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Abstract A high-resolution micropalaeontological study,

combined with geochemical and sedimentological analyses

was performed on the Tiefengraben, Schlossgraben and

Eiberg sections (Austrian Alps) in order to characterize

sea-surface carbonate production during the end-Triassic

crisis. At the end-Rhaetian, the dominant calcareous nan-

nofossil Prinsiosphaera triassica shows a decrease in

abundance and size and this is correlated with a increase in

d18O and a gradual decline in d13Ccarb values. Simulta-

neously, benthic foraminiferal assemblages show a

decrease in diversity and abundance of calcareous taxa and

a dominance of infaunal agglutinated taxa. The smaller size

of calcareous nannofossils disturbed the vertical export

balance of the biological carbon pump towards the sea-

bottom, resulting in changes in feeding strategies within the

benthic foraminiferal assemblages from deposit feeders to

detritus feeders and bacterial scavengers. These

micropalaeontological data combined with geochemical

proxies suggest that changes in seawater chemistry and/or

cooling episodes might have occurred in the latest Triassic,

leading to a marked decrease of carbonate production. This

in turn culminated in the quasi-absence of calcareous

nannofossils and benthic foraminifers in the latest Triassic.

The aftermath (latest Triassic earliest Jurassic) was char-

acterised by abundance peaks of ‘‘disaster’’ epifaunal

agglutinated foraminifera Trochammina on the sea-floor.

Central Atlantic Magmatic Province (CAMP) paroxysmal

activity, superimposed on a major worldwide regressive

phase, is assumed to be responsible for a deterioration in

marine palaeoenvironments. CAMP sulfuric emissions

might have been the trigger for cooling episodes and sea-

water acidification leading to disturbance of the surface

carbonate production at the very end-Triassic.
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Introduction

The Triassic-Jurassic (Tr-J) transition was a prolonged

episode of biotic decline associated with important global

environmental changes (Tanner et al. 2004), such as

widespread igneous activity in the Central Atlantic

Magmatic Province (CAMP; Marzoli et al. 1999), rapid

sea-level fluctuations (Hallam and Wignall 1997; Hallam

2002), and large-scale perturbations of the global carbon

cycle (Ward et al. 2001; Pálfy et al. 2001; Hesselbo et al.

2002). The end-Triassic is marked by a major mass

extinction event (Newell 1963; Raup and Sepkoski 1984;

Hallam and Wignall 1997) occurring in coincidence with a
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Université de Paris VI, CR2P ‘‘Centre de Recherche sur la
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preeminent negative carbon isotope excursion (Ward et al.

2001; Guex et al. 2004).

While a large consensus exists on the coincidence of the

CAMP magmatic activity and the biological crisis (Marzoli

et al. 1999, 2004; Schaltegger et al. 2008; Cirilli et al.

2009; Schoene et al. 2010), different interpretations exist

regarding the role and effects of the volcanic degassing,

which induced very different environmental effects. Car-

bon dioxide (CO2) and clathrate melting have been invoked

as triggers of a catastrophic greenhouse effect resulting in a

carbonate crisis and mass extinction (McElwain et al. 1999;

Pálfy et al. 2001; Hesselbo et al. 2002; Hautmann 2004;

Galli et al. 2005). On the other hand, Tanner et al. (2001),

McHone (2002), Tanner et al. (2004), Guex et al. (2004),

and van de Schootbrugge et al. (2009) propose that sulphur

dioxide (SO2) may have induced lower temperatures and

acidification as triggers of the main biocalcification crisis

and extinction.

The present paper aims to better understand the role of

marine biotic productivity during the end-Triassic mass

extinction through the synecological change of calcareous

benthic and planktonic communities. We focused on the

collapse of the carbonate biological pump coinciding

with the carbon negative excursion at the end-Triassic. At

that time, a large fraction of the calcareous mud in the

marginal seas was supplied by calcareous nannofossils

(Di Nocera and Scandone 1977; Bellanca et al. 1995).

The switch-off of the pelagic carbonate production at the

end-Triassic had probably a strong impact on the marine

carbonate pump and on the entire carbon cycle. The

relationships among surface/carbonate production, bottom

oxygen level variations and changes in seawater chem-

istry were addressed through a multi-proxy study

combining micropalaeontological, geochemical and sedi-

mentological analyses in three Austrian sections (Eiberg,

Schlossgraben and Tiefengraben), spanning the Triassic/

Jurassic transition.

Geological and sedimentological framework

During the Late Triassic, the Northern Calcareous Alps

(NCA; Fig. 1) formed a shelf strip along the western

Tethyan margin where extensive carbonate platforms

developed (Krystyn et al. 2005). By Rhaetian time, pro-

grading of siliciclastic sedimentation and formation of the

intraplatform Eiberg Basin as the result of extensional

tectonic strongly reduced the carbonate platform area

(Oberrhaet limestone; Krystyn et al. 2005; Ruhl et al.

2009). The original geometry and extension of the Eiberg

Basin is hard to define because it is tectonically delimited

on three sides, except to the southeast where a stratigraphic

contact to the adjacent platform is well exposed (Krystyn

et al. 2005; Fig. 1).

The three studied sections (Tiefengraben, Eiberg, Schloss-

graben) belong to the Eiberg Basin in different

palaeogeographical settings (Figs. 1, 2). The Tiefengraben

section [47�4104500N/13�2100000E] and the section in the

Eiberg quarry [47�3300000N/12�1000700E] lie within the

Osterhorn-Unken Syncline of the eastern part of Eiberg

Basin (Fig. 1). Tiefengraben section is located relatively

close to the southern Dachstein carbonate platform. Eiberg

quarry section is located in a more distal position relative

to this carbonate platform, and in a more subsiding area

and deep setting of the basin. The Schlossgraben section

[47�2803200N/11�2805500E] is situated within the Karwendel

Fig. 1 Tectonic map of the Eiberg Basin, and location of the studied sections, within the western northern Calcareous Alps (modified from

Linzer et al. 1995; Hillebrandt and Krystyn 2009)
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syncline of the western Eiberg Basin (Fig. 1; Hillebrandt

et al. 2007). More detailed lithostratigraphic, palaeogeo-

graphical and geological descriptions of the studied

sections can be found in Krystyn et al. (2005), Kuerschner

et al. (2007), Hillebrandt et al. (2007), Ruhl et al. (2009),

and Hillebrandt and Krystyn (2009).

A distinct lithological change from limestones with

marlstone intercalations (Eiberg Mb, Kössen Fm) to

clayey-marly sediments (Tiefengraben Mb, Kendelbach

Fm) defines the sedimentary sequences throughout the

Eiberg Basin at the transition from the Triassic to the

Jurassic (Fig. 3). This lithological break characterizes a

rapid sea-level fall at the end-Triassic that caused a

widespread emergence of the platform and surrounding

shallow water areas, followed by a slow, long-term sea-

level rise that started during the latest Rhaetian and con-

tinued through the Hettangian until the Late Sinemurian

(Krystyn et al. 2005). However, the Eiberg Basin under-

went continuous subsidence during the Late Rhaetian and,

as a result, deposition was less affected by the end-Triassic

sea-level drop, especially in deeper parts of the basin (e.g.,

Eiberg and Schlossgraben) where fully marine conditions

Fig. 3 Integrated bio- and chemostratigraphy and correlation of the

T-J boundary between New York Canyon (Nevada, USA; Guex et al.

2004); Tiefengraben, Eiberg and Schlossgraben sections (Northern

Calcareous Alps). Tiefengraben d13Corg profiles are from Kuerschner

et al. (2007) and from this study, and those for the Schlossgraben

section are from Ruhl et al. (2009), from Kuerschner et al. (2007), and

from this study

Fig. 2 North-South transect of the Late Norian to Rhaetian facies of the northern Calcareous Alps (modified after Kuerschner et al. 2007) and

palaeogeographical setting of the Schlossgraben, Eiberg and Tiefengraben sections within the Eiberg Basin
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prevailed continuously, as attested by fauna reported by

Hillebrandt and Krystyn (2009). In the Eiberg basin the

carbonate and marly content of the Kössen Fm depends on

a more distal or proximal position with respect to the

carbonate platforms (Kuerschner et al. 2007).

