 20.88

0.27 4.92 3.08 36.46 0.10 0.13 0.29 1.19 0.42 0.05 0.03 0.02 53.04
nv2gookernrand1 0.13 3.28 1.74 47.78 0.13 0.13 0.88 0.78 0.30 0.06 0.06 0.04 20.01

0.14 5.14 2.62 36.17 0.11 0.10 0.93 1.35 0.41 0.08 0.05 0.03 52.88
nv2gookernrand2 0.13 3.55 2.08 51.84 0.16 0.13 0.44 0.90 0.31 0.05 0.03 O 21.72

0.13 5.14 2.89 36.26 0.13 0.09 0.43 1.45 0.39 0.06 0.03 O 53.02
nv2goorand1 0.20 3.15 1.70 43.29 0.14 0.10 0.73 0.33 0.30 0.09 0.05 0.02 18.20

0.24 5.44 2.82 36.14 0.14 0.08 0.85 0.63 0.45 0.11 0.04 0.02 53.04
nv2goorand2 0.18 2.95 2.16 45.31 0.12 0.19 1.10 0.84 0.28 0.04 0.02 O 19.59

0.20 4.74 3.34 35.19 0.11 0.15 1.19 1.50 0.40 0.05 0.02 O 53.12
nv2goorand3 0.23 3.72 1.79 42.32 0.14 0.15 0.82 0.81 0.24 0.08 0.05 O 18.83

0.26 6.23 2.89 34.25 0.13 0.12 0.92 1.50 0.35 0.11 0.04 O 53.20
nv2goorand4 0.09 7.22 1.72 42.40 0.15 0.09 0.65 0.76 0.27 0.09 0.03 0.04 21.78

0.09 10.63 2.44 30.17 0.12 0.07 0.64 1.24 0.35 0.10 0.02 0.03 54.11
nv2gookernrand3 0.10 3.48 1.95 47.34 0.12 0.10 0.32 0.02 0.31 0.08 0.05 0.04 19.57

0.11 5.61 3.03 36.87 0.11 0.08 0.34 0.04 0.44 0.10 0.04 0.03 53.21
nv2goorand5 0.68 1.41 1.68 33.10 0.07 0.10 0.35 0.23 0.13 0.04 0.04 O 13.33

1.10 3.29 3.77 37.44 0.09 0.12 0.56 0.60 0.27 0.07 0.05 O 52.64
nv2qgookern 0.00 0.02 42.33 0.34 0.01 0.04 0.06 0.01 O 0.00 0.01 O 48.39

0.00 0.02 33.18 0.13 0.01 0.02 0.03 0.01 O 0.00 0.01 O 66.60
nv2qgookern2 O 0.02 42.29 0.22 0.02 O 0.03 0.01 O O O 0.02 48.30

O 0.01 33.23 0.09 0.01 O 0.02 0.01 O O O 0.01 66.62
nv2qgookernrand1 0.54 1.33 2.71 36.49 0.07 0.11 1.34 0.02 0.21 0.06 0.02 0.03 15.72

0.74 2.67 5.24 35.47 0.07 0.11 1.81 0.04 0.36 0.10 0.02 0.03 53.34
nv2qgookernrand2 0.05 3.51 1.09 50.32 0.06 0.40 0.44 0.40 0.50 0.02 0.04 0.02 20.04

0.05 5.48 1.62 37.90 0.05 0.30 0.46 0.70 0.68 0.02 0.03 0.01 52.69
nv2qgookernrand3 0.08 3.33 2.89 27.08 0.08 0.10 5.31 2.60 0.11 0.10 0.03 0.07 18.08

0.09 5.89 4.91 23.16 0.08 0.09 6.33 5.10 0.17 0.13 0.03 0.06 53.97
nv2qgookernrand4 0.11 1.45 1.14 25.86 0.11 0.19 3.72 0.45 0.23 0.11 0.02 O 12.21

0.19 3.71 2.79 31.90 0.16 0.24 6.39 1.28 0.52 0.22 0.03 O 52.58
nv2qgoorinde1 0.17 4.66 2.60 36.72 0.09 0.12 1.93 0.46 0.19 0.08 0.05 O 19.08

0.19 7.85 4.21 29.89 0.09 0.10 2.19 0.85 0.28 0.10 0.04 O 54.21
nv2qgoorinde2 0.06 4.42 1.25 40.91 0.15 0.14 1.83 0.53 0.27 0.11 0.06 0.01 18.66

0.07 7.47 2.02 33.38 0.14 0.11 2.08 0.99 0.40 0.14 0.05 0.01 53.14
nv2qgoorand1 0.12 2.80 2.18 51.44 0.10 0.16 1.01 0.71 0.23 0.05 0.03 0.05 21.04

0.12 4.17 3.12 37.00 0.08 0.12 1.01 1.17 0.30 0.05 0.03 0.03 52.81
nv2qgoorand2 0.11 0.50 0.13 26.98 0.10 0.09 0.75 0.02 0.06 0.07 0.04 0.03 8.82

0.26 1.69 0.41 44.40 0.19 0.15 1.71 0.07 0.17 0.19 0.07 0.05 50.66
nv2qgoorand3 0.05 3.31 1.97 50.99 0.09 0.37 0.93 0.45 0.29 0.05 0.03 O 21.02

0.05 4.94 2.83 36.78 0.08 0.27 0.94 0.74 0.38 0.05 0.02 O 52.92
nv2qgoorand4 1.01 4.36 4.04 28.69 0.09 0.09 6.20 0.59 0.14 0.06 0.03 0.01 20.03

1.12 7.06 6.30 22.47 0.09 0.07 6.77 1.05 0.20 0.07 0.02 0.00 54.77
nv2qgoorand5 0.56 5.10 5.12 30.91 0.11 0.22 1.54 0.50 0.18 0.10 0.02 O 20.64

0.62 8.20 7.91 24.03 0.10 0.17 1.67 0.90 0.26 0.12 0.02 O 56.01
nv2qgoorand6 0.05 0.53 0.64 3.13 0.01 0.08 33.72 0.11 0.03 0.02 O 0.06 15.72

0.06 1.02 1.17 2.90 0.01 0.07 43.55 0.24 0.05 0.03 O 0.05 50.85
nv2klumpg1 1.21 4.21 5.36 13.38 0.02 0.10 1.78 0.41 0.08 0.14 0.03 O 15.04

1.91 9.59 11.71 14.71 0.03 0.11 2.73 1.05 0.16 0.25 0.03 O 57.73
nv2klumpg2 0.19 3.60 2.12 48.60 0.04 0.20 0.87 1.26 0.44 0.05 0.03 O 21.41

