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Abstract

A Middle to Upper Jurassic succession of submarine hardgrounds overlain by nodular limestones is exposed in the Jura
mountains and in the Helvetic of the Swiss Alps. These sediments were accumulated along the northern shelf of the east–west
trending Tethys seaway. Submarine hardgrounds and nodular limestones were also formed on the Briançonnais High, today
outcropping in the middle Penninic nappe pile of the Alps. Hardgrounds record strong and persistent current activity along the
northern Tethys shelf and on the Briançonnais High during the Callovian and Early Oxfordian. The transition from hardgrounds to
nodular limestones corresponds to a major reorganization of Tethys oceanography. The change occurred in Plicatilis ammonite
Zone (Middle Oxfordian). Carbon isotope stratigraphy, calibrated against an ammonite-dated reference section in the French
Subalpine Basin, serves as a correlation tool between ammonite-dated sections and successions with poor biostratigraphic
resolution. Correlation demonstrates that the end of hardground formation was synchronous over wide parts of the northern Tethys.
The change in shelf sedimentation coincides with a positive carbon isotope excursion with an amplitude of 1.5‰. The change in C-
isotope stratigraphy indicates that observed reorganization of current patterns along the northern Tethys shelf was coupled with
global change in oceanography and climate. We propose that the change in northern Tethys sedimentation was caused by opening
of new seaways at a time of progressive collapse of Pangaea.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Middle to Late Jurassic sediments presently outcrop-
ping in the Jura mountains and in the Helvetic and
Penninic nappe pile of the Alps provide an archive of
significant changes in oceanography and climate (Sandy,
1991; Norris and Hallam, 1995; Jenkyns, 1996; Pellenard
et al., 1999; Abbink et al., 2001; Dromart et al., 2003a,b).
Submarine hardgrounds formed during the Callovian and

Early Oxfordian over wide areas of the northern Tethys
shelf and on the Briançonnais High (Furrer, 1979; Norris
and Hallam, 1995; Collin et al., 2005). Low sediment
accumulation rates on outer-shelf to upper slope environ-
ments coincided with the deposition of organic-carbon
enriched hemipelagic marlstones in basins along the
northern Tethys and with radiolarites in deep pelagic
settings (Baumgartner, 1987; Tribovillard, 1988; Norris
and Hallam, 1995; Dromart et al., 2003a). A change in the
sedimentation pattern occurred in the Middle Oxfordian.
Carbonate sedimentation became dominant over wide
parts of the northern Tethys, with the development of new

Palaeogeography, Palaeoclimatology, Palaeoecology 251 (2007) 527–546
www.elsevier.com/locate/palaeo

⁎ Corresponding author. Fax: +41 446321075.
E-mail address: pauline.rais@alumni.ethz.ch (P. Rais).

0031-0182/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.palaeo.2007.05.008



Aut
ho

r's
   

pe
rs

on
al

   
co

py
Fig. 1. Position of the sections on palaeogeographic and tectonic maps. 1: Weiach; 2: Auenstein; 3: Nissibach; 4: Gantrisch; 5: Subalpine Basin. World map of the Late Jurassic, modified after Scotese
(2001). Western Tethys map of the Oxfordian, compiled and modified after Stampfli and Borel (2002) (for tectonic and continent position), Ziegler (1988) and Thierry et al. (2000a,b) (for depositional
environments).
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reef sites and the expansion of calcareous nannofossils
(Bartolini et al., 1996; Leinfelder et al., 2002; Cecca et al.,
2005).

The observed change in Tethys sedimentation occurred
at a time of progressive fragmentation of Pangaea (Der-
court et al., 1994). New oceanic gateways were formed
with, in particular, the opening of the Hispanic Corridor,
connecting the Pacific to the western Tethys Ocean
(Ziegler, 1988; Scotese, 2001). Ocean floor spreading
rates were especially high during the Callovian and the
Oxfordian (Jones et al., 1994; Corbin et al., 2000; Cogne
and Humler, 2004).

The Callovian–Oxfordian is also marked by a
significant temperature increase which is well documen-
ted at high latitudes (Riboulleau et al., 1998). Oxygen
isotope composition of belemnites from the Russian
platform, sporomorph data from the North Sea (Abbink
et al., 2001) and the migration of Tethyan ammonites to
higher latitudes (Enay, 1980) all provide evidence for
substantial warming during the Oxfordian. The temper-
ature increase was accompanied by an extension of the
arid climate belt in the northern hemisphere documented
by studies on palynology and clay mineralogy, and by the
distribution of evaporites and coal (Hallam, 1985; Rioult
et al., 1991; Abbink et al., 2001; Hautevelle, 2005).

For this study we traced the Callovian–Oxfordian evo-
lution of the TethysOcean in sedimentary archives from the
northern Tethys. The northern Tethyan margin is an appro-
priate area to investigate palaeoceanographic changes, as it
is situated along a sensible west–east trending seaway
connecting the opening Atlantic Ocean with the eastern
Tethys. Biostratigraphy and carbon-isotope stratigraphy
were used as a correlation tool to establish a chronology of
oceanic changes in the northwestern Tethys. We propose
that observed changes in Tethys sedimentation were trig-
gered by a reorganization of Tethys–Atlantic oceanogra-
phy triggered by the opening and deepening of the
Hispanic corridor (Dercourt et al., 1994).

