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Abstract

A Paleocene/Eocene-boundary section is described from the Zwieselalm Formation of the Upper 
Gosau Subgroup at Gams, Northern Calcareous Alps, Austria. The Pichler section exposes 122 m 
of turbidite-dominated psammitic to pelitic deposits. Occasionally, thin layers and concretions oc-
cur consisting essentially of early diagenetic siderite. The Paleocene/Eocene- boundary at the base 
of the Pichler section is characterized by a negative excursion of carbon isotope values (CIE), the 
occurrences of the dinoflagellate cyst Apectodinium augustum and the calcareous nannoplankton 
species Discoaster araneus and Rhomboaster spp. Foraminiferal assemblages are predominantly 
allochthonous and indicate deposition below the calcite compensation depth in the lower to mid-
dle part of the section. High sedimentation rates of ca. 20 cm/kyr are estimated.

Keywords: Paleocene/Eocene-boundary, Northern Calcareous Alps, turbidites, calcareous nan-
noplankton, foraminifera 

Zusammenfassung

Ein Paleozän/Eozän-Grenzprofil wird aus der Zwieselalm-Formation der Oberen Gosau-Subgruppe 
der Nördlichen Kalkalpen (Österreich) beschrieben. Das Pichler-Profil erschließt 122 m einer 
von Turbiditen dominierten sandig-pelitischen Abfolge. Gelegentlich sind dünne Lagen mit 
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Konkretionen vorhanden, die vor allem aus frühdiagenetischem Siderit bestehen. Die Paleozän/
Eozän-Grenze ist gekennzeichnet durch eine negative Anomalie der Kohlenstoff-Isotopenwerte, 
das Auftreten der Dinoflagellatenart Apectodinium augustum und dem Erstauftreten der kalkigen 
Nannoplanktonarten Discoaster araneus und Rhomboaster ssp. Foraminiferenvergesellschaftungen 
sind vorwiegend allochthon und weisen auf eine Ablagerung unter der Kalzitkompensationstiefe 
im unteren und mittleren Abschnitt des Profils hin. Hohe Sedimentationsraten von ca. 20 cm/kyr 
wurden rekonstruiert.

Schlüsselwörter: Paleozän/Eozän Grenze, Nördliche Kalkalpen, Turbidite, kalkiges 
Nannoplankton, Foraminiferen

Introduction

The base of the prominent (2–3 ‰) negative carbon isotope excursion (CIE) in the up-
per part of calcareous nannoplankton zone NP9 has been proposed by the International 
Subcommission of Paleogene Stratigraphy (luterbacher et al. 2000) to recognize the 
Paleocene/Eocene-boundary (P/E-boundary). The CIE, which took place at 55.5 Ma and 
lasted c. 170 kyr (röhl et al. 2000), has been related to a massive methane release 
(dicKenS et al. 1995, 1997), as a result of the dissociation of submarine methane hydrates 
(see dicKenS 2004, for a review), or thermogenic methane (SvenSen et al. 2004) and ter-
restrial organic carbon (Kurtz et al. 2003), or a combination of these sources (panchuK 
et al. 2008; SluijS et al. 2007a, b). A comet impact was suggested by Kent et al. (2003), 
however, this theory is largely discarded (Kopp et al. 2007; lippert & zachoS 2007). The 
CIE is associated with a global extinction event which affects both marine and terrestrial 
biota (SluijS et al. 2007a), most prominently deep−sea benthic foraminifera (see thoMaS 
1998 and 2007 for reviews), a rapid diversification of planktic foraminifera (lu & Keller 
1993; Kelly et al., 1996, 1998), a global bloom of the dinoflagellate genus Apectodinium 
(crouch et al. 2001; SluijS & brinKhuiS 2009; SluijS et al. 2006), a turnover in calcareous 
nannoplankton (bybell & Self-trail 1994; gibbS et al. 2006; raffi et al. 2009), a major 
turnover in land mammals (Wing et al. 1991; boWen et al. 2002; gingerich 2006), and a 
shoaling of the calcite compensation depth (dicKenS et al. 1995; zachoS et al. 2005). 