0.19 5.31 3.00 34.58 0.04 0.14 0.86 2.07 0.56 0.06 0.02 O 53.18
nv2klumpg3 0.04 3.82 1.71 47.53 0.14 0.16 0.66 0.81 0.30 0.09 0.06 0.09 20.32

0.04 5.92 2.54 35.54 0.12 0.12 0.68 1.39 0.40 0.10 0.05 0.07 53.03
nv2klompg4 0.12 0.40 0.96 3.73 0.01 0.07 32.95 0.23 0.03 0.03 0.01 0.02 15.91

0.16 0.75 1.75 3.43 0.01 0.07 42.19 0.49 0.04 0.04 0.01 0.02 51.03
nv2klumpg5 0.03 0.93 1.24 26.86 0.01 0.06 10.44 0.35 0.07 0.06 0.00 0.02 14.45

0.04 1.98 2.53 27.58 0.01 0.07 14.93 0.82 0.14 0.10 0.00 0.02 51.79
nv2klumpg6 0.03 3.61 1.28 52.03 0.13 0.25 0.83 0.85 0.34 0.05 0.06 0.03 21.08

0.03 5.34 1.81 37.18 0.11 0.18 0.82 1.39 0.43 0.05 0.05 0.02 52.59



Appendix C A40

sample K Al Si Fe Ti Mn Ca Mg P Cl Cr Ni O
nv2klumpg7 1.14 2.43 3.48 31.68 0.05 0.16 2.62 0.61 0.22 0.07 0.02 O 17.22

1.46 4.52 6.22 28.50 0.05 0.15 3.28 1.25 0.36 0.10 0.02 O 54.09
nv2klumpg8 0.95 2.45 4.61 33.94 0.05 0.13 3.05 0.26 0.16 0.08 0.02 0.04 19.03

1.12 4.18 7.55 27.93 0.05 0.11 3.49 0.50 0.24 0.10 0.02 0.03 54.67
nv2goo2kern1 0.00 1.79 1.06 54.50 0.03 0.21 0.17 0.59 0.52 0.02 0.01 O 19.62

0.00 2.81 1.60 41.40 0.03 0.16 0.18 1.03 0.72 0.03 0.00 O 52.04
nv2gookern2 0.01 1.60 0.99 53.09 O 0.17 0.16 0.60 0.40 0.03 O 0.02 18.78

0.02 2.62 1.55 41.97 O 0.14 0.17 1.09 0.57 0.04 O 0.02 51.82
nv2goo2kern3 0.01 1.74 1.07 54.57 0.01 0.20 0.19 0.67 0.44 0.02 O 0.06 19.56

0.01 2.74 1.62 41.50 0.01 0.15 0.20 1.17 0.60 0.03 O 0.04 51.93
nv2goo2kern4 O 2.14 1.14 54.20 0.02 0.15 0.19 0.56 0.52 0.01 O O 19.89

O 3.33 1.70 40.75 0.02 0.11 0.20 0.97 0.70 0.01 O O 52.21
nv2goo2kern5 0.01 1.80 1.21 53.73 0.01 0.16 0.23 0.73 0.45 0.02 O 0.04 19.59

0.01 2.84 1.83 40.93 0.01 0.12 0.24 1.28 0.62 0.03 O 0.03 52.07
nv2goo2rindin1 0.04 1.54 0.62 40.02 0.10 0.17 0.88 0.34 0.16 0.04 0.04 O 14.44

0.05 3.27 1.26 41.03 0.12 0.18 1.25 0.79 0.29 0.07 0.04 O 51.67
nv2goo2rindin2 0.04 3.73 0.91 45.11 0.13 0.17 0.33 0.35 0.19 0.10 0.06 0.07 18.05

0.04 6.44 1.51 37.61 0.12 0.14 0.38 0.67 0.29 0.13 0.05 0.06 52.55
nv2goo2rindin3 0.12 3.47 1.47 41.67 0.12 0.08 1.38 0.54 0.19 0.10 0.02 0.03 17.97

0.15 6.06 2.46 35.13 0.12 0.07 1.62 1.05 0.28 0.13 0.02 0.02 52.89
nv2goo2rindmi4 0.03 4.26 2.57 44.22 0.09 0.06 1.27 0.88 0.24 0.07 0.03 O 20.87

0.03 6.50 3.77 32.62 0.08 0.05 1.30 1.50 0.32 0.08 0.03 O 53.73
nv2goo2rindmi5 0.03 2.49 0.97 35.18 0.11 0.05 0.69 0.74 0.18 0.11 0.05 O 14.49

0.05 5.34 2.01 36.55 0.13 0.05 1.00 1.77 0.34 0.18 0.06 O 52.53
nv2goo2rindrand6 0.06 3.15 1.61 45.07 0.10 0.28 1.50 0.86 0.12 0.07 0.05 0.04 19.05

0.07 5.16 2.53 35.70 0.09 0.23 1.65 1.57 0.17 0.09 0.05 0.03 52.66
nv2goo2rindrand7 0.02 0.75 0.35 8.95 0.03 0.11 29.51 0.22 0.04 0.02 0.02 0.01 15.67

0.03 1.45 0.65 8.30 0.03 0.10 38.13 0.46 0.06 0.03 0.02 0.01 50.73
nv2goo2rindrand8 0.15 3.79 2.50 42.10 0.13 0.12 0.79 0.64 0.19 0.06 0.01 0.09 19.43

0.18 6.21 3.93 33.33 0.12 0.10 0.87 1.17 0.27 0.08 0.01 0.07 53.68
nv2goorindrand9 0.09 3.88 1.89 44.21 0.15 0.16 0.71 0.68 0.24 0.09 0.03 0.05 19.47

0.10 6.29 2.94 34.64 0.13 0.13 0.77 1.23 0.33 0.12 0.03 0.04 53.26
nv2goo2rindrand10 0.14 1.38 0.93 17.96 0.04 0.10 18.66 0.35 0.05 0.04 O 0.05 15.27

0.19 2.77 1.80 17.38 0.04 0.10 25.17 0.77 0.09 0.06 O 0.04 51.59
nv2feookerni1 0.17 4.50 1.95 42.39 0.11 0.16 0.30 0.48 0.21 0.12 0.03 O 19.21

0.19 7.43 3.10 33.84 0.11 0.13 0.34 0.88 0.30 0.15 0.02 O 53.52
nv2feookerni2 0.27 3.32 2.39 36.77 0.11 0.08 0.92 0.46 0.21 0.13 0.03 O 17.28