2. Study sites

In this study we investigated four sections situated in
Switzerland. The section “Weiach”, a drill hole section,
is situated north of Zurich. The Auenstein section is
located in the Jura mountains of Northern Switzerland.
The Nissibach section in northeastern Switzerland
geologically belongs to the Helvetic nappe pile. The
middle Penninic Gantrisch section is located in the
Prealps in western Switzerland (Fig. 1). The studied
sediments were deposited on the northern continental
shelf of the Alpine Tethys at palaeolatitudes of
approximately 35°N (Smith et al., 1994; Stampfli and

Borel, 2002) (Fig. 1). The chosen localities provide a
good overall picture of the depositional environment
prevailing along the northern Tethyan shelf during the
Callovian–Oxfordian.

2.1. Weiach

TheWeiach section (Fig. 2) is from a borehole situated
near the village of Glattfelden that was drilled in 1983 by
the NAGRA (Swiss National Cooperative for the Storage
of Radioactive Waste). The Middle–Upper Jurassic
sediments were formed in a shelf-trough of up to a few
hundred meters depth influenced by detrital input
(Allenbach, 2001). The sediments consist predominantly
of limestone and claystone, and contain some detrital
quartz (Matter et al., 1988). The fauna is mainly pelagic,
dominated by cephalopods and thin-shelled bivalves.
Biostratigraphic control was obtained by lithological
correlation with biostratigraphically dated sections and by
the ammonites found within the core (Matter et al., 1988).
The Middle Callovian is not represented in the core,
reflecting a stratigraphic gap. The Upper Callovian
Anceps–Athleta Beds consist of a 1.6 m-thick unit
characterized by the presence of incrusted ammonites and
belemnites and the abundance of polynucleus iron ooids.
The Anceps–Athleta Beds are overlain by 70 cm of
Lower Oxfordian glauconitic marls followed by the
Birmensdorf Member. We identified the Birmensdorf
Member as a 2.8 m thick bed that consists of marlstones
with small carbonate lenses and bioclasts. The studied part
of the core ends within the lower part of the Effinger
Member, a limestone–marl alternation containing belem-
nites and ammonites.

2.2. Auenstein

The section is exposed in a quarry near the village of
Auenstein (Aargau) (Fig. 3). The sediments were
deposited on a open-marine shelf, at an estimated
depth of approximately 100 m (Gygi and Persoz, 1986).
The large amount of bioclasts and the detrital quartz
testify the proximity of a platform and of emerged land
(Allenbach, 2001). Ammonite stratigraphy indicates
very low sedimentation rates and only intermittent
sedimentation from the Middle Bathonian to the Late
Callovian (Gygi and Marchand, 1982). The Early
Oxfordian is represented by the 50 cm-thick Schellen-
brücke Bed, which consists of an iron-impregnated
limestone bed containing iron ooids and numerous
fossils, and topped by a hardground (Gygi and Persoz,
1986). More than 80% of the fauna consists of
cephalopods, other fossils consisting of echinoderms,
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Fig. 2. Lithology, stratigraphy and carbon and oxygen stable isotopes of the Weiach section. Biostratigraphy based on Matter et al. (1988).
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bryozoans, bivalves, sponges and serpulids. The top of
the bed is covered by a stromatolitic crust. Thin-bedded
micritic limestones and marlstones of the overlying
Birmensdorf Member contain micritic limestone
nodules, algae, sponges and pelagic fauna (mainly
ammonites). The first 50 cm of this Member are rich in
fossil shells and glauconitic pebbles. The Effinger
Member with its thin-bedded succession of alternating
marlstones and limestones is similar to the Effinger

Member in Weiach. According to Gygi (1986), the
boundary between the Birmensdorf and Effinger
Members corresponds to the transition from the
Transversarium to the Plicatilis ammonite Zone. The
correlation between the regional biostratigraphy (Gygi
and Persoz, 1986; Gygi, 2000) and the usual Tethyan
zonation was established by Louis-Schmid et al. (2007),
by using carbon-isotope stratigraphy. In this paper, all
ammonite zones refer to the Tethyan zonation.

Fig. 3. Lithology, stratigraphy and carbon and oxygen stable isotopes of the Auenstein section. Biostratigraphy based on Gygi (2000). The isotopic
curve is a compilation of Padden et al. (2002) and our own measurements.
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2.3. Nissibach

Nissibach is located in the Helvetic tectonic unit near
Walenstadt. This section is composed of sediments accu-
mulated along a more distal part of the northern Tethyan
shelf (Fig. 4). The studied succession starts with a 100 cm-
thick bed described as Blegi–Oolith, which consist of a
limestone rich in iron ooids and fossils, and covered by a

hardground (Dollfus, 1961; Kugler, 1987; Burkhalter,
1995). The overlying lithology, the Schilt Limestone, is a
micritic nodular limestone containing planktonic forami-
nifera, ammonites and belemnites. The end of the Blegi–
Oolith is dated as Early Callovian, and the onset of the
Schilt Limestone as Middle Oxfordian (Transversarium
Zone). The sedimentation gap between the two formations
covers several ammonite zones (Dollfus, 1961; Kugler,

Fig. 4. Lithology, stratigraphy and carbon and oxygen stable isotopes of the Nissibach section. Biostratigraphy based on Kugler (1987). The isotopic
curve is a compilation of Padden et al. (2002) and our own measurements.
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1987). The last part of the Oxfordian is represented by the
dark-grey Schilt Marls, followed by the Mürtschen
Member, a well-bedded grey limestone.