Deposits within the northwestern Tethyan paleogeographic realm, which later formed 
parts of the Eastern Alps, show significant facies differences during this time period. 
On the bordering shelves lower Eocene deposits rest with an erosional unconformity on 
Upper Cretaceous to Paleocene strata. The onset of the regression that caused the strati-
graphic gap across the P/E-boundary took place probably in the latest Paleocene (egger 
et al. 2009a). In the adjacent Rhenodanubian Flysch basin, at the abyssal Anthering sec-
tion (N of Salzburg, Fig. 1B), the CIE is associated with the Apectodinium acme and the 
occurrence of A. augustum (egger et al. 2000; crouch et al. 2001). The CIE-interval is 
characterized by an increase in siliciclastic hemipelagite sedimentation rate by a factor of 
6 and a significant decrease in the frequency and magnitude of turbidity currents entering 
the basin. Probably, this increase in terrestrially derived input into the basin was a result 
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of the low sea-level and associated enhanced continental erosion (egger et al. 2003). 
Increased sediment supply to marine basins was a widespread phenomenon during the 
PETM (Paleocene Eocene Thermal Maximum) and is interpreted as a response to PETM 
climate change and critical for carbon and nutrient cycles (see SluijS et al. 2008). 

At the bathyal Untersberg section (Northern Calcareous Alps SW Salzburg, Fig. 1B), in 
the dominant marlstone, a 5.5 m thick intercalation of red, green and grey claystone and 
marly claystone represents the CIE-interval (egger et al. 2005). This indicates a substan-
tial shallowing of the calcite compensation depth at that stratigraphic level. An increase 
in detrital quartz and feldspar within the CIE-interval suggests increased continental 
run−off from the north. 

In this paper, the sedimentary, paleontological and geochemical record of the Pichler 
section in the Gosau basin of Gams, Styria (see Figs 1A, B; egger et al. 2009b) is pre-
sented, which provides the longest record across the boundary known from the north-
western Tethyan realm so far. This paper describes in the Paleocene/Eocene boundary 
interval and the sedimentology and biostratigraphy of this section based on nannofossils, 
foraminifera and additional dinoflagellate and stable isotope data.

Geological Setting

The Gosau Group of Gams comprises a succession of Upper Cretaceous to Paleogene 
sedimentary deposits within the Northern Calcareous Alps. In the upper part of the succes-
sion, both the Cretaceous/Paleogene (Stradner & rögl 1988) and the Paleocene/Eocene 
boundary were identified in deep-water deposits (egger et al. 2009a; Wagreich et al. 
2009). Recent investigations indicate the presence of a continuous sedimentary record 
across the Paleocene/Eocene-boundary section within the Zwieselalm Formation (egger 
& Wagreich, in Wagreich 2009).

Fig. 1. A: Sketch map of the Gams area indicating the investigated section in a southern unnamed 
tributary creek of the Gamsbach. K/Pg 1 and K/Pg2 mark the Cretaceous/Paleogene boundary 
sites described by Stradner & rögl (1988), grachev et al. (2005) and egger et al. (2009a, b). B: 
Inset map of Austria and location of Gams and Salzburg sections mentioned in the text. C: Sketch 
map indicating detailed location of the investigated sections A, B, and C. 
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Paleogeographically, the Gosau Group was deposited in the northwestern Tethys realm 
at a paleolatitude of 20° to 30° N (Wagreich & faupl 1994). The Gosau Group com-
prises mainly siliciclastic and mixed siliciclastic-carbonate strata deposited after Early 
Cretaceous thrusting in the Northern Calcareous Alps. Deposition of the Gosau Group 
was the result of transtension, followed by rapid subsidence into deep-water environ-
ments due to subduction and tectonic erosion at the front of the Austro-Alpine microplate 
(Wagreich 1993, 2001). 