In a distal setting such as the Eiberg quarry section, the

upper part of the Kössen Fm is characterized by thin

(5–10 cm) calcareous marl-marl alternation grading into a

*10 m interval of well-bedded (20–40 cm) micritic

limestones (Figs. 4, 5, 6). In the uppermost part of the

studied section a gradual transition to the Tiefengraben Mb

is represented by marl and micritic limestone alternations.

The Schlossgraben section (Fig. 7) provides a more com-

plete record of the transition between the topmost Kössen

Fm and the Kendelbach Fm. The micritic ‘‘T-bed’’ of the

Eiberg Mb is followed by 50 cm thick grey-brown marls of

the lowermost part of the Tiefengraben Mb, the first

2–3 cm of which are very rich in organic matter (black-

shale level). Therefore, the composite record of the Eiberg

and Schlossgraben sections allows constraining the Tr-J

transition in a completely marine environment. In the

proximal areas relative to carbonate plateform, such as

Tiefengraben, the upper part of Kössen Fm is much more

calcareous and thickly bedded (Figs. 8, 9) and the contact

with the overlying Tiefengraben Mb is very sharp. The

lowermost part of the Tiefengraben Mb is characterized by

a 3 m thick, grey clayey-marly interval (Grenzmergel),

followed by marl-micritic limestone alternations upwards

in the section. Palaeontological and palynological studies

show that during the latest Triassic, the palaeoenvironment

at Tiefengraben shifted from outer to inner-shelf, with very

shallow-water and brackish conditions corresponding to the

deposition of the lower part of the Tiefengraben Mb (Kuss

1983; Golebiowski 1990; Kuerschner et al. 2007).

Integrated stratigraphic correlations and position

of the Tr-J boundary

The position of the Tr-J boundary in the NCA within the

Eiberg Basin has been the subject of a variety of inter-

pretations (Kuerschner et al. 2007 and references in there;

Hillebrandt and Urlichs 2008; Ruhl et al. 2009; Bonis et al.

2009; Hillebrandt and Krystyn 2009).

In the present paper, we follow the Tr-J boundary def-

inition based on the first occurrence (FO) of Psiloceras

spelae, the earliest Jurassic psiloceratid occurring at New

York Canyon, USA (Guex et al. 2004). In this section, the

high-resolution ammonite biostratigraphy allows to cali-

brate the d13Corg curve. The beginning of the first negative

carbon isotope excursion (CIE) is roughly located at the top

of the crickmayi Zone (Rhaetian), which is correlated with

Fig. 4 Eiberg section. a High-resolution geochemistry. Carbonate,

total organic carbon (TOC), organic carbon isotope (d13Corg), and C

and O isotope composition of carbonate (d13Ccarb, and d18O).

b Relative abundance (in %) of small (\5 lm), medium-sized

(6–7 lm) and large (8–10 lm) P. triassica and calcareous cysts

throughout the section
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Fig. 5 Eiberg section. a High-resolution Geochemistry. Carbonate,

total organic carbon (TOC), organic carbon isotope (d13Corg), and C

and O isotopic composition of carbonate (d13Ccarb, and d18O).

b Relative abundance (in %) of calcareous nannofossils. Calcareous

nannofossil assemblages as in Fig. 4

Fig. 6 Eiberg section. a High-resolution geochemical data. Carbon-

ate, total organic carbon (TOC), organic carbon isotope (d13Corg), and

C and O isotopic composition of carbonate (d13Ccarb and d18O).

b Abundance of calcareous benthic foraminifera expressed as number

of specimens per gram of sediment. c Abundance of agglutinated

benthic foraminifera expressed as number of specimens per gram of

sediment
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the upper part of the marshi Zone in Tethyan sequences

(e.g., Eiberg and Schlossgraben; Fig. 3). The FO of

P. spelae occurs within the positive CIE between the two

negative CIEs. P. spelae was found in the Eiberg basin

(Hillebrandt and Krystyn 2009), but not at Tiefengraben.

However, if we correlate the positive CIE recorded at this

locality (Kuerschner et al. 2007) with that of New York

Canyon, the Tr-J boundary in this section lies approxi-

mately 13–17 m above the base of Tiefengraben section

(Fig. 3), slightly below the position based on palynological

data given by Kuerschner et al. (2007), Ruhl et al. (2009)

and by Bonis et al. (2009). The calliphyllum Beds located

Fig. 7 Schlossgraben section. a Geochemistry. Total organic carbon

(TOC). Organic carbon isotopic composition (d13Corg) from the

Schlossgraben and Kuhjoch sections (data from Ruhl et al. 2009).

b Relative abundance (in %) of calcareous nannofossils. c Abundance

of benthic foraminifera expressed as number of specimens per gram

of sediment

Fig. 8 Tiefengraben section. a High-resolution geochemistry. Carbonate, total organic carbon (TOC), organic carbon isotope (d13Corg), and C

and O isotopic composition of carbonate (d13Ccarb and d18O). b Relative abundance (in %) of calcareous nannofossils

298 M.-E. Clémence et al.



within the second negative CIE at Tiefengraben, are cor-

related with the upper pacificum to lower polymorphum

Beds at New York Canyon.

Materials and methods

Calcareous nannofossils

Calcareous nannofossils were examined under both SEM

and optical microscopes. A total of 141 smear slides were

prepared for nannofossils study according to standard

preparation techniques (Bown and Young 1998). Samples

from Eiberg, Schlossgraben and Tiefengraben sections

were taken from the marlstone and calcareous marlstone

beds, and prepared as homogeneously as possible, in order

to maintain comparable particle density in all slides.

Nannofossils were observed in smear slides under a

polarising-light microscope (Zeiss Axioplan II), at a mag-

nification of 91,575. At least 300 specimens were counted

in each smear slide to quantify the relative abundance of

taxa and to analyse the stratigraphic changes in assemblage

composition. Due to the scarcity of nannofossils in some

samples of the Tiefengraben section (from 17 m to the top),

\300 specimens were counted. Almost all specimens were

identified at the species level following the taxonomic

definitions of Janofske (1987, 1992), Bown (1987) and

Bralower et al. (1991). The diameter of P. triassica,

Obliquipithonella sp. and Orthopithonella sp. (calcareous

cysts) was measured on digital images using a CCD-video

camera mounted on a Zeiss optical microscope with an

accuracy of ±0.1 lm. We distinguished three size-classes

for P. triassica and two for calcareous cysts (Figs. 4b, 8b).

Benthic foraminifera

The samples used for calcareous nannofossil analysis were

also used for benthic foraminifera analysis. For the shaly-

marly interval at the base of Tiefengraben Member

(Grenzmergel), a complementary sampling was done in the

section of Kendelbach, located very close to the Tiefen-

graben section (Fig. 1). 300 g of dry sediment was kept in

Desogen (alchyldimethyl-benzylamin chlorure) for 48 h to

flocculate the argillaceous fraction. Material larger than

63 lm was sieved, washed and dried at 50�C. After sieving

residues through 1 mm, 500, 250, 125 and 63 lm meshes,

foraminifera were picked up, identified according to the

classification established by Loeblich and Tappan (1987)

and counted under a binocular microscope. For the most

representative genera, the absolute abundance (i.e., the

number of foraminifera per gram of dried sediment) was

calculated. Because of the very small quantity of benthic

Fig. 9 Tiefengraben and Kendelbachgraben sections. a High-resolu-

tion geochemical data from Tiefengraben. Carbonate, total organic

carbon (TOC), and C and O isotopic composition of carbonate

(d13Ccarb and d18O). b Abundance of benthic foraminifera expressed

as number of specimens per gram of sediment
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foraminifera in some samples of the upper part of the

Tiefengraben section (from 17 m to the top), these results

must be interpreted with some caution.

