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Abstract The Triassic—Jurassic (T-J) boundary coincides
with one of the five biggest mass extinctions in the
Phanerozoic. This event has been extensively studied in the
eastern and central Northern Calcareous Alps (NCA),
where the global stratotype section and point for the base of
the Jurassic is outcropping. We present one of the first
combined bio-, litho- and carbonate carbon isotope strati-
graphic study across the T-J boundary from the western
NCA, focusing on the shallow-water marine carbonate
successions “Loriins” and “Steinernes Meer”. An almost
complete T-J succession with the Upper Triassic Kdssen
Formation, the T-J Schattwald beds and the Lower Jurassic
Loriins oolite is preserved in the Loriins section, whereas a
stratigraphic hiatus at the T-J boundary is observed in the
Steinernes Meer section. The carbonate carbon isotope
record of Loriins shows the characteristic T-J carbon iso-
tope evolution with a short initial negative carbon isotope
excursion (CIE) in the lower Schattwald beds, which is
separated from the following and longer main negative CIE
in the Loriins oolite by a positive excursion in the upper
Schattwald beds. The synchroneity of the initial and main
CIE with the last occurrence of Triassic fauna and the first
appearance of Jurassic ammonites suggests placing the T-J
boundary at the base of the Loriins oolite. The Steinernes
Meer section records only the main negative CIE in the
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Loriins oolite due to emersion and/or no sedimentation
between the Upper Triassic Kossen Formation and the
Lower Jurassic Loriins oolite, caused by regression and
synsedimentary tectonics. This study provides new evi-
dence in support the hypothesis that the latest Rhaetian
decrease and the Hettangian recovery of the carbonate
production coinciding with the initial and main CIE,
respectively, can be interpreted as evidence of acidification
of the Tethys ocean due to elevated atmospheric CO,
concentrations, probably caused by voluminous volcanic
gas emissions.

Keywords Rhaetian—Hettangian - Tethys -
Biocalcification crisis - Emersion - Isotope stratigraphy

1 Introduction

The Triassic—Jurassic (T-J) boundary coincides with one of
the five biggest mass extinctions in the Phanerozoic (Hal-
lam and Goodfellow 1990). An U-Pb age of 201 Ma for
the boundary has been determined by Schaltegger et al.
(2008) and confirmed by Schoene et al. (2010) and Marzoli
et al. (2011). The global stratotype section and point
(GSSP) for the base of the Jurassic has been defined by the
International Subcommission on Jurassic Stratigraphy
(Morton 2008) in the Kuhjoch section in the Karwendel
Mountains (Northern Calcareous Alps, Austria). Many
mechanisms and associated environmental changes have
been suggested and animatedly debated to explain the
cause of such a dramatic marine and terrestrial extinction
(McElwain et al. 1999; Korte and Kozur 2011). Schal-
tegger et al. (2008) demonstrated that large continental
flood basalts of the Central Atlantic Magmatic Province
(CAMP) coincide with the T-J boundary. Their data
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confirm that volcanism may have triggered the climatic and
biotic crisis through voluminous gas emissions (Marzoli
et al. 2004; McRoberts et al. 2012; Hautmann 2012).
Positive feedback mechanisms like methane release from
marine reservoirs could have intensified the potentially
devastating effects of widespread eruptions (Marzoli et al.
2004, and references therein). Changes in environmental
conditions such as an up to fourfold increase of pCO,
(McElwain et al. 1999), an increase in temperature of
4-8 °C (McElwain et al. 1999; Korte and Kozur 2011) and
a sea-level drop (Hallam and Wignall 1999) coincide with
the T-J boundary. Although precise cause and effect
relationships are still debated, the T-J boundary coincides
with a major perturbation of the global carbon cycle
(McElwain et al. 1999; Ruhl et al. 2011). The sudden
addition of massive amounts of isotopically light carbon
into oceans and atmosphere is supported by many car-
bonate and organic carbon isotope records worldwide. It
has been shown in sections from St. Audrie’s Bay (UK)
(Hesselbo et al. 2002), Muller Canyon and Reno Draw
(Nevada, USA) (Guex et al. 2004; Ward et al. 2007) and
Tiefengraben (Kiirschner et al. 2007) and in other sections
from the Eiberg basin (Austria) (Ruhl et al. 2009) that the
T-J boundary is marked by a main negative carbon isotope
excursion (CIE), which is separated from the underlying
short initial CIE by a positive excursion. The T-J boundary
itself is defined by the first occurrence of the Jurassic
ammonite Psiloceras spelae tirolicum (Hillebrandt and
Krystyn 2009) and is positioned in the main CIE. Although
patterns of the carbon isotope record are regionally vari-
able, all of them commonly show one initial negative CIE
(McRoberts et al. 1997; Palfy et al. 2001; Galli et al. 2005;
Williford et al. 2007; Crne et al. 2011). The negative CIE is
used as global correlation marker for the T-J boundary
especially in areas where no biostratigraphically useful
fossils are found (Galli et al. 2005; Hesselbo et al. 2002).
As the GSSP section Kuhjoch in the Eiberg basin and the
section Kendlbachgraben belong to the few continuous
marine T-J successions worldwide, the central and eastern
Northern Calcareous Alps (NCA) are in the spotlight for
extended research across the T-J boundary (McRoberts
et al. 2012). On the contrary, the western NCA are poorly
studied in this respect. The only published geochemical
record was established in a carbonate record from the
quarry of Loriins near Bludenz (McRoberts et al. 1997,
2012). This region shows the marginal facies of the Upper
Triassic Kossen basin with erosional unconformities on top
of the Rhaetian carbonate platform, followed by shallow
water carbonates and hardgrounds deposited on submarine
highs and hemipelagic basinal sediments in the Hettangian.
The complex palaeogeography in the Early Jurassic is a
result of synsedimentary tectonics with formation of horst
and graben separated by listric faults (Furrer 1993;