The Gosau basin of Gams is situated in northern Styria, east of the Enns valley (Fig. 1). 
The main part of the E-W-elongated outcrop belt of Upper Cretaceous to Paleogene strata 
lies unconformably upon Permian-Triassic to Lower Cretaceous rocks of the Unterberg 
Nappe (Wagreich et al. 2009). 

The Gosau Group of Gams can be divided into two parts – a lower part comprising ter-
restrial and shallow-water sediments (Lower Gosau Subgroup), and an upper part, com-
prising deep-water strata (Upper Gosau Subgroup), mainly concentrated in the eastern 
part of the basin (KollMann �96�; Wagreich et al. 2009). 

The Lower Gosau Subgroup comprises several formations of Late Turonian to Campanian 
age, and is characterized by abundant macrofossils, including rudist biostromes, coal seams 
and several key stratigraphic horizons rich in ammonites and inoceramids (SuMMeSberger 
& Kennedy 1996; SuMMeSberger et al. 1999; Wagreich 2004). The overlying deep-wa-
ter sediments of the Upper Gosau Subgroup are assigned to the Nierental Formation 
(Campanian-Danian; Wagreich & KrenMayr 1993; SuMMeSberger et al. 2009) and the 
Zwieselalm Formation (Danian-Ypresian; egger et al. 2004). The biostratigraphy was 
mainly based on planktic foraminifera, which provide evidence for a range well into the 
Paleogene as recognized for the first time by Wicher (1956). Later, KollMann (1963, 
1964) gave a detailed foraminiferal zonation and recognized a nearly continuous sec-
tion from the Campanian up to the lower Eocene. Several Cretaceous/Paleogene (K/Pg) 
boundary sites in the eastern Gams basin have been investigated in detail, i.e. Stradner 
& rögl (1988), lahodynSKy (1988a, b), grachev et al. (2005, 2008), grachev (2009), 
Wagreich (2009) and egger et al. (2009a, b). 

The Paleogene succession (Fig. 2) ranges up to the lower Eocene (NP12; egger & 
Wagreich 2001) and is punctuated by stratigraphic gaps, which comprise zone NP3 and 
parts of zones NP6 to NP8 in some of the sections (egger et al. 2004). The K/Pg-bound-
ary interval and the Danian deposits of the Nierental Formation are characterized by the 
predominance of red and grey pelagic to hemipelagic marlstones and marly limestones 
with thin turbidites and single debris flows (egger et al. 2004, 2009a). This interval is 
followed by a turbidite-dominated unit assigned to the Zwieselalm Formation (Wagreich 
et al. 2009). Within this formation, a continuous Paleocene/Eocene boundary section is 
exposed in a creek in the eastern part of the Gams basin (egger & Wagreich, in Wagreich 
2009). The creek forms a southern tributary of the Gamsbach (Krautgraben) to the west of 
Haid, south of farm house Sommerauer (Figs 1A, C; UTM coordinates: 014° 50’ 25’’ E, 
47° 39’ 40’’ N). The so-called Pichler section (named after the farm house Pichler south 
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Fig. 2. General stratigraphic log of the Paleogene of Gams, including carbon isotope data of car-
bonates and the range of Apectodinium augustum. Modified from Wagreich (2009).
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Table 1. Counts and estimates of planktic and benthic foraminifera. Estimates: r = rare, 1-5 %;  
f = frequent, 5-20 %; a = abundant, >20 %.