Total organic carbon and carbonate analysis

Two-hundred and four samples from Tiefengraben, eight

samples from Schlossgraben and 130 samples from Eiberg

were crushed into a fine powder. Analyses were performed

on a Rock–Eval 6 device (IFP, France). The device was

calibrated with the IFP standard 160000, and the method-

ology described for bulk rocks in Behar et al. (2001) is

applied. Type of organic matter (OM) was determined

using hydrogen and oxygen indexes. Tmax values provide

information on the thermal maturation stage of the organic

matter. Rock–Eval analyses provide both mineral and

organic carbon content records (respectively CaCO3

weight% and TOC weight%, total organic carbon).

Inorganic carbon and oxygen isotope analysis

For carbon and oxygen isotope analyses of the carbonates,

188 samples from Tiefengraben and 130 samples from

Eiberg were processed at the SSMIM (Muséum National

d’Histoire Naturelle of Paris, France). The d13Ccarb and

d18O values were measured in a ‘‘Delta V Advantage’’

(Thermofischer Scientific) isotope ratio gas mass spec-

trometer directly coupled to a ‘‘Kiel IV’’ automatic

carbonate preparation device (reaction at 70�C under vac-

uum) and calibrated via NIST 19 to the VPDB (Vienna Pee

Dee Belemnite) scale. The overall precision of the mea-

surement was better than 0.03 and 0.04% for carbon and

oxygen, respectively. Reproducibility of replicated stan-

dards is typically better than 0.1% for d13Ccarb and d18O.

Diagenesis

Geochemical signal

The Tiefengraben, Schlossgraben and Eiberg sections

contain organic matter (OM) without any evidence for

thermal maturation (Tmax = 430�C), excluding a signifi-

cant burial or alteration through thermal diagenesis.

Therefore, we interpret this OM as reflecting primary

environmental conditions.

At Eiberg, the d13Ccarb and d18O values show a range of

about 0.8 to 2.3% and 0.3 to -1.9% respectively (Figs. 4a,

10a), indicating an isotopic signature that has not been

strongly affected by burial diagenesis. Moreover, the non-

linear covariation (r2 = 0.02) between d13Ccarb vs. d18O

values can be also an index of weak diagenetical alteration

(Fig. 10a). On the other hand, an apparent correlation is

observed between the d18O and CaCO3 (Fig. 4a). Lighter

d18O values seem to characterise limestone-beds, whereas

heavier d18O values seem more closely related to marly

interbeds. Limestone-beds are more likely to be diagenet-

ically affected than marly beds, as a consequence of the

contrast in permeability, and thus, diagenesis has certainly

amplified the d18O gradient between limestones and

marlstones. However, the mudstone-wackestone textures of

limestones imply that the water–rock ratio was very low,

promoting the conservation, at least in part, of primary

signals (Marshall 1992). Consequently, despite the pres-

ervation limits described above, it is still possible to

interpret the general trend of d13Ccarb and d18O variations,

as a palaeoenvironmental signal.

At Tiefengraben, the carbonate d13Ccarb and d18O

records have suffered a major diagenetic impact with

respect to the Eiberg section. The d18O measurements are

quite scattered with a wide range of values (between 0 and

-8%; Fig. 8a), sometimes with very low values (\-5%).

Also, the d13Ccarb curve presents a wide range of values

(between 0 and ?3%), although they stay positive and

could be less altered than those of the d18O values. A good

correlation of d13Ccarb vs. d18O values is also observed

(r2 = 0.4; Fig. 10b). This linear correlation and the very

light values of d18O might be related to meteoric diagenesis

(Marshall 1992). The covariance between the d13Ccarb and

Fig. 10 Plots of d13Ccarb against d18O for samples of the Eiberg

section (a) and Tiefengraben section (b)
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d18O values could also be explained by an early diagenesis

depositional model, driven by salinity variations

(Fig. 10b). Light d18O and d13Ccarb values may reflect a

balance between fluvial (isotopically light d18O and

d13Ccarb values) and marine influxes (Marshall 1992).

During the phases of lowered salinity, because of lowered

pH, carbonate production was hampered and carbonate

dissolution-re-precipitation reactions occurred, while dur-

ing marine influxes phases (heavy d13Ccarb and d18O

values) major carbonate production and preservation was

possible. As such, this interpretation agrees with the pal-

aeontological and sedimentological interpretations of

shallow, brackish water environment for a great part of

Tiefengraben Mb (Kuerschner et al. 2007). For the Tie-

fengraben section therefore, we cannot exclude that early

diagenesis linked to salinity variations might have ampli-

fied isotopic variations, and we dismissed interpretation of

the temperature trend, due to very scattered fluctuations

and very negative values of d18O.

Biotic signal

Dissolution and overgrowth affect the preservation of the

biological signal making it more difficult to interpret the

records of the Tr-J transition with confidence. Both optical

and SEM analyses were used to estimate of the state of

calcareous nannofossil preservation. The preservation state

although moderate to poor, does not vary significantly along

one and the same section. Nannofossil assemblages from

Eiberg and Schlossgraben show an overall moderate pres-

ervation compared to Tiefengraben where preservation is

generally poor. Pervasive re-crystallization affecting taxa

such as ‘‘Schizosphaerellids’’, Orthopithonella spp. and

Obliquipithonella spp. was frequently observed during SEM

analysis (Fig. 11), although these taxa can still be identified

with an optical microscope due to their specific optical

properties. Bralower et al. (1991) documented four preser-

vation stages with respect to the amount of etching affecting

the structure of P. triassica. We did distinguish the four

stages within the assemblages, although we did not observe

any direct relation between the amount of etching and poor

preservation, as proposed by these authors. Poorly-pre-

served calcareous nannofossils are associated with calcite

rhombs, probably due to in situ dissolution and re-precipi-

tation during diagenesis. These diagenetic overprints may

affect the quantitative estimates and for this reason only the

major trends and shifts within the assemblages were taken

into account for the palaeoenvironmental interpretations.

In general, the calcitic foraminiferal tests are moderately-

preserved and filled in with secondary calcite. SEM obser-

vations reveal re-crystallization and overgrowth in their

walls (Fig. 12f–w, z). Aragonitic tests (e.g., Trocholina) are

poorly preserved, display traces of dissolution and/or are

severely re-crystallized (Fig. 12a). We found agglutinated

benthic foraminifera (Fig. 12b–e, x, y) to be highly dominant

or exclusive in the assemblages of several stratigraphic

levels (Figs. 6c, 7c, 9b) indicating lowered pH conditions

(Hemleben et al. 1990). The main question is whether or not

these low pH conditions correspond to primary environ-

mental changes, or if they are related to diagenetic processes.

Preferential dissolution of calcareous foraminifera enhanc-

ing agglutinated foraminifera abundance could be linked to

secondary diagenetic processes (Scott et al. 1983). However,

primary oceanic acidification events could also be a possible

reason. In the fossil record, the distinction between these last

two factors can be very subtle, and therefore difficult to

assess. At Eiberg in the uppermost Rhaetian, peaks in the

abundance of fine agglutinated Ammobaculites spp. and

Ammomarginulina spp. are correlated with high d18O values

(Fig. 6), showing that diagenetic dissolution impact is absent

or minimal. In general, a secondary diagenesis impact results

in a decreasing d18O signature (Marshall 1992). At Tiefen-

graben, Kendelbach and Schlossgraben, peaks in the

abundance of the agglutinated foraminifera Glomospira

perplexa, Trochammina squamosa and T. canningensis

(Fig. 12b–e) can be observed in the uppermost Triassic

(Figs. 7c, 8, 9b). In some levels we found them associated

with few hyaline foraminifera, showing obvious traces of

dissolution. Therefore, we cannot ignore that severe disso-

lution possibly has affected the preservation of hyaline

foraminifera, and thereby artificially enhancing the

T. squamosa and T. canningensis occurrences (Scott et al.

1983). Consequently, the abundances of T. squamosa and

T. canningensis must be interpreted cautiously. However,

this dissolution may also reflect primary low pH environ-

mental conditions (acidification event). Several reasons

support such a hypothesis:

(1) In coincidence with the T. squamosa peaks, d18O

values are not significantly more negative when

compared with other levels, where exclusively hya-

line taxa are present (Fig. 9b). This means that high

abundance of T. squamosa does not seem to be

associated with levels of stronger secondary diage-

netic impact.