2.4. Gantrisch

The Gantrisch section (Fig. 5) is located in theMiddle
Penninic “Prealpes Medianes” tectonic unit. Palaeogeo-
graphically this area was part of the Briançonnais, a
submarine high located southeast of the Iberian micro-

plate during the Jurassic. Based on the description of
Furrer (1979), Homewood and Winkler (1977), and
Winkler (1977), we have divided the Gantrisch section in
three parts: the Formation Calcaréo-argileuse, the
Knollenkalk and the Malmkalk. The Formation Cal-
caréo-argileuse is a monotonous marl with thin-shelled
bivalves and scarce echinoderm debris. The Knollenkalk
is a micritic nodular limestone that contains planktonic
foraminifera, calcispheres and thin-shelled bivalves.
Furrer (1979) defined the Knollenkalk as Middle

Fig. 5. Lithology, stratigraphy and carbon and oxygen stable isotopes of the Gantrisch section. Biostratigraphy based on Furrer (1979).
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Oxfordian in age, whereas the remainder of the Upper
Jurassic is represented by theMalmkalk, a thick succession
of white micritic limestones.

3. Materials and methods

Sediment description is based on field observation
combined with thin section analyses. Further investiga-
tions were done by cathodoluminescence microscopy.
Samples for carbon isotope analysis were taken at
intervals ranging from 5 cm in the hardgrounds to 50 cm
in the non-condensed parts. Powders were produced by
using a micro-drill to avoid crack fillings, fossils or
irregularities especially in hardgrounds. In nodular
limestones, samples were obtained from the nodules
rather than from the matrix, because they are less
diagenetically altered (for more details, see below).

The oxygen and carbon isotope composition of bulk-
rock was analyzed with a VG-Prism mass spectrometer
fitted with an automated Isocarb common acid bath
preparation system. The mass spectrometer was cali-
brated with NBS 19, NBS18 and NBS20. The isotopic
compositions are reported in the conventional delta-
notation with respect to VPDB. Analytical reproduc-
ibility is better than ±0.1‰ for both carbon and oxygen.

Inorganic carbon and total carbon contents were
measured on a UIC CM5012 Coulometer. Organic
carbon contents were calculated by difference. Organic
and inorganic carbon contents are expressed in weight
percent carbonate. Analytical precision is ±0.1 wt.% for
carbonate carbon and ±0.3 wt.% for organic carbon.

4. Lithological and geochemical characteristics of
Callovian and Oxfordian sediments

4.1. The “Anceps–Athleta Bed”, the “Schellenbrücke
bed”, and the “Blegi–Oolith”

The Callovian and the Lower Oxfordian in Weiach,
Auenstein and Nissibach are characterized by intermit-
tent sedimentation and long sedimentary gaps (Dollfus,
1961; Gygi and Persoz, 1986; Kugler, 1987; Matter
et al., 1988). The sediments deposited during this period
show a variety of unusual sedimentologic features
related to low accumulation rates and characteristic of
hardgrounds and condensed sediments (Gygi, 1981;
Gehring, 1986; Kugler, 1987; Burkhalter, 1995), such as
thorough bioturbation, reworked intraclasts, concentra-
tion of fossils, encrusting organisms, enrichment with
glauconite and iron mineralization.

In Weiach, the “Anceps–Athleta Bed” is a 1.6 m
thick alternation of dark grey marls and grey limestones.

The limestone beds are 5 to 20 cm thick and consist of a
bioturbated wackestone to packstone, with around
70 wt.% carbonate. The dark grey marls have the
same range of bed thickness. Their carbonate content is
around 20 wt.%, and the organic carbon content is up to
0.7 wt.%. The extraclasts embedded in the carbonate
matrix consist mainly of iron ooids and pelagic fossils,
which are irregularly distributed in a micritic matrix.
The iron ooids are abundant and are generally composed
of a nucleus of quartz, bioclast or a broken-piece of iron-
ooid, surrounded by circular layers, which mainly
consist of chamosite (Matter et al., 1988) (Fig. 6A).
Their diameter is usually around 0.5 mm, but can reach
up to 1.5 mm, especially when the center consists of an
assemblage of several smaller ooids. Macrofossils
consist exclusively of ammonites and belemnites.
They are occasionally covered by a limonitic crust or
have microboring features. Belemnites are sometimes
enriched in pockets. In the Weiach core, a cluster of
eight belemnites was found (Fig. 6A). The microfossils
are represented by a few planktonic foraminifera,
calcareous thin-shelled bivalves and echinoderm frag-
ments. Quartz grains, glauconite and cavities filled with
calcite crystals were also observed.

In Auenstein, the “Schellenbrücke bed” is a 50 cm-
thick limestone bed, of red, yellow or green color
(Fig. 6B). It consists of a packstone, rich in bioclasts and
iron ooids. Bioclasts are dominant and iron ooids are
less abundant compared to Weiach. The structure of this
bed is very irregular with intraclasts up to several
centimetres in size. Cavities of up to several centimetres
in diameter, filled with sparry calcite, are distributed
throughout the bed. Iron mineralization crusts up to
2 mm thick have also been observed. The majority of the
macrofauna is pelagic and consists of up to 80%
ammonites and belemnites (Gygi and Persoz, 1986).
Echinoderms, bivalves, bryozoans, sponge fragments
and algae were also observed. The bioclasts and the
lithoclasts are frequently covered by a limonitic crust
and perforated by benthic organisms. Several kinds of
encrusters like serpulids and encrusting foraminifera
have also been identified. In Auenstein, stromatolitic
crusts usually cover the top of the bed (Fig. 6B), and are
also found around the lithoclasts and as erosive horizons
traversing the bed. They consist of a thin-laminated
green layer, which is up to 1 cm-thick. A small amount
(b1%) of detrital quartz has also been observed.