0.34 6.12 4.23 32.77 0.11 0.07 1.14 0.94 0.34 0.18 0.02 O 53.74
nv2feookern3 0.23 2.79 1.99 40.31 0.11 0.14 0.27 0.60 0.24 0.05 0.03 0.00 17.26

0.28 5.09 3.49 35.62 0.12 0.12 0.33 1.22 0.37 0.07 0.03 0.00 53.24
nv2feoofern4 0.06 2.42 2.20 14.46 0.06 0.03 0.25 0.08 0.04 0.27 0.01 O 9.01

0.14 8.85 7.74 25.60 0.13 0.05 0.62 0.31 0.14 0.75 0.02 O 55.66
nv2feookernrand1 0.56 0.14 0.34 29.80 0.07 0.10 0.19 0.08 0.01 0.03 0.04 O 9.40

1.22 0.45 1.05 45.76 0.13 0.15 0.41 0.29 0.03 0.07 0.06 O 50.38
nv2feookernrand2 0.14 3.06 2.47 51.06 0.09 0.26 0.31 0.87 0.38 0.03 0.01 O 21.51

0.15 4.48 3.48 36.19 0.08 0.18 0.31 1.42 0.48 0.03 0.01 O 53.20
nv2feookernrand3 0.00 3.14 1.16 49.70 0.09 0.25 0.25 0.83 0.32 0.03 0.03 0.04 19.57

0.00 5.00 1.77 38.19 0.08 0.20 0.27 1.47 0.44 0.03 0.02 0.03 52.49
nv2feoorind1 1.37 5.31 8.29 23.22 0.09 0.10 1.79 0.45 0.13 0.08 0.06 0.00 22.38

1.45 8.14 12.22 17.21 0.08 0.08 1.85 0.77 0.18 0.09 0.04 0.00 57.90
nv2feoorind2 0.35 4.34 3.50 42.10 0.14 0.24 0.35 0.71 0.21 0.07 0.06 0.02 21.03

0.37 6.65 5.15 31.18 0.12 0.18 0.36 1.21 0.28 0.08 0.05 0.02 54.37
nv2feoorind3 0.24 3.92 2.53 42.42 0.13 0.11 0.33 0.66 0.19 0.07 0.02 0.02 19.50

0.27 6.40 3.97 33.48 0.12 0.09 0.37 1.20 0.27 0.08 0.02 0.01 53.72
nv2feoorind4 0.11 3.76 2.01 47.93 0.17 0.23 0.46 0.48 0.27 0.05 0.05 0.03 20.43

0.12 5.81 2.99 35.77 0.15 0.17 0.48 0.81 0.36 0.06 0.04 0.02 53.22
nv2feoorind5 0.27 3.60 2.77 39.92 0.15 0.13 0.66 0.76 0.14 0.09 0.07 0.01 18.95

0.31 6.07 4.48 32.49 0.15 0.11 0.75 1.42 0.21 0.12 0.06 0.01 53.83



A41 Appendix C

La Neuveville, sample NV3

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
nv3goeookern  wt% 0.08 1.63 1.36 35.13 0.05 0.37 10.44 0.54 0.06 0.01 0.02 O 0.01 O 17.77
               mol% 0.10 2.82 2.25 29.33 0.05 0.32 12.15 1.03 0.12 0.01 0.02 O 0.01 O 51.80
nv3goeooinnererind 0.01 2.23 1.52 45.25 0.06 0.26 1.89 0.92 0.05 0.23 0.04 0.03 O O 18.47

0.01 3.76 2.46 36.76 0.06 0.22 2.13 1.71 0.10 0.33 0.05 0.03 O O 52.39
nv3goeookarbrinde 0.02 0.45 0.34 5.40 0.03 0.09 35.11 0.22 0.01 0.03 0.02 0.04 O 0.1 16.52

0.02 0.81 0.59 4.70 0.03 0.08 42.59 0.44 0.02 0.04 0.03 0.04 O 0.4 50.19
nv3goeooaussrinde 0.08 3.06 1.83 41.14 0.15 0.14 1.20 1.10 0.07 0.02 0.07 0.09 0.05 O 18.05

0.10 5.31 3.06 34.51 0.15 0.12 1.40 2.12 0.15 0.03 0.10 0.08 0.04 O 52.84
nv3goeookern2 0.06 1.83 1.26 39.25 0.07 0.40 6.88 0.57 0.07 0.13 0.02 0.04 O O 17.80

0.07 3.16 2.09 32.81 0.07 0.34 8.02 1.10 0.14 0.20 0.02 0.03 O O 51.95
nv3goeooaussrinde 0.08 2.41 1.80 41.19 0.11 0.09 0.80 0.72 0.05 0.04 0.06 0.03 0.04 O 16.98

0.10 4.44 3.18 36.62 0.12 0.08 1.00 1.47 0.11 0.06 0.08 0.03 0.03 O 52.70
nv3goekomp1 0.85 5.99 7.17 34.69 0.28 0.35 0.36 1.97 0.03 0.13 0.05 0.07 0.08 O 25.55

0.77 7.85 9.02 21.96 0.21 0.23 0.32 2.86 0.05 0.15 0.05 0.05 0.05 O 56.46
nv3goekomp2 1.01 7.70 10.31 28.83 0.04 0.24 0.39 2.45 0.04 0.06 0.03 0.01 0.04 0.4 28.82

0.82 9.08 11.68 16.43 0.03 0.14 0.31 3.21 0.05 0.06 0.03 0.01 0.02 0.8 57.32
nv3goekomp3 0.43 6.47 6.99 33.07 0.04 0.41 0.56 2.15 0.06 0.03 0.07 O 0.05 O 25.13

0.40 8.63 8.96 21.31 0.03 0.27 0.51 3.18 0.10 0.04 0.07 O 0.03 O 56.50
nv3einschlgoekom 0.02 0.01 46.12 0.45 O 0.01 0.01 0.00 O O O 0.05 0.02 O 52.72

0.01 0.01 33.19 0.16 O 0.00 0.00 0.00 O O O 0.02 0.01 O 66.60
nv3goeookernrein O 2.34 0.92 49.73 0.03 0.24 0.18 0.72 0.04 0.21 0.03 0.04 O O 18.30

O 3.93 1.49 40.43 0.03 0.20 0.21 1.34 0.08 0.30 0.04 0.04 O O 51.93
nv3goeookernrein2 O 2.42 0.90 49.09 0.03 0.20 0.22 0.70 0.06 0.27 0.02 0.02 0.06 O 18.25