(2) The occurrence of T. squamosa and T. canningensis

seems to be confined within a specific stratigraphic

interval (just after the first negative d13C shift). We do

not observe any occurrence below or above this

interval. Their occurrence seems, therefore, to be

unequivocally associated to peculiar environmental

conditions.

(3) We observed a typical succession of agglutinated

foraminifera assemblages (from Trochammina to

coarse agglutinated Ammobaculites-Ammomarginuli-

na assemblage) correlated with variations of carbon
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isotopes and TOC (Fig. 9). This biotic pattern cannot

be explained solely by diagenetic processes. On the

contrary, it also seems to reflect environmental

variations. Moreover, in conjunction with the second

negative CIE, agglutinated Ammobaculites cf. dun-

cani and Ammomarginulina beggi are associated with

very thin (\125 lm) hyaline foraminifera (Pseudo-

nodosaria limpida), thereby ruling out a strong

impact of diagenetic dissolution for this assemblage.

Palaeoenvironmental reconstruction

Characterisation of organic matter

Eiberg, Schlossgraben and Tiefengraben results (Fig. 13)

display OM of Type III, particularly the bituminous level at

Schlossgraben coinciding with the first d13Corg negative

shift (7% of TOC; Fig. 7). Only a few samples at the base

of the thick calcareous interval at Eiberg are characterized

Fig. 11 Calcareous nannofossils. a Orthopithonella geometrica
(JAFAR, 1983) JANOFSKE, 1987. Sample EB364, Eiberg section, Late

Rhaetian, SEM picture, scale bar = 5 lm. b Prinsiosphaera triassica
JAFAR, 1983. Sample TGR17, Tiefengraben section, Late Rhaetian,

SEM picture, scale bar = 5 lm. c Eoconusphaera zlambachensis
(MOSHOKOVITZ, 1982) KRISTAN-TOLLMANN, 1988a. Sample EB361,

Eiberg section, Late Rhaetian, SEM, Scale bar = 5 lm. d–f Schi-
zosphaerella sp. Sample HC1, Schlossgraben section, Late Rhaetian.

d LM (Light microscope), scale bar = 10 lm. e SEM (Scanning

electron microscope) picture, scale bar = 10 lm. f Detail of

(e) showing the structure of the wall, scale bar = 1 lm. g Archeo-
zygodiscus koessensis BOWN, 1985. Sample TGR18rh, Tiefengraben

section, Late Rhaetian, LM, Scale bar = 5 lm. h Prinsiosphaera

triassica JAFAR, 1983. Sample TGR9rh, Tiefengraben section, Late

Rhaetian, LM, scale bar = 5 lm. i Orthopithonella geometrica
(JAFAR, 1983) JANOFSKE, 1987. Sample EB361, Eiberg section, Late

Rhaetian, LM, scale bar = 1 lm. j Obliquipithonella rhombica
JANOFSKE, 1987. Sample EB392, Eiberg section, Late Rhaetian, LM,

scale bar = 5 lm. k Eoconusphaera zlambachensis (MOSHOKOVITZ

1982) KRISTAN-TOLLMANN, 1988a. Sample TGR17rh, Tiefengraben

section, Rhaetian, LM, scale bar = 1 lm. l Detail of ‘‘P. triassica
assemblage with large forms’’ with several large P. triassica. Sample

EB300, Eiberg section, Late Rhaetian. LM, scale bar = 10 lm.

m Detail of ‘‘P. triassica assemblage with small forms’’ with several

calcareous cysts. Sample EB350, Eiberg section, latest Rhaetian. LM,

scale bar = 5 lm
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by marine OM of Type II (Fig. 13). We could not dis-

criminate if this Type III OM is fully continental or

originally marine OM that suffered alteration. However,

huge terrestrial palynomorph concentrations (mainly coni-

fer Cheirolepidiaceae pollen) were documented in the

coeval bituminous level of the nearby Hochalpgraben and

Kuhjoch sections (Bonis et al. 2009). This terrestrial

influence could reflect the limited surface productivity

during the end-Triassic regression in conjunction with the

negative carbon isotope shift. Similarly, Kuerschner et al.

(2007) noticed a clear increase of terrestrial versus marine

palynomorphs during the end-Triassic interval in Tiefen-

graben and Eiberg sections.

Carbon and oxygen stable isotopes

Interpreting the evolution of d13Ccarb and d18O signatures

along the Eiberg section is difficult. In the lower part of the

studied section (from the base to 6.3 m), short-term fluc-

tuations of d18O seem to follow the marly-limestone

alternations (Fig. 4a). Beyond the diagenetic impact dis-

cussed above (see Sect. ‘‘Geochemical signal’’), one may

ask whether yes or no these fluctuations are also driven by

cyclic temperature and/or salinity changes. The short-term,

lighter d13Ccarb values correlate with increased TOC val-

ues, and this might be related to partial recycling of OM.

Further studies are needed to confirm whether these

d13Ccarb and d18O short-term variations are responding to

cyclic variations of sea-level changes, or to other factors. In

the middle to upper part of the section (6.3–16.6 m, rep-

resented by the thick calcareous interval), both d13Ccarb and

d18O values tend to be more stable, with the exception of

two higher d18O points, correlating with higher TOC and

lower CaCO3 values (Fig. 4a). In the uppermost part of the

section (from 16.5 m upwards), both d13Ccarb and d18O

show a more distinct pattern with respect to ‘‘background’’

fluctuations. A gradual decreasing trend of d13Ccarb (from

2 to 1%) is clearly observed, which could correspond to the

pre-excursion interval, just before the sharp negative shift,

as indicated in the d13Corg curve of Kuerschner et al.

(2007). In contrast with the gradual variation of the

d13Ccarb signal, the fluctuations of d18O values appear more

abrupt and a major break at 16.5 m is underlined by a sharp

positive shift of the d18O values (from -1.58 to 0.32%;

Fig. 4). This abruptness could partially have been accen-

tuated by a diagenetical overprinting, as discussed above

(see Sect. ‘‘Geochemical signal’’). However, this major

positive d18O shift has a clearly different amplitude and is

associated with peculiar micropalaeontological features

with respect to the other positive fluctuations recorded

along the section (Figs. 4, 5, 6). It might be related to a

temperature decrease (i.e., cooling pulse) and/or seawater

chemistry change. As a matter of facts, the oxygen isotope

fractionation between calcium carbonate and seawater does

not only depend on temperature, but also on the CO3
2-

concentration or the pH (Zeebe and Westbroek 2003). This

interpretation is in full agreement with our micropalaeon-

tological data: the occurrence of agglutinated benthic

foraminifera is related to low pH environments, whereas

the demise of P. triassica could indicate reduced CaCO3 X
(see Sect. ‘‘Biotic signal’’).

At Tiefengraben, besides brackish conditions and poor

preservation, (see Sect. ‘‘Geochemical signal’’), some more

general trends can still be detected in the d13Ccarb curve

when compared with the d13Corg curve of Kuerschner et al.

(2007) (Fig. 8a). The d13Corg curve shows two distinct

negative CIEs during the uppermost Rhaetian and lower

Hettangian respectively, separated by a positive CIE close

to the Tr-J boundary. Very low d13Ccarb values coincide in

part with the uppermost Rhaetian negative d13Corg CIE

(Fig. 8a). This negative excursion observed both in the

organic and inorganic carbon record has been observed in

several sections, from different environmental settings, and

may indicate a perturbation of the global carbon cycle in

coincidence with the end-Triassic mass extinction

(McRoberts et al. 1997; Ward et al. 2001; Pálfy et al. 2001;

Guex et al. 2004; Galli et al. 2005; Ruhl et al. 2009).

Coinciding with the second negative excursion of d13Corg,

the d13Ccarb values remain relatively high (Fig. 8a). This

negative correlation between the d13Ccarb and d13Corg

curves in the Early Hettangian is not just a local feature

because it was also observed in the Blue Lias Formation at

Doniford (SW England, Clémence et al. 2010).