The “Blegi–Oolith” of Nissibach is a 100 cm thick
bed also containing iron ooids. The Blegi–Oolith
consists of a biomicritic limestone with an irregular
distribution of the components in the matrix (mudstone
to packstone), due to the presence of bioturbation and
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intraclasts. The red, yellow or green coloration of the
sediment attests of the presence of iron, which is also
concentrated in glauconitic pebbles, mineralized crusts,
and iron ooids. The distribution of iron ooids is irregular.
In some areas, they represent 90% of the components,
whereas they are scarce in other places. The bioclasts are
less abundant than in Auenstein. Also here, cephalopods
dominate the macrofauna. The remaining fossils include
globigerinoids, echinoderm fragments, sponge spicules,
calcispheres. Stromatolites form thin layers of 1 mm
thickness. They encrust cemented sediment and bio-
clasts. The detrital content is low, quartz grains represent
b1% of the components. Cavities partly or totally filled
with coarse, sparry calcite crystals were observed either
within the sediment or in shells. Their size varies from a
few millimetres to two centimetres.

4.2. Nodular limestones

Above the hardgrounds, a nodular limestone facies of
variable thickness is observed in Auenstein (5 m),

Nissibach (6 m) and Gantrisch (12 m) (Fig. 6D, E, F). It
consists of decimetre- to metre-thick bedded limestones.
Nodules are similar in the three locations, and consist of
a mudstone with pelagic fossils and a few echinoderm
and sponge clasts. The pelagic fauna consists mainly of
planktonic foraminifera (globigerinoids), belemnites
and ammonites. Between the nodules, the matrix is
composed of micritic to microsparitic iron-rich calcite
with few unidentified bioclasts. The carbonate content is
higher in nodules (91% on average) than in the
surrounding sediment (68% on average). The nodule
size, shape and distribution can be heterogeneous
vertically and horizontally. Their diameters vary from
a few millimetres to several centimetres. They are
usually sub-rounded and the boundary with the
surrounding matrix is mostly sharp and often marked
by the presence of stylolites. An ammonite shell is
occasionally delimiting the border of nodules. Some-
times nodules are covered by encrusting organisms,
indicating a subaquatic exposure at the sediment
surface. One sample in Gantrisch shows typical

Fig. 6. Pictures of condensed beds and nodular limestones. A: Condensed bed from Weiach with iron ooids (brown dots). Seven belemnites are
regrouped at the base of this sample. B: The Schellenbrücke Bed from Auenstein. The top of the bed is covered by a green stromatolitic crust.
C: Modern hardground formed by scouring of oceanic currents. Marion Plateau, Australia. D: Nodular limestone from Gantrisch. Stylolites are
commonly found around nodules. E: Nodular Schilt limestone from Nissibach. F: Thin-section of the Gantrisch nodular limestone. In this sample, the
matrix between the micritic nodules consists of a sparitic, shallow-water limestone.
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hemipelagic nodules, surrounded by a sparitic matrix
with shallow-water clasts composed of pellets, miliolids
and aggregate grains.

4.3. Isotopic measurements on hardgrounds and
nodular limestones

Oxygen and carbon isotopes were measured on 44
different components of the hardgrounds from Auen-
stein andWeiach, and another 34 samples were analyzed
on nodular limestones. An example from the Anceps–
Athleta Bed from Weiach and a compilation of the data
on the Gantrisch nodular limestones are shown in Fig. 7.

The analyses of carbonate from the hardgrounds
reveal that, within one sample, the δ13C and δ18O
measured in the micritic matrix are homogeneous,
whereas cavity infills show δ18O values ranging
between −5.4‰ and −7.9‰. Carbon isotope composi-
tions of the micritic matrix range between 0.3‰ and
1.6‰, depending on the sample and its position in the
hardground. The oxygen isotope composition of bulk
rock shows in average less negative values in the
hardgrounds than in the upper part of the section. In
Weiach δ18O values range from − .6‰ to −3.6‰ in the

Anceps–Athleta Bed, and from −2.5‰ to −4.1‰ in the
Birmensdorf and Effinger Members (Fig. 2).

The nodular limestones have similar δ13C and δ18O in
the nodules and in the encasing lithologies (Figs. 3–5).
Only a small difference of δ13C and δ18O between nod-
ules and the surrounding matrix is observed (Fig. 7). The
nodules have a carbon-isotope composition in average
0.2‰ higher than the matrix. For oxygen isotopes, nod-
ules are up to 1.17‰ less negative (0.32‰ in average).

5. Carbon and oxygen isotope stratigraphy

5.1. Carbon and oxygen data from the studied sections

Carbon and oxygen isotope results are presented in
Figs. 2–5 and carbon isotopes are graphically summa-
rized in Fig. 8. In Weiach, Auenstein and Nissibach, the
measured carbon isotope record starts with a sharp
positive shift of more than 1.5‰ (Figs. 2–4). The most
positive values recorded in the sediments situated just
above the hardgrounds fall within a range of 2.8‰ to
3.3‰. The upper part of the carbon isotope curve shows
values between 1‰ and 3‰. The shift to lower values in
the Auenstein and Nissibach sections are discussed by

Fig. 7. Left part: Carbon and oxygen isotope measurements on condensed lithologies. Example of the Anceps–Athleta Bed from Weiach. Right part:
Average values of carbon and oxygen isotopes, and carbonate content from the Gantrisch nodular limestone.