Planktic foraminifera Benthic foraminifera
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PEG-01 200 1 16 2 6 5 8 37 31 3 3 1 38 49 75 0.38
PEG-02 200 64 7 2 31 19 59 8 8 88 67 21.44
PEG-03 200 512 66 37 3 54 120 163 10 453 41 3 20 64 88 517 1323.52
PEG-04 200 128 104 41 13 46 130 69 28 431 93 21 1 35 2 152 74 583 373.12
PEG-05 200 512 47 13 7 46 14 31 6 164 52 14 4 10 80 67 244 624.64
PEG-06 200 32 a f r a a a r r r 916 146.56
PEG-07 200 32 f r f a r 92 14.72
PEG-08 200 16 f f r a a a f r f 794 63.52
PEG-09 200 64 a f r a a a f r f 915 292.80
PEG-10 200 128 a r r r r a 157 100.48
PEG-11 200 256 a f r a a f r r f 374 478.72
PEG-12 200 2 f r f f r f 98 0.98
PEG-13 200 512 0 0.00
PEG-14 200 16 14 1.12
PEG-15 200 32 a f a a f r r 318 50.88
PEG-16 200 2048 4 40.96
PEG-17 200 32 a a a a a r f f r 513 82.08
PEG-18 200 1024 1 5.12
PEG-19 200 128 19 12.16
PEG-20 200 32 4 0.64
PEG-21 200 32 r r r f f r r 51 8.16
PEG-22 200 64 5 1.60
PEG-23 200 128 2 1.28
PEG-24 200 64 4 1.28
PEG-25 200 64 4 1.28
PEG-26 200 256 6 7.68
PEG-27 200 256 1 1.28
PEG-28 200 256 0 0.00
PEG-29 200 256 2 2 1 4 9 7 2 9 50 18 23.04
PEG-30 200 32 0 0.00
PEG-31 200 64 0 0.00
PEG-32 200 4 0 0.00
PEG-33 200 32 0 0.00
PEG-34 200 256 1 1 2 2.56
PEG-35 200 32 a a a a a 369 59.04
PEG-36 200 1 0 319 319 0 319 1.60
PEG-37 200 128 r f r f r 58 37.12
PEG-38 200 64 3 2 5 10 8 1 1 9 10 50 29 9.28

©Naturhistorisches Museum Wien, download unter www.biologiezentrum.at



Wagreich et al.: Paleocene-Eocene transition in the Gosau Group 41

of the creek) starts at the confluence of the Gamsbach and the tributary creek including the 
cut bank of the Gamsbach itself (section A, Fig. 1C; UTM coordinates 014° 50’ 26’’ E, 
47° 39’ 49’’ N) with a ca. 34 m thick section. Above a few meters covered by debris 
and vegetation, a continuous, ca. 43 m-thick section starts within the western branch of 
the creek (section B, Fig. 1C), which includes the Paleocene/Eocene boundary interval. 
Overlying section B, above a 10 m unexposed interval, section C exposes another 27 m 
of section. The top (UTM coordinates 014° 50’ 27’’ E, 47° 39’ 35’’ N) is overlain by 
Quaternary moraine.

Materials and Methods

Sampling within the creek was performed during several field campaigns between 2006 
and 2009. A total of 120 samples were taken from the section and the neighbouring creek 
mainly for nannofossil and foraminiferal biostratigraphy. Some of the samples were also 
used for dinoflagellate biostratigraphy, geochemistry and stable isotope measurements. 
Samples and slides are stored at the Geological Survey (GBA2011/002/0001).

Calcareous Nannofossils
Smear-slides were prepared from a suspension of unprocessed material in distilled water 
of pH 7 without applying concentration techniques. The smear slides were studied un-
der a Zeiss Axioplan light microscope using crossed and parallel polarization filters at a 
magnification of 1000x.

Foraminifera
Two hundred gram of sample material (samples with prefix PEG) were soaked with 5 % 
hydrogen peroxide for disintegration and washed through a 0.063 mm sieve. Aliquots 
(splits) were scanned and picked for foraminifera classification. In addition, complete 
>0.250 mm fractions gained by dry-sieving were scanned for biostratigraphic index spe-
cies (mainly planktic species) and potential paleoecologic indicators (agglutinated spe-
cies). Almost all samples show intensively sorted assemblages, pointing to a strong in-
fluence of transportation processes. The larger size fractions are missing in almost all 
samples and only the fraction slightly above 0.063 mm is present in most samples. As a 
result of the transportation processes, specimens are frequently worn out or, due to their 
small size, difficult to identify. Consequently, we only estimated the percentages of gen-
era (planktic foraminifera) or morphologic groups (benthic foraminifera) of many sam-
ples. All counts and estimates are listed in Tables 1 and 2. Autochthonous assemblages are 
assumed for only those two samples, which contain also the large size fractions: PEG-05 
at section meter 110.96, and PEG-36 at section meter 10.30.
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Table 2. Foraminiferal species distribution in autochthonous samples PEG-05 and PEG-36. In 
sample PEG-36, 39 fragments have been counted for Arthrodentron diffusum. They may repre-
sent only one specimen.