Micropalaeontological data

We defined a succession of calcareous nannofossil and

benthic foraminiferal assemblages characterized by domi-

nant and palaeoecologically important taxa (Tables 1, 2).

These assemblages document significant quantitative and

qualitative changes that occurred at the Tr-J transition, as

shown in Figs. 4, 5, 6 for Eiberg, in Fig. 7 for Schloss-

graben and in Figs. 8 and 9 for Tiefengraben.

Palaeoecology of Tr-J benthic foraminifera

The stratigraphic distribution of the benthic foraminiferal

assemblages reflects the environmental changes driven by

sea-level fluctuations, food supply and oxygen level, in

agreement with previously published sedimentological

and palaeontological data (Golebiowski 1990; Kuerschner

et al. 2007, see Sect. ‘‘Geological and sedimentological

framework’’).

Within the marlstone intercalations of the Eiberg Mb at

the Eiberg, Schlossgraben and Tiefengraben sections,

abundant and diversified Nodosariidae (Figs. 6b, 7c, 9b)
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indicate open sea and outer shelf conditions ([50 to around

200 m) with normal marine salinity (Jenkins and Murray

1989). In the same levels, the presence of ammonites and

high proportions of marine palynomorphs also support this

interpretation (Kuerschner et al. 2007). Abundant and

diversified Nodosariidae (Figs. 6b, 7c, 9b) are adapted to

well-oxygenated microhabitats (ranging from epifaunal to

deep infaunal), and with active deposit-feeder and grazing

feeding strategies (Reolid et al. 2008), as confirmed by

positive d13Ccarb values and a low OM content (Figs. 6, 7,

9). According to Jorissen et al. (1995) and Gooday (2003),

such mixed assemblages may well have existed under

mesotrophic conditions (availability of ‘‘high quality’’

labile organic matter), and high levels of dissolved oxygen

(Gräfe 2005). This is consistent with the presence of

common bioturbations, as well as a rich and diversified

macrofauna recorded in this stratigraphic interval

(Golebiowski 1990).
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In the deeper part of the Eiberg basin (Eiberg and

Schlossgraben sections), the influence of the end-Triassic

sea level drop on the foraminiferal assemblages is not

marked. In the uppermost Eiberg Mb (transition to the

Tiefengraben Mb) the persistence of abundant and diver-

sified Nodosariidae within the marly interval still records

outer shelf conditions with normal marine salinity condi-

tions, as also attested to by the d18O and d13Ccarb values

(Fig. 6). Nonetheless, in this stratigraphic interval first

symptoms for a change in the marine environment do occur

(Fig. 6). Assemblages consisting of infaunal fine-aggluti-

nated taxa (Ammobaculites cf. duncani, Ammomarginulina

beggi; Fig. 6c) mark the shift from deposit to detritus

feeders and bacterial scavengers, tolerant to low-oxygen

and organic matter of continental origin (Nagy 1992;

Tyszka 1994; Kuhnt et al. 1996; Kaminski et al. 1999;

Alegret et al. 2003; Reolid et al. 2008). Their presence is

related to the pattern of high d18O and type III OM values

indicating a possible continental origin (see Sect. ‘‘Char-

acterisation of organic matter’’), and high d18O (Fig. 6).

High d18O values can be interpreted in terms of cooling or

salinity increase. We excluded salinity increase, because it

is incompatible with ecological preferences of agglutinated

foraminifera. They generally prefer low pH conditions and/

or cold waters and/or brackish conditions. We excluded

also brackish conditions, because in this case both

decreasing of d13Ccarb and d18O values are expected.

Therefore, the combination of foraminifera and geochem-

istry points to a cooling event and/or seawater chemistry

change (lower pH). The marked peak in the abundance of

the aragonitic Involutinidae Trocholina (Fig. 6) in the

topmost part of Eiberg section could be related to a relative

Fig. 13 a Eiberg TOC results plotted in a modified Van Krevelen

diagram (HI vs. OI). b–c Tiefengraben and Schlossgraben TOC data

plotted in a HI vs. Tmax diagram (Espitalié et al. 1985a, b, c),

respectively. The three sections display a continental/oxidated OM

contribution of Type III except for three samples from the Eiberg

section (from the base of the thick calcareous interval), characterized

by preserved marine OM of Type II

Fig. 12 Selected benthic foraminifera, all scale bar = 100 lm.

a Trocholina cf. T. verrucosa KRISTAN, 1957. Eiberg section,

EB357, Uppermost Rhaetian. b Glomospira perplexa FRANKE, 1936.

Sample TGR138, Tiefengraben section, Upper Rhaetian. c Trocham-
mina squamosa ZIEGLER, 1964. Tiefengraben section, TGR189,

Uppermost Rhaetian. d–e Trochammina canningensis TAPPAN, 1955.

Schlossgraben section, HC11, Uppermost Rhaetian. f Pseudonodosa-
ria multicostata (BORNEMANN, 1854). Sample HC2, Schlossgraben

section, Upper Rhaetian, fa- side view; fb- apertural view. g Nodosa-
ria claviformis TERQUEM, 1866. Sample HC3, Schlossgraben section,

Upper Rhaetian. h Pseudonodosaria simpsonensis (TAPPAN, 1951).

Sample EB333, Eiberg section, Upper Rhaetian. i Nodosaria nitidana
BRAND, 1937. Sample HC3, Schlossgraben section, Upper Rhaetian.

j Nodosaria anarthra KRISTAN-TOLLMANN, 1964. Sample HC3,

Schlossgraben section, Upper Rhaetian. k Paralingulina tenera
tenera (BORNEMANN, 1854). Sample HC2, Schlossgraben section,

Upper Rhaetian, ka- side view; kb- apertural view. l Pseudonodosaria
oculina (TERQUEM & BERTHELIN, 1875). Sample HC3, Schlossgraben

section, Upper Rhaetian, la- side view; lb- apertural view. m Astacolus
matutina (D’ORBIGNY, 1850). Sample HC1, Schlossgraben section,

Upper Rhaetian. n Ichtyolaria bicostata (D’ORBIGNY, 1849). Sample

EB322, Eiberg section, Upper Rhaetian. o Pseudonodosaria plurim-
icostata (KRISTAN-TOLLMANN, 1964). Sample TGR97, Tiefengraben

section, Upper Rhaetian. oa- side view; ob- apertural view. p Ichtyo-
laria rhaetica (KRISTAN-TOLLMANN, 1964). Sample EB322, Eiberg

section, Upper Rhaetian. q Lenticulina varians (BORNEMANN, 1854).

Sample HC2, Schlossgraben section, Upper Rhaetian. r Astacolus
filosa (TERQUEM, 1866). Sample HC1, Schlossgraben section, Upper

Rhaetian. s Eoguttulina liassica (STRICKLAND, 1846). Sample EB322,

Eiberg section, Upper Rhaetian. t–u Prodentalina paucicurvata
(FRANKE, 1936). Sample TGR52, Tiefengraben section, Upper Rhae-

tian. v Astacolus pediacus TAPPAN, 1955. Sample TGR193,

Tiefengraben section, Upper Rhaetian. w Lenticulina gottingensis
(BORNEMANN, 1854). Sample HC1, Schlossgraben section, Upper

Rhaetian. x Ammomarginulina beggi STRONG, 1984. Sample

EB385, Eiberg section, Upper Rhaetian. xa- side view; xb- apertural

view. y Ammobaculites cf. duncani SCHROEDER, 1968. Sample

TGR131, Tiefengraben section, Upper Rhaetian. z Pseudonodosaria
limpida (WOSZCZYNSKA, 1987). Sample TGR97, Tiefengraben section,

Upper Rhaetian. za- side view; zb- apertural view

b
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sea-level drop (transition from outer to mid shelf envi-

ronments, around 50 m water depth), although fully marine

conditions are still maintained, as shown by the presence of

abundant Nodosaridae and by d13Ccarb and d18O values. In

Mesozoic sediments, Trocholina, interpreted as primary

seaweed fauna, is often associated with shallow-water

facies (Reolid et al. 2008).