O 4.09 1.45 40.08 0.03 0.16 0.25 1.32 0.13 0.40 0.03 0.02 0.05 O 52.02
nv3goeookernrein3 O 2.20 0.96 48.51 0.02 0.17 0.24 0.74 0.07 0.39 0.02 O 0.08 O 18.13

O 3.75 1.57 39.95 0.02 0.15 0.27 1.39 0.13 0.57 0.02 O 0.06 O 52.11
nv3goeoorinde1 0.16 3.34 2.09 43.75 0.15 0.12 0.28 0.72 O 0.14 0.05 0.13 0.06 O 18.89

0.18 5.59 3.36 35.31 0.14 0.10 0.31 1.34 O 0.21 0.07 0.11 0.04 O 53.24
nv3goeoorinde2 0.17 3.60 2.27 44.79 0.15 0.12 0.36 0.82 0.06 0.17 0.04 0.06 O O 19.73

0.19 5.78 3.49 34.70 0.13 0.10 0.39 1.46 0.11 0.24 0.05 0.05 O O 53.34
nv3goeoorinde3 0.19 3.06 2.33 41.79 0.11 0.31 0.56 0.81 0.08 0.06 0.05 0.04 O O 18.42

0.23 5.24 3.84 34.59 0.11 0.26 0.64 1.54 0.15 0.09 0.07 0.04 O O 53.21
nv3goeookern 0.01 2.07 1.14 49.77 0.04 0.41 0.18 0.82 0.12 0.30 0.03 0.03 0.04 O 18.60

0.01 3.43 1.82 39.88 0.04 0.34 0.20 1.51 0.22 0.44 0.04 0.02 0.03 O 52.03
nv3goeookern2 0.00 2.01 1.00 44.87 0.03 0.20 0.17 0.67 0.12 0.18 0.09 0.02 0.04 O 16.65

0.01 3.72 1.78 40.08 0.04 0.18 0.21 1.38 0.26 0.29 0.12 0.02 0.03 O 51.90
nv3goeookern3 O 2.36 1.15 48.63 0.02 0.34 0.19 0.81 0.16 0.32 0.02 0.02 0.05 O 18.55

O 3.93 1.85 39.18 0.01 0.28 0.22 1.51 0.31 0.47 0.03 0.02 0.04 O 52.17
nv3goeoorinde1 0.23 3.34 2.33 44.36 0.18 0.32 0.40 0.88 0.05 0.06 0.05 0.05 0.04 O 19.45

0.26 5.42 3.63 34.75 0.17 0.26 0.43 1.58 0.10 0.08 0.06 0.04 0.03 O 53.20
nv3goeoorinde2 0.10 2.92 1.76 42.71 0.16 0.21 2.03 0.89 0.05 0.09 0.06 0.12 0.01 O 18.59

0.12 4.91 2.84 34.71 0.15 0.17 2.30 1.66 0.09 0.13 0.08 0.10 0.01 O 52.73
nv3goeoorinde3 0.14 3.04 2.27 46.30 0.15 0.19 0.54 0.87 0.08 0.16 0.04 0.07 0.03 O 19.79

0.16 4.83 3.46 35.57 0.14 0.15 0.58 1.53 0.15 0.22 0.05 0.06 0.02 O 53.07
nv3feookern1 0.01 1.33 1.36 50.03 0.02 0.18 0.19 0.78 0.07 0.21 0.02 0.00 0.04 O 18.01

0.01 2.27 2.23 41.27 0.02 0.15 0.22 1.47 0.15 0.31 0.03 0.00 0.03 O 51.86
nv3feookern2 0.01 1.23 1.46 51.93 0.01 0.27 0.18 0.77 0.12 0.19 0.02 0.00 0.03 O 18.58

0.01 2.03 2.31 41.47 0.01 0.22 0.20 1.41 0.24 0.27 0.03 0.00 0.02 O 51.79
nv3fspkern2 0.09 0.29 37.12 0.46 0.06 0.03 5.43 0.02 O 0.04 O O 44.91

0.05 0.25 30.82 0.19 0.03 0.01 3.16 0.01 O 0.03 O O 65.45
nv3fspkern2 0.21 0.26 23.32 1.23 0.05 O 5.65 0.00 0.01 0.03 O O 29.49

0.19 0.34 29.09 0.77 0.03 O 4.94 0.01 0.01 0.03 O O 64.59
nv3fspferand1 0.17 3.79 2.65 43.33 0.16 0.24 0.68 0.71 0.24 0.04 0.07 O 20.08

0.19 6.02 4.04 33.24 0.14 0.18 0.72 1.26 0.34 0.05 0.06 O 53.78
nv3fspferand2 0.55 3.81 4.29 40.46 0.17 0.15 1.05 1.05 0.18 0.07 0.09 0.04 21.52

0.57 5.73 6.20 29.41 0.14 0.11 1.07 1.76 0.23 0.08 0.07 0.03 54.60
nv3fsprand3 0.18 4.05 4.09 52.32 0.18 0.19 0.63 0.79 0.07 0.04 0.08 O 24.35

0.16 5.33 5.17 33.23 0.13 0.12 0.56 1.15 0.08 0.04 0.06 O 53.98
nv3fspferand4 0.12 0.48 0.68 43.44 0.12 0.11 0.93 0.64 0.18 0.06 0.06 O 14.82



Appendix C A42

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
0.17 0.97 1.34 42.93 0.13 0.11 1.28 1.45 0.33 0.09 0.07 O 51.13

nv3fspferand5 0.18 3.44 3.08 41.23 0.15 0.12 0.75 0.71 0.29 0.09 0.04 0.02 19.70
0.20 5.60 4.82 32.42 0.14 0.09 0.82 1.29 0.41 0.11 0.04 0.01 54.06

nv3ookern1 0.04 2.46 1.63 46.74 0.05 0.16 1.65 1.76 0.49 0.05 0.08 0.03 20.00
0.04 3.84 2.44 35.26 0.05 0.12 1.74 3.06 0.66 0.05 0.06 0.02 52.66

nv3ookern2 0.07 1.47 0.85 29.36 0.05 0.03 9.91 4.81 0.13 0.08 0.07 O 18.05
0.08 2.48 1.38 23.96 0.05 0.03 11.27 9.02 0.19 0.11 0.06 O 51.39

nv3ookern3 0.01 0.38 0.33 7.86 0.01 0.01 18.33 12.48 0.05 0.06 O 0.01 18.56
0.01 0.62 0.51 6.12 0.01 0.00 19.87 22.30 0.07 0.07 O 0.01 50.41