PEG-05
Species ind. %
Acarinina cf. esnaensis (LeRoy, 1953) 1 1
Acarinina soldadoensis (BRönnimann, 1952) 33 20
Acarinina subshaerica (SuBBotina, 1947) 13 8
Chiloguembelina crinita (GLaeSSneR, 1937) 2 1
Chiloguembelina trinitatensis (CuShman & Renz, 
1942)

11 7

Globanomalina cf. chapmani (PaRR, 1938) 7 4
Morozovella acuta (touLmin, 1941) 3 2
Morozovella aequa (CuShman & Renz, 1942) 20 12
Morozovella apanthesma (LoeBLiCh & taPPan, 1957) 1 1
Morozovella occlusa (LoeBLiCh & taPPan, 1957) 2 1
Morozovella subbotinae moRozova, 1939 20 12
Parasubbotina varianta (SuBBotina, 1953) 14 9
Planorotalites pseudoscitula (GLaeSSneR, 1937) 31 19
Subbotina triangularis (White, 1928) 6 4
Sum planktic foraminifera 164 100
Aragonia velascoensis (CuShman, 1925) 2 3
Bolivina cf. midwayensis CuShman, 1936 12 15
Bulimina cf. bradbury maRtin, 1943 5 6
Bulimina cf. trinitatensis CuShman & JaRviS, 1928 5 6
Cibicidoides cf. tuxpamensis (CoLe, 1928) 30 38
Gavelinella cf. farafraensis (LeRoy, 1953) 3 4
Gavelinella cf. micra (BeRmudez, 1949) 2 3
?Gavelinella sp. 4 5
Gavelinella danica (BRotzen, 1940) 6 8
Gyroidinoides cf. girardenus (ReuSS, 1851) 2 3
Hanzawaia cushmani (nuttaLL, 1930) 2 3
Planularia sp. 3 4
Stilostomella gracillima (CuShman, 1933) 2 3
Stilostomella subspinosa (CuShman, 1943) 2 3
Sum benthic foraminifera 80 100

PEG-36
Species ind. %
Ammodiscus glabratus CuShman & JaRviS, 1928 5 2
Ammodiscus siliceus (teRquem, 1862) 6 2
Arthrodendron diffusum (uLRiCh, 1904) 39 12
Dolgenia sp. 1 0
“Glomospira” irregularis (GRzyBoWSki, 1898) 20 6
Glomospirella gaultina (BeRtheLin, 1880) 3 1
Hormosina velascoensis (CuShman, 1926) 7 2
Hyperammina cf. nuda SuBBotina, 1950 3 1
Kalamopsis grzybowskii (dyLaSanka, 1923) 1 0
?Nothia sp. 10 3
Placentammina placenta (GRzyBoWSki, 1898) 12 4
Psammosiphonella cylindrica (GLaeSSneR, 1937) 28 9
Psammosphaera fusca SChuLze, 1875 3 1
Recurvoides sp. 36 11
Reophax cf. minuta taPPan, 1940 1 0
Reophax duplex GRzyBoWSki, 1896 2 1
Reophax subnodulosus GRzyBoWSki, 1898 15 5
Subreophax sp. 12 4
Thalmannammina subturbinata (GRzyBoWSki, 1898) 35 11
Trochammina sp. 12 4
Trochamminoides dubius (GRzyBoWSki, 1901) 7 2
Trochamminoides proteus (kaRReR, 1866) 46 14
Trochamminoides variolarius (GRzyBoWSki, 1898) 15 5
Sum 319 100
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Fig. 3. Detailed composite overview log of the studied section with sections A, B and C marked, 
main biostratigraphic markers (nannofossils, dinoflagellates) recognized, and carbon isotope data 
of bulk carbonate. Positions of detailed sections of figs. 4 to 6 indicated in log.