In fully marine conditions and with a limited diagenet-

ical impact compared with Tiefengraben and Kendelbach

sections, the Schlossgraben section records a peak of

agglutinated Trochammina (Fig. 7c) across the Kössen and

the Kendelbach Formation transition, in coincidence with

the end Triassic d13Corg negative excursion. Genus Tro-

chammina has been variously interpreted as an epifaunal,

detritivore/scavenger feeder and omnivore active consumer

of bacteria or herbivore (Jones and Charnock 1985; Nagy

1992). In modern environments, Trochammina has been

found to survive in marshes with extreme chemical pollu-

tion and low pH (for example in the S. Francisco Bay,

McGann and Sloan 1999). A similar Trochammina

assemblage has been found in the most marginal setting of

the Eiberg basin, such as Tiefengraben and Kendelbach,

where the sea-level drop in the latest Triassic has been

much more significant (Golebiowski 1990; Kuerschner

et al. 2007). At Tiefengraben, Kendelbach and Schloss-

graben the absence of hyaline foraminifera and the

occurrence of Trochammina (perhaps enhanced by selec-

tive dissolution, as mentioned previously) at the end-

Triassic may indicate stressful conditions (Figs. 7c, 8, 9b).

These are probably related to temporary pH reduction.

However, at Tiefengraben and Kendelbach this lowering of

pH is likely due in part to brackish conditions, as indicated

by low values of both d13Ccarb and d18O (Marshall 1992)

and other palaeontological proxies such as palynomorphes

and bivalves (Golebiowski 1990; Kuerschner et al. 2007).

At Tiefengraben, the composition of the agglutinated

foraminiferal assemblage undergoes changes at the early

Hettangian d13Corg negative excursion. Here, the assem-

blage is characterized by a low abundance of the infaunal

detritivores A. cf. duncani and A. beggi, often associated

with small hyaline infaunal P. limpida (Fig. 9b). This

assemblage mirrors persisting shallow-water brackish

environments, probably characterized by low oxygen

conditions. In particular, coarsely-agglutinated Ammob-

aculites from Jurassic sediments have been previously

interpreted as shallow-water forms associated with reduced

salinity or oxygenated environments (Jenkins and Murray

1989; Hemleben et al. 1990). Further upward, at the tran-

sition to the Breitenberg Mb, renewed dominance of

Nodosariidae with Paralingulina tenera (Fig. 9b) may

reflect a sea-level rise and the re-establishment of more

open-marine conditions (Jenkins and Murray 1989). This is

associated with a peak of marine palynomorphs

(Kuerschner et al. 2007), and the occurrence of a more

open, normal-marine fauna with brachiopods, bivalves and

ammonoids (Golebiowski 1990).

Palaeoecology of late Triassic calcareous nannofossils

The biological affinities, ecological preferences and

stratigraphic succession of Late Triassic calcareous nan-

nofossils are not known. They represent a complex group,

whose specimens are difficult to compare to modern phy-

toplankton taxa (Eventually you could provide a reference).

Therefore, interpretations concerning the ecological pref-

erences of Prinsiosphaera triassica, Conusphaerids

(Eoconusphaera zamblachensis and Eoconusphaera toll-

maniae), Schizosphaerellids, and of calcareous cysts

(Orthopithonella and Obliquipithonella) remain tentative

at best.

In the uppermost Eiberg section, the reduction in size of

P. triassica and its decrease in abundance broadly occur

together with major positive d18O shifts which might be

interpreted as cooling pulses, sea-water chemical changes

and/or decreasing pH, as also inferred for benthic foramin-

ifers (see previous paragraph). These data might suggest that

the abundance of P. triassica was preferentially favoured by

warm seawaters, probably with high availability of HCO3
-

content. P. triassica is very abundant in Rhaetian limestones

(Gardin, personal observation) and it was probably an

important contributor to the formation of carbonate sedi-

ments at that time. Its thick wall structure could also indicate

a benthic life-stage in epicontinental shelf environments, as

inferred for some calcareous dinoflagellates (Kohring et al.

2005). However, although P. triassica resembles calcareous

dinoflagellates in size and shape, it possesses a solid struc-

ture and lacks a consistent archaeopyle when compared with

calcareous dinoflagellates.

Conusphaerids are very abundant in the upper Rhaetian

(Fig. 5b, 7b, 8b), and they are also reported to be very

abundant and ‘‘rock-forming’’ in Late Jurassic sediments,

possibly indicating a deep nutricline and oligotrophic/

cooler surface water conditions (Bornemann et al. 2003). In

this study, the general trend in the relative abundance of

Conusphaerids is inversely correlated to the relative

abundance curve of P. triassica (Fig. 5b), indicating that

these nannoliths inhabited different ecological niches and/

or responded to divergent environmental parameters.

With the broad term ‘‘Schizosphaerellid’’ we group

calcareous nannofossils presenting shape and optical

properties almost identical to the Jurassic genus Schizosp-

haerella when observed under the optical microscope

(Fig. 11d–f). Schizosphaerella prevails in carbonate-rich

sediments and is interpreted as a nannolith that preferen-

tially inhabited proximal environments (Noël et al. 1994;

Mattioli 1997; Cobianchi and Picotti 2001; Mattioli and
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Pittet 2004). Two hypotheses have been proposed to

explain the palaeoecological preferences of Schizosphae-

rella: (1) an oligotrophic, deep-dwelling habitat (Claps

et al. 1995; Erba 2004; Tremolada et al. 2005) or (2) a

mesotrophic shallow-dwelling habitat (Mattioli and Pittet

2004). Our results on Triassic ‘‘Schizosphaerellids’’ show a

clear increase in abundance during the uppermost Rhaetian,

just before the first negative CIE (Eiberg and Schlossgra-

ben sections) but cannot support any of the two proposed

palaeocological hypotheses.

Calcareous cysts (Orthopithonella spp. and Obliquipi-

thonella spp.) are known since the Late Triassic in both the

Mediterranean and Boreal realms (Villain 1981; Janofske

1987) but their affiliation to calcareous-walled dinoflagel-

lates was recently questioned (Gottschling et al. (2008).

Modern calcareous dinoflagellate cysts are present from

neritic to pelagic marine environments (Wall and Dale

1968; Dale 1983, 1986). Their ecological preferences are

species-specific, but important information can be gathered

from cyst size and wall structure, which are often influ-

enced by water mass parameters (Keupp 1995, 2001;

Keupp and Mutterlose 1994). Large cysts seem to occur in

warmer waters, whereas smaller ones correspond to cooler

water masses (Kohring et al. 2005). Sea-level changes may

also control the phenotypical variability and palaeogeo-

graphical distribution of calcidinocysts (Keupp 1995;

Keupp and Kowalski 1992; Zügel 1994). In our study,

abundant calcareous cysts were observed in the Kössen

Formation. Reduction in size and increasing abundance are

observed in the uppermost Eiberg section synchronously

with d13Ccarb decreasing and d18O increasing trends, while

a clear decrease in abundance is observed from the very top

of the T-Bed in Schlossgraben (Figs. 4b, 5b, 8b). Although

it is hard to outline unequivocal ecological preferences for

Rhaetian calcareous cysts from the present study, their

biotic pattern in the Eiberg basin concurs with with low-

ered surface productivity and establishment of cooler

surface waters.

The ecological preferences of the Triassic coccoliths

Crucirhabdus minutus, C. primulus and Arkeozygodiscus

koessenensis are not inferred due to their low abundance. In

this study, they are not observed above the Tr-J boundary.