nv3ookern4 0.07 1.27 1.04 27.52 0.03 0.05 11.64 7.83 0.21 0.04 0.01 O 20.31
0.07 1.91 1.50 19.95 0.03 0.04 11.76 13.04 0.27 0.05 0.01 O 51.39

nv3oorindduenn1 0.05 1.74 0.92 26.70 0.12 0.06 9.51 4.33 0.18 0.07 0.07 0.07 17.27
0.06 3.10 1.57 22.93 0.12 0.05 11.38 8.54 0.28 0.09 0.06 0.06 51.76

nv3oorindeduenn2 0.14 3.13 2.53 47.09 0.19 0.14 1.38 0.38 0.41 0.02 0.09 O 20.72
0.15 4.79 3.73 34.84 0.17 0.10 1.42 0.65 0.55 0.03 0.07 O 53.51

nv3oorindduenn3 0.02 1.00 0.53 22.11 0.04 0.06 12.68 7.46 0.20 0.04 0.03 0.01 18.10
0.03 1.67 0.85 17.86 0.04 0.05 14.27 13.84 0.29 0.05 0.02 0.01 51.04

nv3oorindduenn4 0.03 1.36 0.40 43.85 0.17 0.18 0.53 0.39 0.22 0.02 0.08 O 15.18
0.04 2.73 0.77 42.56 0.20 0.18 0.72 0.87 0.39 0.04 0.08 O 51.44

nv3ookompinkern 1.13 2.93 4.95 47.67 0.08 0.67 0.24 0.94 0.18 0.04 0.05 O 23.34
1.07 4.04 6.54 31.70 0.06 0.46 0.22 1.44 0.21 0.04 0.04 O 54.18

nv3ookompinkern2 0.01 0.04 44.52 0.91 0.01 0.04 0.02 O O 0.02 0.00 0.02 51.05
0.00 0.03 33.05 0.34 0.01 0.01 0.01 O O 0.01 0.00 0.01 66.53

nv3ookompinke1a 5.88 4.91 19.09 23.00 0.04 0.10 0.24 1.85 0.07 0.03 0.03 0.04 35.38
4.04 4.89 18.25 11.06 0.02 0.05 0.16 2.05 0.06 0.02 0.02 0.02 59.38

nv3oo2kern1 0.08 3.27 2.73 49.14 0.04 1.01 0.23 1.34 0.28 0.05 0.02 O 21.76
0.08 4.75 3.81 34.50 0.04 0.72 0.22 2.16 0.35 0.05 0.02 O 53.32

nv3oo2kern2 0.43 4.38 4.36 39.80 0.06 0.61 0.24 1.50 0.27 0.04 0.00 0.04 21.99
0.44 6.48 6.19 28.44 0.05 0.44 0.24 2.46 0.35 0.05 0.00 0.03 54.85

nv3oo2kern3 0.10 3.08 2.27 47.71 0.06 0.92 0.29 0.88 0.26 0.08 0.05 0.06 20.37
0.11 4.75 3.37 35.61 0.05 0.70 0.30 1.50 0.35 0.09 0.04 0.04 53.08

nv3oo2kern4 0.14 2.62 1.80 40.63 0.11 0.46 0.49 0.96 0.24 0.10 0.08 0.07 17.42
0.18 4.72 3.12 35.38 0.11 0.41 0.59 1.92 0.38 0.13 0.07 0.06 52.95

nv3oo2kern5 0.21 3.92 2.63 39.11 0.14 0.38 0.34 0.67 0.24 0.08 0.05 0.04 18.84
0.25 6.67 4.29 32.13 0.14 0.32 0.38 1.27 0.36 0.10 0.05 0.03 54.02

nv3oo2kern6 0.33 3.70 3.21 45.62 0.08 0.73 0.26 0.90 0.18 0.06 0.06 O 21.30
0.34 5.54 4.62 33.00 0.07 0.54 0.27 1.49 0.24 0.07 0.05 O 53.78

nv3oo2kern7 0.19 2.58 2.16 42.03 0.08 0.93 0.37 0.72 0.20 0.09 0.05 O 18.04
0.22 4.50 3.61 35.42 0.08 0.80 0.43 1.40 0.31 0.12 0.05 O 53.07

nv3oo2kern8 0.30 3.83 3.66 39.18 0.10 0.51 0.39 1.36 0.16 0.08 0.05 0.03 20.34
0.33 6.07 5.57 29.99 0.09 0.40 0.42 2.39 0.22 0.10 0.04 0.02 54.36

nv3oo2rindin1 0.04 2.29 0.99 35.75 0.14 0.18 8.41 0.77 0.21 0.06 0.08 0.04 17.73
0.05 3.99 1.66 30.09 0.14 0.16 9.87 1.49 0.31 0.07 0.07 0.03 52.08

nv3oo2rindin2 0.07 3.58 1.56 43.01 0.18 0.13 0.64 0.50 0.29 0.09 0.09 0.08 18.46
0.08 6.11 2.57 35.47 0.18 0.11 0.73 0.95 0.43 0.11 0.08 0.06 53.14

nv3oo2rindin3 0.01 2.75 1.44 45.18 0.15 0.29 0.92 0.76 0.19 0.05 0.09 O 18.36
0.01 4.68 2.34 37.08 0.14 0.24 1.05 1.43 0.28 0.07 0.08 O 52.59

nv3oo2rind4 O 0.72 0.25 10.38 0.04 0.18 29.77 0.45 0.04 0.01 0.02 0.03 16.22
O 1.33 0.45 9.28 0.04 0.16 37.09 0.92 0.07 0.02 0.02 0.02 50.62

nv3oo2rind5 0.06 2.77 1.80 43.08 0.21 0.13 1.14 0.58 0.22 0.06 0.10 0.03 18.19
0.07 4.78 2.98 35.95 0.20 0.11 1.32 1.10 0.33 0.07 0.09 0.02 52.98

nv3oo2rind6 0.03 3.36 1.40 38.92 0.10 0.17 5.13 0.23 0.15 0.04 0.07 O 18.27
0.04 5.76 2.31 32.21 0.10 0.14 5.91 0.44 0.22 0.06 0.06 O 52.77

nv3oo2rindau7 0.15 3.22 2.03 41.66 0.18 0.20 0.66 0.74 0.23 0.08 0.08 0.04 18.40
0.18 5.53 3.35 34.57 0.18 0.17 0.77 1.41 0.34 0.10 0.07 0.03 53.30

nv3oo2rindau8 0.07 3.25 1.87 40.07 0.19 0.15 0.70 0.46 0.31 0.06 0.08 0.08 17.70
0.08 5.81 3.21 34.66 0.19 0.13 0.85 0.92 0.48 0.08 0.07 0.07 53.45