Dinoflagellates
For dinoflagellate studies, thirty grams of each sample were processed following standard 
procedures (e.g. Wood et al. 1996). 20 gram of dry sediment were crushed and treated 
with cold 35 % HCl for one day, to remove carbonates. Decantation was carried out two 
times, with added water with a minimum interval of six hours. These samples were also 
treated with 38 % HF for one day to remove silicates. Two decantations with a minimum 
interval of seven hours followed, with added water each time and a minor amount of 35 % 
HCl, to the samples to remove the gel that may have formed during the previous step. 
Water was added for a final time after which the sample were placed in an ultrasound tank 
for 30 s. Subsequently, the samples were sieved over a 15 µm mesh nylon sieve. A part of 
residue was mounted in glycerine jelly on 4 microscope slides (a, b, c, d) after extensive 
mixing to obtain homogeneity and covered with slide cover (20 x 40 mm).
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Geochemistry
Carbonate and organic carbon contents were measured using a LECO carbon analyzer 
and a gas-volumetric method. The chemical composition (Tab. 3) of concretion samples 
(whole-rock major and minor elements) was analyzed at the geochemical laboratory of 
the Geological Survey of Austria. 

The stable isotopic composition of bulk carbonate samples was analyzed on 0.1–0.3 mg 
untreated samples using the phosphoric acid reaction. Samples were prepared on-line 
using a Gasbench II interfaced to a ThermoFisher CF-IRMS. Calibration of the mass 
spectrometer was performed against VPDB using an in-house marble standard calibrated 
against the international reference standard NBS 19 and results are reported in the delta 
notation. The analytical error (1 s.d.) for δ13C and δ18O based on the long-term per-
formance of quality assurance material is 0.06 and 0.08 ‰, respectively (see Spötl & 
venneMann 2003).

Sedimentology and Geochemistry

Description of the Section
The Pichler section is dominated by sandy to silty turbidites. Significant differences in 
rock composition result from variations in carbonate content and the presence and ab-
sence of conspicuous marl layers. Based on these features, a lower carbonate-bearing and 
coarser grained interval can be recognized, followed by a carbonate-poor, finer-grained 
interval around the Paleocene/Eocene boundary that again grades into a more carbonate-
rich interval at the top of the section (Fig. 3). Transitions from one interval to the other 
occur over several meters to tens of meters. Therefore, no exact positions of boundaries 
between those facies types can be given within the section. 

The lowermost ca. 13 m of the section (section A, outcrop at cut bank of Gamsbach) are 
characterized by several up to 110 cm-thick sandy turbidites with clear grading from a 
gravel-dominated base (components up to 7 cm) to a fine sandstone/siltstone top. Bouma 
intervals Ta to Te are present, sometimes with prominent convolute lamination (Fig. 4). 
The sandy parts of the turbidite beds grade within a few centimeters into dark grey silty 
claystones. Thin turbidite sandstone to coarse siltstone beds (0.5 to 30 cm) are present 
between these thick beds which constitute the majority of the turbidites present. Thicker 
beds display complete Bouma sequences whereas thin beds mostly show the Bouma 
interval Tcde. Amalgamation of several turbidite beds to single thick beds is a common 
feature. Some clasts of Paleocene platform limestones are present in the turbidite layers 
(Fig. 4c).