536 P. Rais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 251 (2007) 527–546



Aut
ho

r's
   

pe
rs

on
al

   
co

py

Fig. 8. Correlation of the studied sections and the reference section from the Subalpine Basin (Louis-Schmid et al., 2007). The light-grey zone corresponds to the Plicatilis–Transversarium positive
excursion, the dark-grey zone represent the interval marked by lower values within the positive excursion. 537
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Padden et al. (2001) and Louis-Schmid (2006). In
Gantrisch, the values increase progressively from 2.3‰
in the Formation Calcaréo-argileuse to a maximum of
3.7‰ within the Knollenkalk. The oxygen isotope
values fluctuate between −3‰ and −0.5‰ in the
sediments from the sections Weiach, Auenstein and
Gantrisch ((Figs. 2,3,5)). The section Nissibach shows
more depleted δ18O values, ranging from −6‰ to −4‰
(Fig. 4).

5.2. Reference section for carbon-isotope stratigraphy

We compare the established carbon isotope records
with a high-resolution carbon-isotope curve from
southeastern France (Fig. 8), where an accurate
ammonite stratigraphy was established (Gaillard et al.,
1996; Pellenard, 2003; Gaillard et al., 2004). Here we
only summarize the most important characteristics of
this section, a detailed description can be found in
Louis-Schmid et al. (2007). The isotopic record was
established on a composite section from the eastern part
of the Subalpine Basin. The Callovian–Oxfordian
deposits correspond to the uppermost part of the “Terres
Noires”, a succession of marlstones punctuated by rust-
colored limestone beds (Pellenard et al., 1999). The
rapidly subsiding Subalpine Basin corresponds to a
sedimentary sink with high sedimentation rates. High
sedimentation rates, carbonate contents of more than
40% (Louis-Schmid et al., 2007) and a rich ammonite
fauna make it a good reference section for carbon-
isotope stratigraphy.

Most remarkable in the carbon-isotope record from
the composite Subalpine Basin section is a positive δ13C
excursion culminating at 3.1‰ in the Transversarium
ammonite Zone (Louis-Schmid et al., 2007). A short
excursion towards values near 1‰ marks the end of the
positive carbon isotope anomaly. The upper part of the
carbon isotope curve shows a decreasing trend of the
values from 2.5‰ to 2‰.

6. Discussion

6.1. The Callovian–Oxfordian sedimentation

The Callovian and the early part of the Oxfordian
was a time of intermittent sedimentation and erosion,
which resulted in the formation of hardgrounds. These
hardgrounds, which consist of a few tenths centimetres
of sediments in the studied sections, are the only
archives of a period estimated at about six million years
(Gradstein et al., 2004). Sedimentological, geochemical
and palaeontological evidences indicate that these hard-

grounds are of a submarine origin and were formed in an
outer-shelf to upper slope environment. The presence of
encrusting organisms, iron impregnations and minerali-
zation of iron crusts confirm that they were exposed for a
long period at the sea floor surface.

The processes which might trigger the formation of
hardgrounds include: (1) extreme dissolution of carbo-
nates at the sea floor (Garrison and Fischer, 1969;
Schlager, 1974), (2) low sediment input from platforms
and emerged lands (Schlager, 1989; Dromart, 1992), (3)
scouring of the sea floor by bottom currents (Fuersich,
1979). A strong dissolution can be excluded for the
following reasons: First, the fossils observed are well
preserved, even thin-shelled fossils and they do not
present evidence for strong dissolution. Moreover, the
bathymetry was too shallow to fall below the aragonite
or calcite compensation depth. Auenstein sediments
were accumulated at an estimated depth of 100 m below
sea level (Gygi and Persoz, 1986).

Rapid sea-level variations can result in a decrease of
sediment input to the deposition area, by emergence or
drowning of the sediment source region, or by local
changes in sediment distribution patterns. However, the
duration of the Callovian–Oxfordian condensation
event, lasting for about six million years (Gradstein
et al., 2004), is too long to be explained only by sea-
level variations. Furthermore, the presence of bioclasts
and quartz grains in the hardgrounds indicates that there
was at least intermittent sediment supply to the seafloor.

The last hypothesis to be tested is that strong oceanic
currents were sweeping the seafloor of the northern
Tethyan margin and were removing the particles from
the exposed area. This model is more realistic
considering the time involved in the condensation
event, as oceanic currents can be active for several
millions of years. Moreover, the general distribution
pattern of sediments is also concordant: the particles
were winnowed from the area exposed to currents, i.e.
the upper slope and the shelf, whereas deeper basins
collected the particles. This explains the high accumu-
lation rates of the Subalpine Basin. Three sedimento-
logical features suggest an important current activity: a)
reworked hardground fragments redeposited as intra-
clasts, b) the presence of rounded iron ooids (Burkhalter,
1995) and c) fossils, which were transported and
accumulated at the same place.

In order to confirm this hypothesis, we compared the
Oxfordian hardgrounds with modern hardgrounds
forming under comparable conditions. The Marion
Plateau offshore NE Australia (ODP leg 194), and the
Great Australian Bight “shaved shelf” (James et al.,
2001) are two examples of recent hardgrounds forming
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under strong oceanic currents in a rather shallow car-
bonatic environment. In the southern Marion Plateau,
the elevated topography combined with strong bottom
currents (up to 2.5 m/s) prevents sedimentation of
particles. Hardgrounds were formed since the Late
Miocene/Early Pliocene (Isern et al., 2001). Pieces of
the submarine hardground, situated at 117 m and 300 m
water depth, were recovered by dredging (Fig. 6C). The
hardground dredged from the Marion Plateau is a 3 cm-
thick crust, which shows features similar to the Jurassic
hardgrounds. First, iron imparts the same yellowish and
reddish colors to the sediment. The bed consists of
biomicritic carbonate clasts covered by a laminated
crust, very similar to the stromatolites of Auenstein and
Nissibach. The crust is extensively colonized by
serpulids, bryozoans and solitary corals. The carbonate
clasts contain abundant planktonic foraminifera and
bioclasts from bryozoans, mollusks and corals (Heck
et al., in preparation). The hardground contains many
cavities very similar to the ones of the Jurassic hard-
grounds, except that they have no diagenetic infill. The
time involved is also comparable, with lacking of
sedimentation during 5 Myr.