Discussion

Calcareous nannoplankton are tracers of both organic and

inorganic carbon pumping with an obvious major impact

on atmosphere/ocean interactions (Rost and Riebesell

2004). Thus, in response to environmental changes, the

primary surface productivity plays a major role in the

vertical flux of organic carbon with ballast minerals sinking

into the deep sea (Barker et al. 2003). Thanks to their great

sensitivity to nutrient supply exported from the surface

(main source of food), benthic foraminifera can record

direct positive or negative feedbacks in response to modi-

fications of the primary productivity. In fully marine

conditions, if a bentho-planktonic linkage is observed, it

can mimic the functioning of biological pumping (primary

productivity and export production). In this study, the

qualitative and quantitative modifications observed in cal-

careous nannofossil assemblages seem faithfully recorded

at the bottom by qualitative and quantitative changes in

benthic foraminifera assemblages. However, the latter are

also influenced by the continental organic matter input,

which increased during the ongoing end-Triassic sea-level

fall. At Tiefengraben, the influence of the sea-level fall on

the calcareous nannofossil and foraminifera assemblages is

even more prominent. The combination of micropaleon-

tological and geochemical data, allows us to propose a

multi-phase environmental disruption across the end-Tri-

assic carbon isotope negative excursion (Fig. 14).

Pre-perturbation interval

In the Late Rhaetian (Eiberg and Tiefengraben sections),

calcareous nannofossil assemblages fluctuate highly in

phase with large-sized epifaunal-infaunal, calcareous ben-

thic foraminifera (Figs. 4, 5, 6, 7, 8, 9) and with TOC,

CaCO3 and d13Ccarb values. These ‘‘pre-perturbation’’

bentho-planktonic linkages might indicate a well-struc-

tured trophic chain and good recycling of nutrients (as also

attested by type II organic matter), in an oxygenated and

mixed water column. The abundant and diversified cal-

careous benthic foraminifera translate as a flux of good

labile marine organic matter (phytodetritus).

Onset of perturbation

P. triassica fluctuates in abundance and size all along the

studied sections, but a decline is observed in the uppermost

Rhaetian at Eiberg (from 16 to 20 m; Figs. 4b, 5b). Since the

‘‘thick’’ structure of P. triassica’s had more potential in

producing CaCO3 than the ‘‘hollow’’ structure of calcareous

cysts, the reduction in size and abundance of the former and

the increase of the latter, probably affected the surface

carbonate production and vertical export to the sea-bottom.

This disturbance seems to be reflected by the decreasing

trend of the isotope carbon curve as well as reduced abun-

dance and change in composition of the benthic foraminifers

(Fig. 6b, c). The latter may record a decreasing flux of

marine organic matter at the sea-bottom, and/or an

increasing supply of continental OM related to the latest

Triassic regression. We interpret this biotic pattern as

the onset of a decline in surface carbonate production in the

Eiberg Basin, starting from the major positive shift of the
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d18O curve (heaviest values) and taking place in three pro-

gressive steps, each linked to d18O fluctuations and to the

presence of probable continental OM due to a falling sea-

level. The major positive shift of the d18O curve represents a

major palaeoenvironmental deterioration, probably related

to a short-term cooling ‘‘pulse’’ and/or seawater chemistry/

pH change responsible for the demise of large P. triassica

and overall smaller size of calcareous nannofossils

(Fig. 4b). It is accompanied by changes in feeding strategies

at the sea-floor, first (step 1 in Fig. 14) with the development

of shallow, fine detritivore, agglutinated foraminifera (Am-

mobaculites-Ammomarginulina; Fig. 4b). Later on (step 2,

Fig. 14), calcareous nannofossil assemblages are charac-

terized by overall small-size specimens (Fig. 4b) while the

foraminifera assemblage is dominated by low abundant

infaunal, hyaline foraminifera (Pseudonodosaria simpson-

ensis), possibly indicating transient dysaerobic conditions

(Fig. 6b). Finally (step 3, Fig. 14), P. triassica reaches its

lowest abundance, while calcareous cysts also decrease and

Schizosphaerellids increase (Fig. 5b). Thus, perturbation in

nannofossil productivity, expressed by reduction in size and

changes in the proportions of the carbonate primary pro-

ducers, are transferred to the sea-floor: benthic foraminifera

seem to explicitly record the reduction of marine organic

matter flux, as a consequence of decreased ballast effect

(Barker et al. 2003).

The three steps of perturbation of the surface carbonate

production alternate with conditions during which P. tri-

assica and hyaline foraminifera get back to higher

abundance, suggesting a better efficiency of the export

pathway within the water column down to the sea floor

(Figs. 5b, 6b, 7). However, the huge increase in active

herbivores-phytodetritivores epifauna (Trocholina cf. T.

verrucosa; Fig. 6b), shortly before the third step could be

related to a falling sea-level and a major continental

influence (see Sect. ‘‘Characterisation of organic matter’’),

rather than to the export production within the water

column. The development of ‘‘Schizosphaerellids’’, start-

ing at the very end of the Rhaetian (Figs. 5b, 7b), is rapidly

interrupted at the same time as a major negative excursion

of d13Ccarb and d13Corg at the end-Triassic is observed. It is

interesting to note that this development coincides with a

slight increase (1%) of organic matter and of infaunal

benthic foraminifera (Nodosaria spp. ? Paralingulina te-

nera), which might represent a temporal increase of

phytodetritus and/or reduction of oxygen level at the sea-

bottom (Fig. 7; Jorissen et al. 1995; Mailliot et al. 2009).

Maximal perturbation

In the latest Triassic, in both the Schlossgraben and Tie-

fengraben sections, assemblages severely deprived of

micro- and nannofossils represent a maximal environ-

mental deterioration process, associated with the first

negative d13Ccarb d13Corg shift and an abrupt decrease of

the CaCO3 content (Figs. 7, 8). The sea-level lowstand

played a significant role probably inducing important

salinity variations, as suggested by Kuerschner et al.

(2007). The reduced salinity of surface waters possibly led

to a salinity-stratification of the water column and might

have reduced the oxygen level at the bottom of the Eiberg

basin, promoting the preservation of organic matter (Bonis

et al. 2009). The organic-rich level at Schlossgraben is

probably of continental origin (type III, see Sect. ‘‘Char-

acterisation of organic matter’’) and related to the

regression and decreasing carbonate sedimentation. How-

ever, in other sections of the Eiberg basin, marine organic

matter enrichment has been documented in coincidence

with the first CIE (Ruhl et al. 2009). Yet, the abruptness of

the Austrian negative d13C shift (Kuerschner et al. 2007;

Ruhl et al. 2009) suggests a discontinuity surface (hiatus)

on top of Kössen Formation, linked to the end-Triassic

maximal sea-level fall. At Tiefengraben and Schlossgra-

ben, there is no sedimentological evidence of emersion.

Fig. 14 Biotic patterns of

calcareous nannofossils and

benthic foraminifera across the

end-Triassic crisis

310 M.-E. Clémence et al.



Therefore, we interpreted this hiatus as an extreme reduc-

tion of carbonate sedimentation (Hautmann 2008).

Aftermath

Synchronously with the onset of d13Corg recovery, at

Tiefengraben, Kendelbach and at Schlossgraben, calcare-

ous nannofossil assemblages are barren while benthic

foraminifera consist almost exclusively of Trochammina,

which occur in high abundances (Figs. 7c, 8, 9b). The

latter could be interpreted as a ‘‘disaster scavenger fee-

der’’ typical of devastated marine ecosystems, within a

unstable environment. The strong environmental tolerance

of Trochammina, regardless of extreme environmental

conditions (chemical pollution, pH), may attest to sea-

water acidification.

The interpretation of the biotic pattern could be biased

by local facies and palaeoenvironmental changes. In fact, at

the end-Triassic and continuing into the earliest Hettan-

gian, the Tiefengraben section is under strong continental

influence, as clearly suggested by organic matter and pal-

ynological observations (Kuerschner et al. 2007; Ruhl et al.

2009). Therefore, the local influence of the shallow-

brackish environment at Tiefengraben probably enhanced

the marine environmental deterioration that started in the

Late Triassic, and lead to a maximal perturbation. How-

ever, we emphasize that in the Schlossgraben section,

under more marine influence (Hillebrandt and Krystyn

(2009), similar assemblages are present (Fig. 7), probably

indicating a more general biotic signal.

Global scenario of carbonate production

and the end-Triassic crisis

The latest Rhaetian pre-CIE positive d18O peaks observed

in Austria, are symptomatic of a marine environmental

deterioration starting with a decrease in surface carbonate

production and culminating in a complete cessation of the

pelagic carbonate production.