McRoberts et al. 1997). The exact position of the T-J
boundary in the western NCA was largely debated because
ammonites as the best biostratigraphic markers are rare
(Furrer 1993; McRoberts et al. 1997; Furrer and Ortner
2007). This lack of studies reveals the need and importance
of more extended geochemical studies across the T-J
boundary in the western NCA. The locations Steinernes
Meer (or “Auf der Ganda”) near Lech and the quarry of
Loriins near Bludenz offer good outcrops for detailed
investigations in shallow-water marine carbonate succes-
sions. The goal of the present study is (1) to determine the
T-J boundary in both locations by a combined biostrati-
graphic and carbonate carbon isotope stratigraphic
approach, (2) to test if a proposed drop in sea-level resulted
in a sedimentary gap in the studied sections, and (3) to test
if the peculiar Lower Jurassic oolite facies observed in the
Loriins section can also be identified in the Steinernes Meer
section, and (4) to clarify if the latest Rhaetian decrease
and the Hettangian recovery of the carbonate production
coincides with the initial and main CIE. Based on these two
sections a better tracing of the T—J boundary in the western
NCA will simplify further research. Finally, the section
located in the western (Steinernes Meer and Loriins) and
central (Eiberg basin) NCA are compared for a correlation
with worldwide carbon isotope records across the T-J
boundary.

2 Geological and palaeogeographical setting

The location Steinernes Meer (or “Auf der Ganda”)
(N47°09’55.0"/E10°01'23.0") lies to the west of the village
Lech and to the north of the village Dalaas near the Frei-
burger Hiitte. The quarry of Loriins (N47°08'12.0"/
E9°50'47.0") is located more to the south-west, near Blu-
denz (Fig. 1). Both locations belong to the Lechtal nappe
of the Bajuvaric nappe group, which represents the low-
ermost group and most proximal facies belt of the three
classical Bavaric, Tirolic and Juvavic nappe stack (Mandl
2000). Consequently, the Upper Triassic to Lower Jurassic
sedimentary rocks of the western NCA represent a segment
of the extensive carbonate platform along the southern
passive margin in the northwestern Tethys (e.g. Berra et al.
2010). In Late Triassic (latest Norian and Rhaetian), the
Kossen Formation was deposited above the “Plattenkalk-
Niveau” (an informal unit in the upper part of the Haupt-
dolomite Formation) by prograding siliciclastic sedimen-
tation, caused by a global sea level drop and increased
precipitation, combined with increasing regional subsi-
dence (Ruhl et al. 2009; Berra et al. 2010). The overlying
massive carbonate unit was previously called “Rhito-
liaskalk” (Helmcke 1969; Fabricius et al. 1970; Uchdorf
1984). Furrer (1993) introduced the new informal Member
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Fig. 1 Geographical and geological overview of the studied sections Steinernes Meer and Loriins (Vorarlberg, Austria) (after Helmcke 1974)