James et al. (2001) investigated sedimentation
patterns along the Great Australian Bight. They
identified widespread palimpsest deposits and reduced
carbonate sedimentation due to the strong and complex
influence of oceanic currents along the shelf-edge. The
resulting palimpsest sediments are also similar to the
Jurassic hardgrounds, with calcareous relict intraclasts
and biofragments. The intraclasts are enriched in iron
(goethite and chamosite). The hard substrates are
colonized by encrusting fauna, mollusks, sponges, and
bryozoans, but the sediment generated there is swept
away by strong currents. The sediment repartition
pattern is distinctive on different sectors of the shelf,
with areas protected from currents where sediment
accumulates, and exposed areas where the particles are
winnowed. The Great Australian Bight can be taken as a
modern analogue of the northern Tethyan margin during
the Oxfordian. The sections of Weiach, Auenstein and
Nissibach correspond to the exposed areas and therefore
recorded a hardground and Gantrisch would correspond
to a local basinal area protected from the current effect,
where sediment could settle.

6.2. Nodular limestones

Several models have been developed to explain the
formation of the nodular fabrics (see Fluegel, 2004 for a
recent review). The only common condition thought to
lead to nodular fabric is a low sedimentation rate. Based

on an investigation of modern intraclasts formation on
the Bahamas, Mullins et al. (1980) suggest that the
nodular limestones are formed under fluctuating oceanic
current activity. The current, in a first stage, supplies the
necessary ions for the early cementation of the carbonate
ooze by creating a flux of water moving through the
sediment. After that, intraclasts are formed and
reworked by a combination of bioturbation and current
action, which creates the nodular fabric. This model is in
agreement with our own observations: the numerous
ammonites indicate a slightly condensed episode,
nodules were obviously reworked and are sometimes
covered by encrusting organisms, which shows that they
were exposed at the seafloor. However, another process
has to be added to this model to explain the angular
shape of some intraclasts and the sample from
Gantrisch, which is composed of pelagic nodules
surrounded by a shallow water matrix (Fig. 6D,E,F).
We propose that, in addition to the early cementation of
carbonate ooze by the action of currents and bioturba-
tion, there was a remobilization of the intraclasts and a
regular sediment transport from a carbonate platform to
deeper settings. This model explains the variable shape
of the intraclasts, depending on their degree of
cementation before the remobilization, but also the
coarser grained matrix surrounding the nodules. Similar
resedimentation processes have been observed on the
Little Bahama Bank (Lantzsch et al., 2005). The
structure of the redeposited sediment is comparable to
the nodular limestones with cemented fine-mud pebbles
surrounded by a coarser matrix.

6.3. Carbon isotope stratigraphy

Previous biostratigraphic work on the studied sec-
tions indicated a Middle Oxfordian age for the first
sediments overlying the hardgrounds. According to Gygi
(2000) in Auenstein and Kugler (1987) in Nissibach, the
nodular limestones are part of the Transversarium
ammonite Zone. Likewise the nodular limestones of
the Gantrisch section are dated as middle Oxfordian by
Furrer (1979). To improve the accuracy of the correlation
between the different sections, we used carbon isotope
stratigraphy in addition to biostratigraphy.

Before discussing the use of the carbon isotopes for
stratigraphy, we have to exclude an influence of diagen-
esis on the measured samples. In Weiach, Auenstein and
Gantrisch, δ18O values (Figs. 2,3,5) indicate a moderate
diagenetic overprint. Therefore, oxygen isotopes cannot be
used as a palaeotemperature proxy. The section Nissibach
shows more negative δ18O values (Fig. 4) due to the
tectonic position of the section, which suffered a strong
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burial diagenesis during the formation of the Alps. The
carbon-isotope composition, which is less sensible to
high burial temperature than oxygen-isotopes, did not
suffer a strong diagenetic overprint and preserved the
original trend, even in Nissibach (Padden et al., 2002).
Moreover, we consider that a strong diagenetic
influence on the studied sections can be excluded for
the following reasons: a) microfossils are well pre-
served and show no evidence for recrystallization. b) a
covariance between the carbon and the oxygen isotope
records is lacking (Figs. 2–5). c) the carbon isotope
records show an excellent correlation across deposi-
tional environments and lithologies (Figs. 2–5). The
robustness of the δ13C signal is supported by the
overlapping curves of the five different sections. The
Gantrisch carbon-isotope record proves that the isoto-
pic signal is clearly not linked to lithological changes.
There, the positive excursion starts one metre below a
lithological boundary and the curve does not mirror the
transition from marls to nodular limestones.