nv3feookern1 0.01 3.00 0.95 50.86 0.06 0.27 0.16 0.80 0.55 0.03 0.03 O 19.76
0.01 4.72 1.44 38.70 0.05 0.21 0.17 1.40 0.76 0.03 0.03 O 52.48

nv3feookern2 0.01 2.85 0.95 50.91 0.06 0.23 0.18 0.73 0.54 0.03 0.04 0.02 19.55
0.01 4.52 1.44 39.09 0.05 0.18 0.19 1.29 0.74 0.04 0.03 0.01 52.41

nv3feoorindin1 0.14 3.11 2.14 51.29 0.16 0.23 0.21 0.86 0.37 0.03 0.03 0.02 21.24
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sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
0.14 4.61 3.05 36.70 0.13 0.17 0.21 1.41 0.47 0.04 0.02 0.01 53.04

nv3feoorindin2 0.10 2.77 2.11 50.55 0.08 0.20 0.19 0.82 0.37 0.03 0.06 0.05 20.60
0.11 4.22 3.09 37.22 0.07 0.15 0.20 1.39 0.49 0.04 0.05 0.04 52.96

nv3feoorind3 0.11 2.35 2.11 51.22 0.10 0.21 0.21 0.77 0.46 0.05 0.08 0.04 20.53
0.11 3.59 3.10 37.80 0.09 0.15 0.22 1.30 0.61 0.06 0.07 0.03 52.89

nv3feoorind4 0.14 2.86 2.55 49.83 0.10 0.16 0.21 0.88 0.46 0.02 0.04 O 21.14
0.14 4.29 3.66 36.03 0.09 0.12 0.21 1.46 0.60 0.02 0.03 O 53.35

nv3feoorind5 0.22 2.80 2.19 49.90 0.11 0.19 0.43 0.80 0.35 0.01 0.05 O 20.63
0.23 4.27 3.21 36.74 0.10 0.15 0.44 1.35 0.47 0.01 0.04 O 53.01

nv3feoorind6 0.07 2.58 2.10 53.13 0.12 0.08 0.22 0.90 0.40 0.03 0.06 0.08 21.27
0.07 3.80 2.98 37.82 0.10 0.06 0.22 1.47 0.51 0.03 0.05 0.05 52.84

nv3feoorind7 0.09 2.57 1.81 49.44 0.12 0.19 0.21 0.74 0.41 0.03 0.08 O 19.80
0.10 4.07 2.75 37.80 0.11 0.14 0.22 1.31 0.56 0.03 0.06 O 52.84

nv3feoorind8 0.14 2.89 2.18 50.45 0.13 0.21 0.25 0.73 0.41 0.02 0.05 O 20.81
0.14 4.38 3.17 36.87 0.11 0.15 0.25 1.22 0.54 0.02 0.04 O 53.10

nv3feoorind9 0.10 2.58 2.01 50.09 0.15 0.13 0.26 0.90 0.31 0.04 0.04 O 20.20
0.10 4.01 3.00 37.52 0.13 0.10 0.27 1.55 0.42 0.05 0.03 O 52.83

nv3feoorind10 0.22 2.98 2.91 46.41 0.12 0.14 0.35 0.87 0.30 0.05 0.08 0.07 20.56
0.24 4.60 4.31 34.64 0.11 0.11 0.36 1.49 0.40 0.06 0.07 0.05 53.57

nv3feoorindaus11 0.17 2.90 2.83 51.22 0.15 0.13 0.36 0.75 0.30 0.03 0.10 0.01 21.72
0.17 4.23 3.96 36.03 0.13 0.09 0.35 1.21 0.38 0.04 0.07 0.01 53.33

nv3feoorindaus12 0.25 3.26 3.07 42.57 0.18 0.07 0.50 0.79 0.16 0.07 0.10 0.06 19.75
0.28 5.27 4.77 33.24 0.16 0.06 0.54 1.41 0.23 0.08 0.08 0.04 53.84

nv3feoorindaus13 0.23 3.10 3.17 44.90 0.15 0.07 1.10 0.75 0.13 0.08 0.09 0.01 20.51
0.25 4.80 4.72 33.63 0.13 0.06 1.15 1.29 0.17 0.09 0.07 0.01 53.64

nv3bildkern1 O 1.72 1.29 50.34 0.06 0.16 0.26 0.81 0.55 0.06 0.04 0.07 18.86
O 2.82 2.03 39.97 0.06 0.13 0.28 1.48 0.78 0.08 0.03 0.05 52.29

nv3bildkern2 0.01 1.80 1.38 50.34 0.05 0.17 0.25 0.90 0.58 0.04 0.02 O 19.13
0.02 2.93 2.16 39.51 0.05 0.14 0.27 1.63 0.83 0.05 0.02 O 52.42

nv3bildkern3 0.01 2.33 1.32 49.13 0.06 0.17 0.35 1.01 0.41 0.11 0.02 0.02 19.07
0.01 3.80 2.07 38.63 0.06 0.13 0.39 1.83 0.58 0.14 0.01 0.01 52.34

nv3bildkern4 0.01 1.67 1.29 50.80 0.05 0.17 0.23 0.96 0.50 0.04 0.03 O 18.96
0.02 2.73 2.02 40.08 0.04 0.14 0.25 1.74 0.71 0.06 0.03 O 52.21

nv3bildkern5 0.00 2.11 1.30 48.86 0.05 0.18 0.39 1.03 0.37 0.10 0.03 0.08 18.78
0.00 3.49 2.06 38.95 0.05 0.15 0.43 1.88 0.54 0.13 0.02 0.06 52.24

nv3bildrindin1 0.05 2.94 1.74 50.88 0.10 0.13 0.72 0.95 0.22 0.06 0.07 O 20.49
0.05 4.47 2.54 37.41 0.08 0.10 0.74 1.60 0.29 0.07 0.05 O 52.60

nv3bildrind2 0.05 2.44 1.58 47.68 0.12 0.14 0.58 1.07 0.30 0.04 0.08 0.02 19.12
0.05 3.98 2.47 37.57 0.11 0.11 0.64 1.94 0.43 0.05 0.07 0.02 52.57

nv3bildrind3 0.02 2.54 1.58 49.88 0.06 0.10 0.76 1.06 0.34 0.05 0.06 0.00 19.87
0.02 3.98 2.38 37.77 0.06 0.08 0.80 1.85 0.46 0.06 0.05 0.00 52.52

nv3bildrindaus4 0.01 3.13 1.89 43.19 0.12 0.14 0.66 0.77 0.27 0.08 0.06 0.05 18.58
0.02 5.31 3.09 35.40 0.12 0.12 0.75 1.45 0.40 0.10 0.05 0.04 53.16

nv3bildrindaus5 0.18 3.12 2.06 41.02 0.17 0.09 1.06 1.19 0.15 0.22 0.12 0.02 18.46
0.21 5.31 3.37 33.76 0.16 0.08 1.22 2.24 0.22 0.29 0.10 0.02 53.02