“Zirmenkopf limestone” in the uppermost part of the
Kossen Formation (Rhaetian), the transitional “Schattwald
beds” with the supposed T-J boundary and the Hettangian
“Loriins oolite”. This succession records the Late Triassic
regression and Early Jurassic transgression cycle, whereas
the Schattwald beds contain a sequence boundary in
between (Hallam 1997; McRoberts et al. 1997). The former
“Unterlias-Rotkalk™ is an equivalent of the Lower Jurassic
Adnet Formation and reflects a deeper and more condensed
interval of sedimentation comparable with the Rosso
Ammonitico of the Southern Alps (e.g. Kindle 1991). The
typical Adnet limestone is of Sinemurian age, but locally
starts in Late Hettangian and ends in Early Pliensbachian
(Jacobshagen 1965; Tollmann 1976; Furrer 1993). Finally,
the Allgdu Formation on top of the succession is dominated
by hemipelagic deposits, which are of Sinemurian to
Pliensbachian age (Bertle et al. 1979; Kindle 1991).

3 Methods

About 300 bulk rock carbonate samples were analysed with
a gas chromatograph linked to a continuous flow mass
spectrometer in the stable isotope laboratory at the Geo-
logical Institute at ETH Ziirich. In a first step, all rock
samples were cut to have a clean surface. In a second step,
they were drilled with a diamond coated micro-drill to
obtain fine powder. Between 120-150 pg of each powder
sample was weighted into long vials and further flushed
with Helium. In a last step, the long vials were put in the
gas chromatograph continuous flow mass spectrometer

(MAT 253Thermo-Fischer Finnigan). Carrara marble
(MS2) was used as in-house standard. The results are
reported in the conventional notation, defined as per mil
(%0) deviation relative to the Vienna Pee Dee Belemnite
(VPDB) standard, with machine accuracy in 8'°C and §'%0
of better than 0.1 %o. Scanning Electron Microscope
(SEM) investigations were carried out with a Zeiss supra
50 VP equipped with an EDAX energy dispersive X-ray
spectrometer. The analyses were performed on 5 nm thick
platinum or gold-paladium coated thin sections, as well as
on unpolished fragments of samples, with a working dis-
tance of 7.8-14.4 mm and an accelerating voltage of
10-15 kV. The X-ray powder diffractometer (XRD) was
equipped with a Lynxeye superspeed detector at the Geo-
logical Institute at ETH Ziirich and was performed on two
samples. The fine powder of each sample was spread on
small plates and fixed with ethanol. The samples were
analyzed between 5° and 90°. The relative amount of
dolomite and calcite in the carbonate was identified by
comparing the XRD spectrum of the measured sample with
known internal standards. The accuracy for the calculated
relative amounts of the different components in the sam-
ples is better than 10 %.

4 Results

The bio-, litho- and carbonate carbon isotope stratigraphy
of the Steinernes Meer and Loriins sections are summa-
rized in the Figs. 2 and 3, respectively. The lithologies are
classified after the Standard Microfacies Types (SMF)
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Fig. 2 Summary of the lithostratigraphy, last occurrence of Triassic
and first occurrence of Jurassic faunas, Standard Microfacies (SMF)
and Facies Zones (FZ), and the carbonate carbon and oxygen isotope

indicating the Standard Facies Zone (FZ) of the modified
Wilson model (Fliigel and Munnecke 2010). The recent
observations are compared and completed with already
existing descriptions of other authors (Helmcke 1969;
Uchdorf 1984; Furrer 1993).