A 15 cm-thick mud-supported debris flow bed with a silty-clayey matrix and clasts up 
to 5 cm in diameter is present. Another conspicuous feature of this basal part are up to 
80 cm-thick marl beds (mean carbonate content of five samples 12.4 wt %, maximum 
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Fig. 4. A: Detailed sedimentological log from the lower part of section A (4.00 to 8.00 m; white 
m denotes marl beds). B–D: Photographs of typical facies types from this section (arrows point 
to position of photographs within the section).
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Fig. 5. A: Detailed sedimentological log from the middle part of section B (59.00 to 63.00 m; white 
m denotes reddish marl bed). B–D: Photographs of typical facies types from this section (arrows 
point to position of photographs within the section).
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16.7 wt %) without any visible bedding. The top parts of these marl beds as well as some 
of the dark grey thin silt-clay layers show downward bioturbation by mainly Chondrites-
type burrows.

Sandstone/pelite ratios are between 1:1 to 2 :1. The turbidites, especially the thin sandy 
layers, display only weak cementation due to a low carbonate content. Turbiditic shales 
are dark grey, mainly only a few centimeters thin, and largely devoid of carbonate. No 
clear fining- or coarsening-upward cycles could be recognized; only at meter 5 of the 
section a 1 m-thick succession of six amalgamated turbidite beds display a fining-upward 
and thinning-upward trend.

The turbidite facies is characterized by classical sandy turbidites showing both complete 
and incomplete, base-truncated Bouma sequences. This corresponds to facies C and D 
of WalKer (1978) and, according to the classification of picKering et al. (1989), these 
sandstones fall into the classical turbidite facies C2 (organized sand-mud couplets – clas-
sic turbidites). The thick sandstone beds show characteristics for transitional deposition 
from relatively low- to high-concentrated and high-density turbidity currents. The dark 
grey clays are interpreted as representing the fine-grained portion of the turbidites. The 
thicker marl beds present may be interpreted either as (fine-grained) turbidites or hemi-
pelagites. Several observations argue for an origin as a turbidity current: (1) these marl 
beds follow directly above turbiditic sandstone beds, (2) at 2.5 m in the section 15 cm-
thick pebbly mudstone directly grades into a 80 cm-thick marl bed; (3) foraminiferal data 
(see below) also support a transported microfauna and thus argue against a hemipelagic 
deposition of these marl beds. 

This marl-bearing interval grades in the top part of section A into an interval without dis-
tinctive marl beds, which ranges up to the upper part of section B, up to ca. section meter 
80. There, thin-bedded sandy- to silty turbidites with thin, dark-grey silty claystone in-
tervals prevail (Fig. 5B). Claystones to marly claystones have carbonate contents of 0 to 
6.4 wt % (mean of 28 samples 1.9 wt %). A few sandstone beds up to 48 cm are present 
but the majority of sandstone layers are only a few centimeters thin. Grading is ubiquitous 
and thicker sandstones show complete Ta-e Bouma sequences; thinner beds often show 
only Tcd intervals. Two distinctive reddish brown marly claystone to marl beds (22.9 and 
34.2 wt % carbonate content) of up to 85 cm thickness are present at 62 and 66 m of the 
section. Bioturbation has only very rarely been observed.

Sandstone/pelite ratios are between 2:1 to 5:1.This facies is interpreted as mainly thin-
bedded classical turbidites in the sense of WalKer (1978: facies D) and picKering et al. 
(1989; facies C2.2 and C2.3). The lack of identifiable hemipelagic layers and the high 
proportion of sand suggests a high-frequency turbidite environment. The reddish clay-
stone layers probably also represent turbidites, i.e. mud turbidites, as also suggested by 
a transported and poor microfauna (see below).