Seafloor cementation and early diagenesis can
influence oxygen and carbon isotope signals (see
Mutti and Bernoulli, 2003 for a recent review). Oxygen
isotopes measured on the studied hardgrounds could
reflect the effect of a seafloor cementation, which
produce isotopically heavier cement due to cooler
bottom water temperatures (Mutti and Bernoulli,
2003). The δ13C is generally less affected by seafloor
cementation than δ18O (Marshall and Ashton, 1980;
Aghib et al., 1991). Isotopic measurements performed
on cavity infills indicate a late-diagenetic alteration
(Fig. 7) (Mettraux et al., 1989). Therefore, only the
measurements on the micritic matrix reflect an original
marine carbon isotope signal (Cecca et al., 2001). In
conclusion, the isotopic values measured on the hard-
grounds should be taken with some caution, and
therefore, in this study, the age of the hardgrounds is
based on ammonite stratigraphy. The specific analyses
performed on nodular limestones reveal that carbon and
oxygen isotope results were not influenced by seafloor
cementation. The very small difference of δ13C and
δ18O between the nodules and the surrounding matrix
(Fig. 7) is probably due to the difference in carbonate
content between the nodules and the matrix (Fig. 7). The
lower carbonate content of the matrix makes it more
sensible to diagenetic overprinting. Therefore, we
always used nodule samples for the construction of the
carbon isotope curve.

The mid-Oxfordian positive δ13C excursion, already
documented by Jenkyns (1996) and Weissert and Mohr
(1996), could be reproduced in all the studied sections.
The large amplitude shift of the carbon-isotope curve

enables a good correlation with the composite Subalpine
Basin section (Fig. 8). The high frequency variations of
the δ13C record and their reproducibility allowed us to
identify an interval marked by lower values within the
positive excursion and to use this interval for correlation
(dark-grey zone, Fig. 8). Based on the correlation with
the biostratigraphically dated C-isotope curve of the
Subalpine Basin we can demonstrate that post-hard-
ground sedimentation started towards the end of the
Plicatilis ammonite zone and that the change in
sedimentation is synchronous in the four studied
sections.

6.4. Sedimentation and current history of the northern
Tethyan margin

The sedimentary sequence described above shows
that strong shelf currents were active along the northern
Tethyan margin creating hardgrounds similar to the ones
forming today on the Marion Plateau or along the Great
Australian Bight “shaved shelf”. Hardgrounds were
formed on the exposed seafloor, whereas deeper basins
or protected areas collected sediment particles win-
nowed by currents. We interpret the nodular limestones
immediately following the hardgrounds as an expres-
sion of a last pulse of oceanic current activity marked by
decreasing intensity. This phase is followed by the
deposition of marls and carbonate ooze, which mark the
onset of the significant accumulation of carbonates in
Late Jurassic oceans.

By combining bio- and chemostratigraphy, we were
able to reconstruct an accurate time frame of the
depositional events (Figs. 8 and 9). Three different
depositional histories can be identified from the sec-
tions: a) a continuous sedimentation in deep protected
areas in the Subalpine Basin, b) a strong sediment-
starved phase on the sections exposed to currents
(Weiach, Auenstein, Nissibach) and c) for Gantrisch
an intermediate evolution.

The Subalpine Basin was protected from currents by
its morphology and its depth. The deposition was
continuous from Late Callovian to Middle Oxfordian,
there is no sedimentary or chemostratigraphic evidence
for hiatuses or current activity. On the contrary, the high
accumulation rates for this period (Louis-Schmid et al.,
2007) indicate that the Subalpine Basin acted as a
sedimentary sink.

In the three sections of Weiach, Auenstein and
Nissibach, hardgrounds were formed during the Callo-
vian and Early Oxfordian. The onset of the current
activity is provided by the age of the underlying
lithologies, dated as Middle Bathonian to Lower
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Callovian (Gygi and Persoz, 1986; Kugler, 1987; Matter
et al., 1988). Shelf current intensity started to weaken at
the end of the Plicatilis Zone and stopped within the
Transversarium Zone. Our detailed carbon isotope
stratigraphy allows to determine that this transition is
synchronous in the three sections, although they are
situated at different depositional sites. In Auenstein and
Nissibach, the deposition of nodular limestones can be
considered as a signature of decreasing current activity.
In Weiach, the deposition of fine marls and limestones
directly above the hardgrounds indicates that after the
Plicatilis Zone, currents were also less effective at a
greater palaeodepths.

C-isotope data indicate that the sediments of the
studied Gantrisch section were accumulated in a local
basinal setting on the northwestern Tethyan Briançon-
nais high, where deposition was apparently continuous
until the Plicatilis Zone. The fine-grained marls from the
Formation Calcaréo-argileuse were deposited in a low
energy zone. However, this section is not necessarily
representative for the whole Briançonnais High. Furrer
(1979) reported other locations from the same area
recording a hiatus and/or hardgrounds during that time.
Therefore, Gantrisch was probably an area protected
from the currents by a submarine topographic high.
Nevertheless, this section records the nodular limestone

unit, which indicates that a moderate current activity
was forming nodules which later were redeposited an
accumulated in the Gantrisch basin (Winkler, 1977).
The onset of the nodular limestone deposition was
synchronous with Auenstein and Nissibach.

6.5. Global evolution of oceanography and climate
during the Callovian and the Oxfordian

The weakening of shelf current intensity along the
northern Tethyan margin is only one of the changes,
which occurred during the Middle Oxfordian. A variety
of other climate and oceanography proxies indicate that
the Oxfordian marks a turning point in Mesozoic
palaeoceanography. Evidence for strong currents during
the Callovian–Middle Oxfordian is not restricted to the
alpine region. Similar sediments have been reported
from several other geographical provinces all over the
world: Tunisia (Cordey et al., 2005), Pakistan (Fatmi,
1972), India (Fuersich et al., 1992), Madagascar
(Besairie and Collignon, 1971), Argentina (Legarreta,
1991).