4.1 Lithostratigraphy

The general lithostratigraphic succession at both locations
is comparable; both sections include the Zirmenkopf
limestone, the Loriins oolite, the Hierlatz limestone, the
Adnet Formation and the Allgdu Formation (Figs. 2, 3).
The variations in thickness of the different units (between
Steinernes Meer and Loriins) are remarkable for the Loriins
oolite (12 and 22 m), the Hierlatz limestone (5 cm and
5 m) and the Adnet Formation (14 and 8 m). The red,
green, white and black mud- and siltstones, referred to as
Schattwald beds (between the Zirmenkopf limestone and
the Loriins oolite in Loriins) are missing in the Steinernes
Meer, where a laminated dolomitic limestone, referred to

record of the Steinernes Meer section. The fop of the laminated bed
(Lam. B.) marks the lowstand between the Late Triassic regression
and Early Jurassic transgression. Scale bar 10 m

as laminated bed, marks the top of the Zirmenkopf lime-
stone (Fig. 4). An equivalent bed occurs about 60 m below
the top of the Kdssen Formation in Loriins. The main facies
constituting these two beds is characterized by stroma-
tolitic laminations (Fig. 4a), which are likely due to the
presence of microbial mats at the time of the formation of
the rock. Petrographic analyses of modern stromatolites
indicate that similar laminations form through trapping and
binding of detrital particles combined with authigenic
precipitation of carbonate minerals (Fig. 4b) (Reid et al.
2000; Bontognali et al. 2010). The laminated structure
includes large fenestral pores, which have been subse-
quently filled (likely during a later phase of transgression)
with a graded internal micrite and topped by sparitic
cement (stromatactis type) (Fig. 4b). The past presence of
microbial mats is further supported by SEM investigations,
which revealed filamentous structures that may be miner-
alized remains of extracellular polymeric substances (EPS)
(Fig. 4c) (Perri and Tucker 2007; Spadafora et al. 2010).
This peculiar bed in the K&ssen Formation is interpreted as
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Fig. 3 Summary of the lithostratigraphy, last occurrence of Triassic
and first occurrence of Jurassic faunas, Standard Microfacies (SMF)
and Facies Zones (FZ), and the carbonate carbon and oxygen isotope
record of the Loriins section. The laminated bed is marked as Lam.

being deposited in the lower intertidal area of a near-coast
evaporitic environment. Possible modern analogues for
such depositional setting are the coastal sabkhas of the
Arabian Gulf, whose intertidal regions are often fully
colonized by microbial mats (Alsharhan et al. 2003; Bon-
tognali et al. 2010).

4.2 Biostratigraphy

Helmcke (1969, p. 40) found in the Steinernes Meer sec-
tion one ammonite Ectocentrites sp. about 15-20 m below
the base of the reddish limestone (“Unterlias-Rotkalk” or
Adnet Formation), evidence for a Late Hettangian age for
the upper part of the “Rhétoliaskalk”. It is not clear where
Helmcke draws the base of the “Unterlias-Rotkalk” and so
the stratigraphic position of the ammonite is not known.
However, we suppose a position in the Loriins oolite.
A Rhaetian age of the laminated bed (top of the Zir-
menkopf limestone) in the Steinernes Meer is suggested by

B. The Schattwald beds (S. B.) mark the sequence boundary between
the Rhaetian Kossen Formation and Hettangian Loriins oolite. Scale
bar 10 m

the foraminifera Triasina hantkeni, which indicates a
Rhaetian age (Furrer 1993). A Rhaetian age of the Zir-
menkopf limestone in the Loriins quarry is proved by the
occurrence of the bivalve Rhaetavicula contorta (Portlock)
and the foraminifer Triasina hantkeni MAJZON, both
characteristic for the Rhaetian (Furrer 1993; McRoberts
et al. 1997). This age is consistent with the occurrence of
large megalodontid bivalves and scleractinian corals in the
upper part of the Zirmenkopf limestone in both locations.
A few specimens of the Rhaetian foraminifer Triasina
hantkeni and the bivalve Chlamys valoniensis have been
found in the two meter thick sequence of silt- and mud-
stones of the lower Schattwald beds (boundary beds in
McRoberts et al. 1997) in the Loriins section. The upper
Schattwald beds (McRoberts et al. 1997 = Tiefengraben
Member of McRoberts et al. 2012) include Aegerchlamys,
Cardinia, Liostrea, Mytilus, Plagiostoma, and Palmoxy-
toma, which all belong to a transitional Rhaetian—Hettan-
gian bivalve fauna (McRoberts et al. 1997; 2012). Uchdorf
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Fig. 4 Macroscopic (a), microscopic (b) and SEM (c) images of the
laminated bed. The red arrow marks the younging direction. A
foraminifer Triasina hantkeni is marked by the white rectangle just
left of a fenestra (stromatactis) in (b). SEM image showing a
filamentous structure that may be the mineralized remains of the
extracellular polymeric substances that once constituted the microbial
mat. (¢). H bindstone (host rock), / internal micrite, S sparitic cement