The demise and extinction of the most abundant

component of calcareous nannofossils assemblages,

P. triassica, represents a significant event leading to a

dramatic change in surface carbonate producers across the

Triassic-Jurassic boundary. P. triassica was dominant

during the late Rhaetian, suffered a reduction in abundance

and size and finally it was replaced by calcareous cysts and

by ‘‘Schizosphaerellids’’ before its final extinction. The

end-Triassic crisis was severe for calcareous nannofossils.

However, some nannoliths (Conusphaerids) as well as

calcareous cysts (Orthopithonella, Obliquipithonella) and

coccolith Crucirhabdus reappeared with new species dur-

ing the Jurassic.

The reasons for the disappearance of the ‘‘Prinsiosph-

aera world’’ at the end-Triassic remain unknown, but

cooling and sea-level fall might have severely affected its

ecological niche. Recent reconstructions suggest a link

between nannoplankton evolution and sea-level changes,

with high extinction rates and major turnovers often coin-

ciding with regressions (Erba 2006). Alternatively,

Prinsiosphaera’s extinction might be linked to changes in

sea-water chemistry. Its thick structure could have been

favoured by a CaCO3 hyper-saturation state of shallow

seawaters on the continental shelf, primary locus of the

carbonate deposition at that time (‘‘Neritan’’ ocean mode;

Zeebe and Westbroek 2003; Ridgwell 2005). A ‘‘Late

Triassic supercalcification’’ is supported by other fossil

evidence as the spectacular accumulation of reef lime-

stones along the southern Tethyan margin (Martini et al.

2000). We speculate that the crisis of ‘‘supercalcifiers’’

(e.g., reef building scleractinian corals) as well as the

definitive demise of P. triassica at the very end of the

Triassic was likely due to a major change in surface CaCO3

X and pH, coupled with a global regressive trend. Perhaps

P. triassica, contrary to other calcareous nannofossils, had

a minor physiological control on biocalcification and was

more vulnerable to changes in seawater chemistry (Stanley

2006).

A large-scale, end-Triassic carbonate crisis is reported

from sections of different palaeogeographical domains

(Stanley 2003; Hesselbo et al. 2002; Guex et al. 2004;

Hautmann 2004, 2008; Galli et al. 2005). The shut-down of

the ‘‘carbonate factory’’ resulted in a widespread hiatus or

extreme condensation in coincidence with the end-Triassic

carbon negative shift (Hautmann 2004). Carbonate crises

are characteristic of major extinction intervals linked with

the occurrence of large igneous provinces (Courtillot and

Renne 2003), and the temporal coincidence of CAMP

volcanism with the end-Triassic crisis is now well-docu-

mented (Marzoli et al. 2004; Schaltegger et al. 2008; Cirilli

et al. 2009; Schoene et al. 2010). Some authors relate the

rise in the flux of volcanogenic CO2 to the atmosphere, and

possibly methane release from gas-hydrate dissociation,

which led to temporary acidification of the surface ocean

and under-saturation of seawater with respect to aragonite

and calcite (Hautmann 2004, 2008; Galli et al. 2005). Leaf

stomatal indices have been taken as evidence of such

induced CAMP ‘‘lethal’’ super greenhouse warming across

the Tr-J boundary (McElwain et al. 1999). On the other

hand, the highly discontinuous and incomplete continental

record reduces the temporal resolution of this palaeobo-

tanical proxy and the correlation with marine record is

unclear. Moreover, leaf stomatal features might have not a

straightforward, linear relationship with atmospheric CO2

and they could be related to other environmental stress

factors, such as volcanogenic SO2 (Tanner et al. 2007).
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Repeated releases of SO2 by CAMP volcanism (Tanner

et al. 2001; McHone 2002; Guex et al. 2004; van de

Schootbrugge et al. 2009) coupled with the major regres-

sion observed at the end-Triassic stage could have

triggered the marine environmental perturbation. The

impact of volcanism on climate and palaeoenvironmental

conditions is linked to several factors (lava composition,

eruption rate, etc.) among which the amount and compo-

sition of volatile gases (mainly CO2 and SO2), and the

altitude reached by the volcanic plume (Textor et al. 2004).

It is now apparent that sulphur plays the leading role in

cooling climatic events (Chenet et al. 2005; Self et al.

2006). Sulphur-rich gases (1–25%) released into the

stratosphere are rapidly converted to sulphate aerosols,

which result in reduced insolation and cooling of the lower

troposphere. Besides the climatic impact, the reduced

insolation has direct adverse impacts on both photosyn-

thesis and primary productivity. Sulfuric emissions,

together with other pollutants (Guex et al. 2004; Chenet

et al. 2005), are concentrated in the stratosphere, forming

acidic fog near the Earth’s surface. It could have generated

dramatic modifications of the carbonate seawater chemistry

through acidification, affecting CO2 exchange between

atmosphere and ocean, and the primary carbonate pro-

duction. Model results assessing the impact of CAMP

volcanism on ocean carbonate chemistry done by Berner

(2007) suggest that volcanic SO2 could have significantly

promoted dissolution and ocean undersaturation with

respect to calcite. The observed decreased in abundance

and in size of some calcareous nannofossils could hence be

explained by ocean acidification and cooling caused by

major CAMP volcanic eruption pulses. The ‘‘cooling’’

hypothesis is also consistent with the interpretation of

Hubbard and Boulter (2000), who proposed a dramatic and

protracted ‘‘cold event’’ during the latest Triassic, on the

basis of palynological data.

Changes in the ecological success of calcifying organ-

isms caused by ocean acidification might have affected the

biological carbon pump, for example through the inhibition

of calcification processes. In the same way, the average

change of ‘‘calcispheres’’ diameter might indicate under-

calcified specimens linked to the cooling episode, and

maybe also to low pH conditions. Consequently, the car-

bonate balance of the oceans might have been affected,

favouring the increase of carbonate solubility. This way,

the ecological balance could have shifted in favour of non-

calcifying organisms, such as organic-walled phytoplank-

ton (van de Schootbrugge et al. 2007; Götz et al. 2009;

Bonis et al. 2009), and agglutinated foraminifera speci-

mens (this study). All these factors may have had a

‘‘knock-out’’ effect on the sinking of organic material

(export production) and biological pump functioning, as

expressed by the observed bentho-planktonic relationship.

Conclusions

This paper presents a first synecological study of calcare-

ous nannofossils and benthic foraminifera from three

austrian sections which argues strongly of a marine eco-

system deterioration starting during the late Rhaetian and

culminating in carbonate pump collapse at the end of

Triassic.

During the late Rhaetian, surface carbonate production

dropped due to : (1) a decrease in abundance and size of

calcareous nannofossil P. triassica and its final extinction

at the end-Triassic; (2) increase of calcareous cysts and

‘‘Schizosphaerellids’’, with a lesser potential of carbonate

production. These surface-water modifications are expressed

at the sea-bottom by the development of detritus-feeding

agglutinated foraminifera (Ammobaculites, Ammomarginu-

lina). The clear link between planktonic and benthic

assemblages further points to a disturbance of the biological

carbonate pump.

The paroxysmal phase of the end-Triassic crisis is

revealed by assemblages devoid of calcareous micro- and

nannofossils, in association with a d13C negative shift. This

biological collapse is immediately followed by the devel-

opment of Trochammina ‘‘disaster scavenger feeder’’

benthic foraminifera.

The end-Triassic biotic crisis might have been generated

by the onset of the CAMP paroxysmal activity, which in

turn imposed a major worldwide regressive phase. Volca-

nogenic SO2 emissions might be responsible of the

establishment of the major cooling episode, seawater

chemistry changes and/or low pH conditions at the end of

the Triassic stage.
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‘‘Biodiversité et role des microorganismes dans les écosystèmes
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Jahrbuch fur Geologie und Paläontologie Abhandlungen, 212,

401–439.

Keupp, H. (1995). Die kalkigen Dinoflagellaten—Zysten aus dem

Ober-Alb der Bohrung Kirchrode 1/91 (zentrales Niedersächsis-
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