Middle and Upper Jurassic radiolarites formed in
pelagic settings of the western Tethys are interpreted as
indicators of intense equatorial upwelling (Cottereau
and Lautenschlager, 1994; Bombardiere and Gorin,

Fig. 9. Lithostratigraphical correlation. This figure is not to scale.
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2000). Palaeontological evidence suggests that the
transition from radiolarites to radiolarian limestones
occurred during the Middle Oxfordian (Baumgartner,
1987), which suggests that weakening of equatorial
upwelling coincided with waning of shelf currents.

Sea-level variations during this period are still
debated. Some authors deduce a global transgression
(Legarreta, 1991; Norris and Hallam, 1995), where
others see an extreme regression (Dromart et al., 2003b).
The Haq curve shows gentle second order variations
within a first order transgressive trend (Fig. 10).

The time of widespread hardground formation
coincided with cold global temperatures (Riboulleau
et al., 1998; Abbink et al., 2001; Lécuyer et al., 2003). A
stepwise warming starting in the Middle Oxfordian is
documented by oxygen isotopes on belemnites from the
Russian Platform (Fig. 10) and on fish teeth from the
northern Tethys (Riboulleau et al., 1998; Wierzbowski,

2002; Lécuyer et al., 2003; Wierzbowski, 2004).
Temperature change is also suggested by the migration
of boreal ammonites to higher latitudes (Enay, 1980)
and by palynological investigation in the southern North
Sea (Abbink et al., 2001). The temperature increase was
accompanied by an extension of the arid climate belt in
the northern hemisphere, documented by evaporites and
coal distribution (Hallam, 1985; Parrish, 1993), and by
studies on palynology and clay mineralogy (Rioult et al.,
1991; Abbink et al., 2001; Hautevelle, 2005).

The Middle Oxfordian climate warming associated
with a general sea-level rise was favorable for the
development of carbonate producing organisms (Lein-
felder et al., 2002). First, on platforms, with the
explosion of the number of reef sites and the diversity
of reef builders (Fluegel, 2004) but also in pelagic
environments with the expansion of calcareous nanno-
fossils (Bartolini et al., 1996).

Fig. 10. Comparison of the measured C-isotopes and the currents activity with temperature, sea-level variations and carbonate accumulation rates.
δ13C (dotted line) and carbonate accumulation rates after Dromart et al. (2003a). Temperatures compiled by Dromart et al. (2003a) from data by
Riboulleau et al. (1998) and Veizer et al. (1999). Sea level curve after Haq et al. (1988).
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6.6. A change in tectonics and oceanography

According to sedimentary and chemical records, the
Oxfordian stage represents a time of major change for
the Mesozoic oceanography. We propose that the
breakup of the Pangaean continent (Ziegler, 1988;
Scotese, 2001; Stampfli and Borel, 2002) may have
caused these changes (Dercourt et al., 1994). The
seafloor spreading activity was exceptionally high
during Late Callovian and Oxfordian (Corbin et al.,
2000; Cogne and Humler, 2004). The strontium-isotope
curve (87Sr/86Sr), which reaches its lowest values of the
Mesozoic in the Oxfordian (McArthur et al., 2001), may
reflect the intense mid-ocean ridge hydrothermal
activity (Jones et al., 1994) and highlights this period
as a turning point in ocean chemistry.

Themodification of small oceanic seawaysmight have
influenced the oceanic circulation pattern during the
Oxfordian, for example in the North Sea region
(Riboulleau et al., 1998; Pellenard et al., 1999; Abbink
et al., 2001), the closure of the Meliata Ocean (Stampfli
and Borel, 2002; Csontos and Voros, 2004), or the
migration of the Bihor–Getic microplate (Csontos and
Voros, 2004). However, the most important change in the
ocean morphology is the deepening of the Hispanic
Corridor separating Laurasia and Gondwana. The first
shallow-water connection between Tethys/Atlantic and
Pacific is dated as Pliensbachian–Toarcian by bivalve
migration (Aberhan, 2001). Through continuous deepen-
ing of the Hispanic Corridor associated with a first order
sea-level rise, a seaway that allowed significant water
mass exchange between the two basins was established
during the Late Jurassic (Riccardi, 1991; Winterer, 1991;
Stille et al., 1996; Hallam, 2001; Hotinski and Toggwei-
ler, 2003). Studies on reef development (Leinfelder et al.,
2002) or brachiopods (Ager and Walley, 1977; Voros,
1993) confirm the establishment of a first true seaway
around the Callovian–Oxfordian boundary.

Climate models reveal that the opening of a low
latitude passage triggered a reorganization of ocean
current pattern with a new existing east–west current
system and the improvement of latitudinal heat
exchange (Winterer, 1991; Hotinski and Toggweiler,
2003), which caused the warming of high-latitude
surface water (Riboulleau et al., 1998; Abbink et al.,
2001). The change in oceanography resulted in the
reduction of moisture transport to these latitudes, and to
the Late Jurassic shift to drier conditions (Abbink et al.,
2001). In other words, the Middle–Late Jurassic change
in oceanography corresponds to at least a partial
breakdown of the previous megamonsoonal climate
system (Parrish, 1993) and the onset of a circumequatorial

ocean circulation, which persisted until the Cenozoic
(Winterer, 1991; Moore et al., 1992; Hotinski and
Toggweiler, 2003). The rifting of Laurasia from
Gondwana removed the principal forcing factor of the
Early Mesozoic megamonsoon, the Pangaean geogra-
phy. The homogenization of the surface temperature,
the establishment of a dry low latitude climate belt
combined with the expansion of new epicontinental seas
offered ideal conditions for the widespread carbonate
deposition in Late Jurassic neritic and deep water
environments.
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