(1984) observed the foraminifer Involutina liassica JONES
in the cores of the ooids in the Steinernes Meer, indicating
an Early Jurassic age for the Loriins oolite. This is con-
sistent with two ammonites (Discamphiceras sp. and
?Waehneroceras sp.) found in the lower part (5.5 m above
the base) of the Loriins oolite of the Loriins section, which
suggest a late Early Hettangian age (Bertle et al. 1979;
Furrer 1993; McRoberts et al. 1997).

4.3 Carbonate carbon and oxygen isotopes

The carbonate carbon isotope record of Loriins shows two
different negative shifts, one distinct short CIE in the lower
Schattwald beds and one less pronounced but longer CIE in
the Loriins oolite. Following the conventional labelling,
this succession records the characteristic T-J carbon iso-
tope evolution with a short initial negative CIE in the lower
Schattwald beds, which is separated from the following and
longer main negative CIE in the Loriins oolite by a positive
excursion in the upper Schattwald beds (Hesselbo et al.
2002; Ruhl et al. 2009). The Steinernes Meer section does
not record the initial negative CIE, but the main negative
CIE within the Loriins oolite is present. The onset of the
main negative CIE differs slightly, starting at the base and
within the Loriins oolite in the sections Loriins and Stein-
ernes Meer, respectively (Fig. 5). Remarkable are the
enriched carbon and oxygen isotope values in the stroma-
tolitic bed in both records, ranging from 2.8-3.9 %o and
—1.8 to 0.3 %o, respectively. The broad scatter of the iso-
topic values are a result of a two-component system (with a
R? of 0.94 in a 8'*C against 5'%0 crossplot), the bindstone
(host rock) and the infilling of the fenestral pores. The
enriched values from the bindstone (i.e., the stromatolitic
laminae) reflect a highly evaporitic environment, whereas
the infilling of the fenestral pores show normal marine
values. These values are consistent with the depositional
settings proposed above: stromatolites formation in the
lower intertidal area of a coastal sabkha environment (e.g.,
Bontognali et al. 2010) followed by a transgression during
which the fenestral pores between the laminations were
filled with cement precipitating from seawater.

5 Discussion

5.1 The T-J sections in the western NCA

The similar lithostratigraphic sections in the locations
Steinernes Meer and Loriins confirm the equivalent

palaeogeographic position in the Lechtal nappe as pro-
posed by Jacobshagen (1965). The different thicknesses of
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the Loriins oolite, the Hierlatz limestone and the Adnet
Formation may be explained with several hypotheses. The
thinner Loriins oolite and Hierlatz limestone and the
missing Schattwald beds in the location Steinernes Meer,
all suggest a shallow setting including a gap in the sedi-
mentary record due to no sedimentation and/or erosion.
The thicker Adnet Formation indicates a more rapid
Jurassic deepening of this region. This means that the
Steinernes Meer section shows a major cycle of Late Tri-
assic regression and Early Jurassic transgression. The
laminated bed within this succession represents the shal-
lowest environment, but besides the fenestral fabrics there
are no signs of emersion. A comparable cycle of regression

and transgression was proposed by McRoberts et al. (1997)
in the Loriins section, where a possible palaeosoil with
extensive mud cracks has been described by Furrer (1993)
in the lower Schattwald beds. Another section at the Sch-
esaplana mountain west of Loriins supports an exposure
interval at the T-J transition. There, the upper Schattwald
beds rest unconformably on an erosional surface of the
Kossen Formation (Furrer 1993; McRoberts et al. 1997).
The short initial negative carbonate CIE of 3 %o within the
Schattwald beds at Loriins is not present in the Steinernes
Meer section. However, the correlation of the Loriins oolite
in the sections Steinernes Meer and Loriins is supported by
the carbonate carbon isotope record, both negative CIEs