Villers-le-Lac, sample V2

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
v2feoo2kernwt% 2.62 0.78 47.90 0.08 0.30 0.29 0.80 0.49 0.06 18.37
       mol% 4.43 1.26 39.07 0.08 0.25 0.33 1.51 0.71 0.07 52.30
v2feoo2kern2 2.93 0.84 49.23 0.14 0.28 0.32 0.76 0.64 0.04 19.30

4.73 1.30 38.41 0.12 0.23 0.34 1.36 0.91 0.05 52.56
v2feoo2kern3 2.58 0.92 50.10 0.07 0.31 0.22 0.79 0.49 0.05 19.09

4.20 1.43 39.33 0.07 0.25 0.24 1.42 0.70 0.07 52.30
v2feoo2rinde1 3.02 2.18 47.06 0.13 0.16 0.54 0.92 0.32 0.06 20.02

4.76 3.29 35.83 0.12 0.12 0.57 1.61 0.43 0.07 53.20
v2feoo2rinde2 3.64 2.85 40.70 0.17 0.14 0.55 0.85 0.27 0.10 19.45

6.01 4.52 32.42 0.15 0.12 0.61 1.55 0.39 0.12 54.10
v2feoo2rinde3 3.18 2.19 49.90 0.17 0.18 0.51 0.98 0.35 0.07 21.09

4.75 3.14 36.03 0.14 0.13 0.51 1.63 0.45 0.08 53.14
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sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
v2feoo2rinde4 2.83 1.99 48.17 0.14 0.13 0.59 0.89 0.30 0.08 19.94

4.45 3.01 36.66 0.12 0.10 0.63 1.55 0.41 0.09 52.97
v2feoo2kern4 2.77 0.93 51.65 0.13 0.33 0.25 0.80 0.52 0.04 19.80

4.35 1.39 39.13 0.12 0.26 0.26 1.39 0.71 0.04 52.36
v2opak1 3.86 1.06 47.39 0.16 0.21 0.34 0.79 0.45 0.12 19.65

6.16 1.63 36.52 0.14 0.17 0.36 1.40 0.63 0.14 52.86
v2opak2 3.72 0.88 48.18 0.18 0.17 0.31 0.70 0.50 0.06 19.52

5.97 1.36 37.30 0.16 0.13 0.33 1.24 0.69 0.08 52.75
v2opakrand1 3.29 0.99 37.54 0.18 0.09 0.49 0.73 0.41 0.17 16.19

6.39 1.86 35.25 0.19 0.09 0.64 1.57 0.69 0.25 53.08
v2opak2 1.53 0.89 54.99 0.01 0.17 0.15 0.72 0.35 0.03 19.19

2.45 1.37 42.42 0.01 0.14 0.16 1.27 0.49 0.03 51.66
v2opak2b 1.63 0.88 54.47 0.00 0.15 0.15 0.79 0.33 0.03 19.12

2.61 1.35 42.18 0.00 0.12 0.16 1.40 0.47 0.04 51.67
v2opak2rand 0.96 0.41 13.43 0.06 0.08 21.29 0.45 0.08 0.13 14.16

2.04 0.84 13.87 0.08 0.08 30.63 1.07 0.15 0.22 51.03
v2feoo3kern1 1.76 0.67 45.71 0.02 0.24 0.16 0.73 0.55 0.10 16.77

3.23 1.18 40.62 0.02 0.22 0.20 1.48 0.88 0.14 52.03
v2feoo3kern2 1.70 0.82 48.26 0.02 0.44 0.17 0.68 0.44 0.07 17.52

2.99 1.39 40.99 0.02 0.38 0.20 1.33 0.67 0.09 51.93
v2feoo3kern3 1.68 0.89 50.87 0.06 0.89 0.18 0.65 0.41 0.02 18.40

2.80 1.42 41.09 0.05 0.73 0.20 1.20 0.60 0.02 51.88
v2feoo3kern4 2.42 0.79 52.46 0.03 0.32 0.24 0.75 0.61 0.03 19.57

3.82 1.20 40.08 0.03 0.25 0.25 1.31 0.85 0.04 52.19
v2feoo3rindeaus 1.52 0.78 24.17 0.10 0.08 11.43 0.49 0.14 0.14 14.35

3.26 1.60 25.00 0.12 0.09 16.47 1.17 0.26 0.23 51.81
v2feoo3rindeinne 2.70 1.09 48.14 0.15 0.14 0.33 0.60 0.54 0.09 18.81

4.47 1.73 38.57 0.14 0.12 0.37 1.11 0.78 0.11 52.61

Saint Maurice, sample see Kuhn (1996)

sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
smchamookernwt% 0.03 1.10 3.86 62.77 0.29 0.01 0.06 0.22 0.04 O 0.00 0.11 O 23.81
        mol% 0.02 1.46 4.89 39.97 0.21 0.01 0.05 0.33 0.07 O 0.00 0.08 O 52.91
smchamookern2 0.03 0.52 2.30 66.10 0.18 O 0.08 0.10 0.04 O O 0.08 O 22.29

0.02 0.71 3.04 43.97 0.14 O 0.07 0.16 0.06 O O 0.06 O 51.76
smchamoointlam 0.03 4.38 8.93 39.45 0.25 0.01 0.17 1.46 0.02 0.01 0.01 0.07 O 26.62

0.03 5.56 10.87 24.16 0.18 0.00 0.14 2.06 0.03 0.01 0.01 0.05 O 56.91
smchamooextlam 0.03 7.25 9.01 26.74 0.01 0.00 7.89 2.06 0.04 3.83 0.01 0.02 O 33.86

0.02 7.48 8.93 13.32 0.00 0.00 5.48 2.36 0.05 3.44 0.00 0.01 O 58.90
smfekarb 0.04 3.85 5.69 20.22 0.01 0.14 14.36 3.53 0.03 0.20 0.02 0.10 O 24.13

0.03 5.22 7.41 13.25 0.01 0.10 13.11 5.31 0.05 0.23 0.02 0.07 O 55.18
smdkltrsp 0.03 0.18 0.84 6.44 0.02 0.12 29.11 0.42 0.07 0.01 0.00 0.02 O 14.97