220

R. Felber et al.

show a similar magnitude and length (Fig. 5). Despite their
slightly different starting position, it seems plausible that
they record the same geochemical event, conventionally
labelled as “longer main CIE” (Hesselbo et al. 2002; Ruhl
et al. 2009). Therefore, the T-J boundary is placed between
the top of the laminated bed (Kossen Formation) and the
base of the Loriins oolite in the Steinernes Meer section
and in the upper Schattwald beds in the Loriins section.

5.2 The T-J boundary within the Northern
Calcareous Alps

The Eiberg basin in the central NCA was a large
intraplatform trough during the Rhaetian, which can be
traced over 200 km from the Salzkammergut (Austria) in
the east to the Lahnenwiesgraben valley (Germany) in the
west (Hillebrandt and Krystyn 2009). Several sections
(Kuhjoch/Ochsentaljoch, Hochalplgraben, Kendlbach-
graben, Restentalgraben, Schlossgraben, Scheibelberg,
Kammerkohralm, Eiberg) within the Eiberg basin are
correlated by organic carbon isotope stratigraphy (Ruhl
et al. 2009). The GSSP section Kuhjoch for the base of the
Jurassic in the western Eiberg basin of the Lechtal nappe
offers several biostratigraphic and geochemical events for
the placement of the T-J boundary: (1) the last occurrence
of the Late Triassic ammonoid Choristoceras marshi (and
of conodonts), (2) the first occurrence of the ammonite
Psiloceras spelae tirolicum, which is the first known
Jurassic Psiloceras in Europe, (3) the horizon with the
ammonite Psiloceras cf. pacificum, (4) the Calliphyllum
bed, (5) the initial negative organic CIE (Hillebrandt et al.
2007; Hillebrandt and Krystyn 2009). Two sections
(Kuhjoch, Kendlbachgraben) within the Eiberg basin are
shown in Fig. 6 and provide a useful comparison for
interpreting our observations because: (1) the Kuhjoch
section offers the best comparison as the GSSP for the base
of the Jurassic, (2) the Kendlbachgraben section represents
a more proximal setting within the Eiberg basin during
deposition, (3) the Kendlbachgraben section comprises a
carbonate carbon isotope record additionally to the organic
carbon isotope record. The lithostratigraphy and the coin-
ciding organic carbon isotope stratigraphy of the two sec-
tions differ from each other, which results in different
correlations with the sections Loriins and Steinernes Meer
(Fig. 6). The Eiberg Member (Upper Member of the
Kossen Formation in the central NCA) in the sections
Kuhjoch and Kendlbachgraben consists of limestone and
marls and represents the uppermost Rhaetian, characterized
by the last occurence of the ammonoid Choristoceras
marshi and conodonts in the uppermost beds (Hillebrandt
and Krystyn 2009). The Zirmenkopf limestone (Upper
Member of the Kossen Formation in the western NCA) is

the lithostratigraphic equivalent in the sections Loriins and
Steinernes Meer. In the sections Kendlbachgraben and
Kuhjoch, the overlying Tiefengraben Member, a silty to
marly sediment, is separated from the Eiberg Member by a
few centimeters thick organic-rich layer (T bed, Hille-
brandt et al. 2007) with an organic carbon content of
5-9 %. A similar organic-rich layer was identified in the
lower part of the Schattwald beds in the Loriins section
(organic content of 3 %, McRoberts et al. 1997). The
Tiefengraben Member in the section Kuhjoch is divided
into a lower grey, middle red (referred as Schattwald beds)
and upper grey interval with limestone beds. The Schatt-
wald beds are absent in the section Kendlbachgraben. The
grey silty to marly interval of the Lower Tiefengraben
Member evolves into a limestone interval of the Upper
Tiefengraben Member. The grey Upper Tiefengraben
Member in the section Kuhjoch shows an increase of
intercalated limestone beds towards the Breitenberg
Member, similar to the pattern in the section Kendlbach-
graben. This interval of the Tiefengraben Member contains
the base of the Hettangian (Jurassic) with the first occur-
rence of the ammonite Psiloceras spelae. The sequence is
similar to the upper Schattwald beds in the Loriins sec-
tion. Similar carbon isotope evolutions across the T-J
boundary are observed in all three sections. The initial
negative carbonate and organic CIE in the Loriins section
and the sections Kuhjoch and Kendlbachgraben respec-
tively, always coincides with an organic carbon rich layer.
It has been demonstrated that the organic carbon isotope
variation is not related to changes in the type of organic
matter, but to major changes in the global exchangeable
carbon reservoirs (Ruhl et al. 2010). The initial negative
CIE at the base of the Tiefengraben Member coincides with
the last occurrence of the Late Rhaetian ammonoid Cho-
ristoceras marshi and Misikella conodonts at the top of the
Eiberg Member (Ruhl et al. 2009). A Late Rhaetian age of
the initial negative CIE is supported by the Loriins section,
where below the initial negative CIE the foraminfer 7ri-
asina hantkeni and the bivalve Chlamys valoniensis were
found, which are characteristic for the Rhaetian (McRo-
berts et al. 1997).

The main negative CIE starts in the section Kendlbach-
graben with the reoccurrence of limestone within the
Tiefengraben Member. The main negative CIE in the section
Kuhjoch coincides with the base of the grey Upper Tiefen-
graben Member. This is consistent with Hillebrandt et al.
(2007) and Ruhl et al. (2009), who propose that the timing of
the reoccurrence of the limestone depends on the depositional
setting (i.e., in the more distal Kuhjoch setting, carbonate
production and sedimentation was delayed). The main nega-
tive CIE in the section Kuhjoch precedes the first occurrence
of the ammonite Psiloceras spelae. This implies that the main
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Fig. 6 Correlation of the western (Steinernes Meer, Loriins) and
central Northern Calcareous Alps (Kendlbachgraben, Kuhjoch, Ruhl
et al. 2009; Korte et al. 2009;) with sections from Italy (Malanotte,
Galli et al. 2005) and England (St. Audrie’s Bay, Hesselbo et al.

negative CIE started in the latest Rhaetian and persisted
through the T-J boundary until the earliest Hettangian.
Unfortunately, no Lower Hettangian ammonites are known
from the section Kendlbachgraben. Two psiloceratid ammo-
nites (Discamphiceras sp. and ?Waehneroceras sp.) of late
Early Hettangian age were recovered from the Loriins oolite in
the Loriins section, and a rich psiloceratid ammonite fauna of
late Early Hettangian age (e.g. Psiloceras sp. and Waehne-
roceras sp.) was found in the Schesaplana region at the base of
the Adnet Formation overlying the upper Schattwald beds
(Furrer 1993). These finds imply that the local onset of car-
bonate sedimentation in Loriins is of Early Hettangian age.
Based on the correlation of the main negative CIEs, the T-J
boundary in the western NCA could be settled in the basal
Loriins oolite. But this interpretation is less favoured than the
placement of the T-J boundary at the base of the Loriins oolite,
due to the occurrence of the ammonites (late Early Hettan-
gian) in the Loriins quarry and the relatively unclear position
of the main negative CIE.

2002). LOTF last occurrence of Triassic fauna, LOTA last occurrence
of Triassic ammonoids, FOJF first occurrence of Jurassic fauna,
FOJA first occurrence of Jurassic ammonoids, JPA Jurassic palyno-
logical assemblage