0.04 0.36 1.63 6.27 0.03 0.12 39.50 0.94 0.18 0.02 0.00 0.02 O 50.89
smdklopak O 0.28 0.15 20.27 0.03 0.24 26.10 0.33 0.02 0.05 0.01 0.00 O 17.02

O 0.49 0.25 17.16 0.03 0.21 30.80 0.64 0.04 0.07 0.02 0.00 O 50.30
smchamentm 0.02 6.97 12.16 35.05 0.10 0.03 1.23 1.96 0.01 0.60 0.01 0.05 O 32.75

0.02 7.37 12.37 17.93 0.06 0.02 0.88 2.30 0.01 0.55 0.01 0.03 O 58.47
smchamunstr 0.03 5.26 12.14 37.40 2.31 0.07 0.10 1.72 0.03 O 0.01 0.06 O 32.01

0.03 5.69 12.63 19.56 1.41 0.04 0.08 2.07 0.04 O 0.01 0.04 O 58.43
smchamunstr2 0.05 7.38 12.47 35.63 0.01 0.03 0.11 2.43 0.08 O 0.01 0.07 O 32.71

0.03 7.80 12.65 18.18 0.01 0.01 0.08 2.85 0.10 O 0.01 0.04 O 58.25
smchamunstr3 0.03 6.61 11.64 33.96 0.17 O 3.02 2.10 0.00 1.64 0.01 0.06 O 33.72

0.02 6.82 11.53 16.91 0.10 O 2.10 2.40 0.00 1.47 0.01 0.03 O 58.62
smchamustr4 0.02 5.95 12.91 37.57 0.28 0.02 0.12 1.96 0.02 O 0.01 0.09 O 32.34

0.01 6.36 13.26 19.41 0.17 0.01 0.09 2.32 0.02 O 0.00 0.05 O 58.30
smchamunstrhellek 0.03 6.89 9.23 25.71 O O 7.50 2.07 0.08 3.81 0.01 0.05 O 33.33

0.02 7.24 9.31 13.05 O O 5.30 2.41 0.09 3.48 0.01 0.03 O 59.05
smhellekompincha 0.03 0.06 0.14 0.69 0.01 0.02 24.84 11.60 O 0.00 0.03 O 0.33 17.83

0.03 0.09 0.22 0.55 0.01 0.02 27.55 21.20 O 0.00 0.03 O 0.76 49.54
smhellekompincha 0.01 0.01 0.02 42.85 0.01 0.13 2.95 0.89 0.03 0.01 0.01 0.01 O 14.15
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sample K Al Si Fe Ti Mn Ca Mg Na P Cl Cr Ni F O
0.01 0.02 0.04 43.41 0.01 0.13 4.16 2.08 0.07 0.03 0.02 0.01 O 50.02

smdklrand 0.03 1.21 2.08 45.16 0.11 0.03 8.65 0.61 0.12 0.01 0.12 0.04 O 20.39
0.03 1.82 3.01 32.93 0.09 0.02 8.79 1.03 0.21 0.01 0.13 0.03 O 51.90

smchamb 0.03 0.22 0.47 9.01 0.01 0.49 20.74 8.69 0.07 0.02 0.05 0.01 O 17.51
0.03 0.37 0.76 7.43 0.01 0.41 23.85 16.47 0.14 0.03 0.06 0.01 O 50.43

smfeookern 0.03 0.18 0.36 4.84 O 0.28 22.28 10.32 0.05 0.03 0.05 0.00 O 17.79
0.03 0.30 0.58 3.92 O 0.23 25.17 19.22 0.09 0.05 0.06 0.00 O 50.34

smfeoorand 0.09 7.84 12.36 33.62 0.30 0.02 0.30 2.19 0.04 0.01 0.02 0.09 O 32.53
0.06 8.36 12.66 17.32 0.18 0.01 0.21 2.59 0.05 0.01 0.02 0.05 O 58.49

smfeooranddkl 0.01 0.06 0.04 2.13 O 0.37 39.98 0.19 0.01 0.01 0.01 0.01 O 16.92
0.01 0.10 0.07 1.80 O 0.32 47.21 0.36 0.01 0.02 0.02 0.01 O 50.07

smoogruenrand 0.02 3.53 4.90 15.33 0.01 0.07 21.85 1.18 0.02 O 0.00 0.04 O 22.67
0.02 5.05 6.72 10.58 0.01 0.05 21.02 1.87 0.04 O 0.00 0.03 O 54.62

stmauopak1 0.14 1.11 68.8 0.2 0 0.15 0.01 O 0 21.3
0.19 1.51 47.1 0.2 0 0.14 0.02 O 0 50.9

stmauopak2 0.18 1.29 71.4 0.2 0 0.14 0.05 O 0 22.3
0.24 1.68 46.8 0.1 0 0.12 0.08 O 0 51

stmaurhombopak1 0.07 0.85 69.8 0 O 0.24 0 O 0 21.1
0.09 1.15 47.9 0 O 0.23 0 O 0 50.6

stmaurhombopak2 0.18 0.58 73.4 0.1 O 0.08 O 0.01 0 21.9
0.24 0.76 48.4 0.1 O 0.07 O 0.01 0 50.5

stmauooinclu 0.35 2.37 53 O 0 0.63 0.19 0.01 0.2 18.6
0.59 3.77 42.4 O 0 0.71 0.35 0.01 0.2 52

stmauookernqz 0.03 46.6 0.09 0 0 0.05 0.01 O O 53.2
0.02 33.3 0.03 0 0 0.02 0.01 O O 66.6

stmauoorinde 0.08 0.11 1.24 O 0.1 39.6 0.36 O 0 16.6
0.14 0.19 1.07 O 0.1 47.6 0.72 O 0 50.1

stmauopakneboo1 0.19 1.11 71.3 0 0 0.09 0 0.02 0 21.9
0.26 1.46 47.3 0 0 0.08 0.01 0.02 0 50.8

stmaugruen 6.07 12.7 34.8 0.1 O 0.07 1.59 0.02 0 31
6.8 13.7 18.9 0 O 0.05 1.98 0.02 0 58.6

stmaugrue2 3.17 5.15 13.1 0 O 0.19 0.87 0 14 16.2
5.94 9.27 11.9 0 O 0.24 1.81 0 20 51.2

stmaugruen3 6.97 12.6 34.9 0 O 0.07 1.77 O 0 31.7
7.62 13.2 18.4 0 O 0.05 2.15 O 0 58.5
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