5.3 Correlation with the Southern Alps
and England

The sections St. Audrie’s Bay (United Kingdom, Hesselbo
et al. 2002) and Malanotte (Italy, Galli et al. 2005) provide
carbon isotope records across the T-J boundary that are
similar to the records from the NCA (Fig. 6). In the clas-
sical marine section of St. Audrie’s Bay (UK), the initial
negative CIE occurs one meter below the last occurrence of
Triassic conodonts and the main negative CIE starts few
meters below the first occurrence of the ammonite Psilo-
ceras planorbis (Hesselbo et al. 2002). In the western
Southern Alps, Galli et al. (2005) observed a lithostrati-
graphic T-J succession similar to that described in the
Loriins section. A thick bedded limestone with corals and
megalodontid bivalves (the Rhaetian Zu3 Member) is
separated from an oolithic dolomite or limestone (the
Hettangian Conchodon dolomite) by a thinly bedded,
micritic limestone with marly to silty beds in between
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(Malanotte Formation) (Galli et al. 2005). These three units
are similar to the Rhaetian Zirmenkopf limestone of the
Ko6ssen Formation (Zu3 Member), the Schattwald beds
(Malanotte Formation) and the Hettangian Loriins oolite
(Conchodon dolomite). Galli et al. (2005) recognized a
drowning and recovery of the carbonate platform at the first
and at a second negative carbonate CIEs, respectively. The
first negative CIE coincides with the last occurrence of
Triassic fauna and is marked by an iron-rich hardground
(Galli et al. 2005). The following positive carbonate CIE
within the Malanotte Formation is comparable with the
positive carbonate CIE within the upper Schattwald beds in
the Loriins section. The lithological change just below the
T-J boundary from a carbonate dominated (Zu3 Member
and Kossen Formation) to a siliciclastic dominated system
(Malanotte Formation and Schattwald beds) reflects a
worldwide interruption of the carbonate production, often
referred to as biocalcification crisis (Hautmann 2004, 2012;
Crne et al. 2011). Proposed cause is a large emission of
CO, related to the Central Atlantic Magmatic Province
(CAMP) volcanism, which is supported by an up to four-
fold increase of the atmospheric pCO, across the T-J
boundary (McElwain et al. 1999). This results in a CaCOj3
undersaturation in the seawater and an interruption of
carbonate sedimentation (Galli et al. 2005). The second
negative CIE in the Malanotte section coinciding with the
occurrence of the ooid-bearing Conchodon dolomite is
comparable with the main negative CIE at the base of the
Loriins oolite in the sections Loriins and Steinernes Meer.
The appearance of ooid-bearing carbonates is often
described as post-extinction lithology (Yin et al. 2007
Brand et al. 2012). Lehrmann et al. (2012) have suggested
a combination of mechanisms for the formation of giant
ooids in the Precambrian, such as (1) a high carbonate
saturation state of the oceans, resulting from reduced
skeletal calcium carbonate precipitation, (2) high energy
through increased tidal forces and prevalence of ramps and
(3) low supply of nuclei for ooid growth due to lack of
peloids or skeletal grains. Similar conditions such as an
increase in the carbonate saturation state after the biocal-
cification crisis and high energy due to the transgression
could explain the appearance of the Loriins oolite.

6 Conclusion

The aim of the present study was to determine the T-J
boundary in the western NCA by a combined bio-, litho-
and carbonate carbon isotope stratigraphic approach. Even
though both investigated sections were deposited in a
similar palaeogeographical position, the Loriins section
shows a more complete T—J succession. A big stratigraphic
hiatus occurred in the Steinernes Meer section at the top of

the Rhaetian Kossen Formation, marked by a laminated
bed, and followed by the Hettangian Loriins oolite. The
carbonate carbon isotope record of Loriins shows the
characteristic T-J carbon isotope evolution with the initial
negative CIE in the lower Schattwald beds, which is sep-
arated from the following and longer main negative CIE in
the Loriins oolite by a positive excursion in the upper
Schattwald beds. The T-J section Steinernes Meer only
records the main negative CIE within the Loriins oolite.
The last occurrence of Triassic fauna and the first appear-
ance of Jurassic ammonites coincide with the initial and
main negative CIE, respectively. The T-J boundary of the
Steinernes Meer section is placed at the boundary of the
Kossen Formation with the Loriins oolite, suggesting a
remarkable hiatus. In the Loriins section, the hiatus at the
T-J boundary between the Upper Schattwald beds and the
Loriins oolite is apparently less important. The succession
between the Rhaetian Zirmenkopf limestone and the Het-
tangian Loriins oolite is marked by a biocalcification crisis
as it is known from the Southern Alps and which is
reflected by the Schattwald beds in the Loriins section. In
the Steinernes Meer section, the biocalcification crisis is
hidden in the stratigraphic hiatus between the laminated
bed of the Kossen Formation and the Loriins oolite. This
was driven by emersion of the carbonate platform at the
time of a former Rhaetian sea-level drop.
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