Starting at around 80 m in the section, light grey to slightly greenish grey marly claystones 
and marl beds again occur and become significant, and sandstone beds become thicker 
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Fig. 6. A: Detailed sedimentological log from the middle part of section C (101.00 to 105.00 m; 
white m denotes marl bed). B–D: Photographs of typical facies types from this section (arrows 
point to position of photographs within the section; scale in lower right 90 cm).
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rusty Fe-crust rusty layer hard concretion layer lowermost concretion concretion
Bezeichnung GAMS-17-09 GAMS-18-09 GAMS-19-09 GAMS-20-09 GAMS-24b-09
SiO2 (%) 37.3 21.0 27.7 37.7 10.1
TiO2 (%) 0.665 0.40 0.47 0.673 0.1
Al2O3 (%) 9.6 8.14 9.91 12.2 3.5
FeO (%) 8.27 33.86 28.67 21.86 41.1
FeCO3 (%) 13.35 54.62 46.25 35.26 66.36
MnO (%) 0.57 0.42 0.94 0.55 2.12
MgO (%) 2.0 2.8 2.6 2.5 2.9
CaO (%) 19.9 4.8 5.0 3.8 6.0
Na2O (%) 0.9 < 0.5 < 0.5 0.8 < 0.5
K2O (%) 1.49 1.18 1.54 2.07 0.5
H2O110° C (%) 0.6 0.7 1.1 1.35 0.4
H2O+ (%) 0.7 < 0.1 < 0.1 0.98 < 0.1
P2O5 (%) 0.87 1.85 2.27 1.65 2.07
CO2 (%) 16.3 24.9 20.1 13.7 31.7
SO3 (%) 0.04 0.06 0.13 0.13 0.08
sum 99.3 100.1 100.5 100.1 100.6
As (ppm) 2 5 3 4 3
Ba (ppm) 254 277 271 964 113
Cd (ppm) < 1 <1 < 1 < 1 < 1
Co (ppm) < 5 < 5 < 5 < 5 < 10
Cr (ppm) 72 26 25 51 < 5
Cs (ppm) < 1.5 < 1.5 < 1.5 < 1.5 < 1.5
Cu (ppm) 14 18 23 25 14
Nb (ppm) 14 9 9 13 4
Ni (ppm) 22 20 29 39 11
Pb (ppm) 8 < 7 7 10 < 10
Rb (ppm) 56 56 74 95 25
Sr (ppm) 314 361 215 208 180
V (ppm) 63 104 93 121 26
Y (ppm) 30 78 85 98 49
Zn (ppm) 48 61 63 81 43
Zr (ppm) 136 73 80 131 29
sum (ppm) 1032 1087 976 1842 497

Table 3. Chemical composition (wt %) of siderite concretions, concretional layers and surround-
ing fine-grained sediments. 

again (up to 80 cm). This facies resembles largely the basal interval; however, the car-
bonate contents rises significantly: the mean of nine samples of marl layers above 90 m 
in the section is 19.7 wt % and the maximum is 29.0 wt %. Although cm-thick sandstone 
turbidite beds are still present, thicker sandstones and marls predominate the topmost 
part of the section above 100 m (Fig. 6). Convolute bedding and structures indicative of 
water-escape processes such as flame and ball-and-pillow structures are often present 
in the sandstones. Amalgamation of beds is commonly observed. Flute casts indicate a 
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5 cm concretion concretion 6 cm claystone 7 cm hemipelagic 
claystone

Bezeichnung GAMS-26-09 GAMS-07-09 GAMS-24a-09 GAMS-25-09
SiO2 (%) 33.4 11.8 57.5 60.0
TiO2 (%) 0.612 0.151 1.1 1.2
Al2O3 (%) 10.6 3.8 18.3 18.5
FeO (%) 26.0 37.04 7.6 6.3
FeCO3 (%) 41.88 59.75 12.19 10.16
MnO (%) 1.2 1.16 0.04 0.04
MgO (%) 2.7 3.4 2.8 2.8
CaO (%) 2.5 9.8 0.9 0.8
Na2O (%) 0.7 < 0.5 1.3 1.3
K2O (%) 1.64 0.5 3.4 3.1
H2O110° C (%) 0.9 0.7 2.2 1.7
H2O+ (%) < 0.1 < 0.1 4.3 3.6
P2O5 (%) 0.16 1.17 0.13 0.1
CO2 (%) 18.5 30.6 1.1 1.0
SO3 (%) 0.037 0.10 0.11 0.29
sum 98.9 100.2 100.6 100.6
As (ppm) 3 5 4 7
Ba (ppm) 273 287 527 510
Cd (ppm) < 1 < 1 < 1 < 1
Co (ppm) < 10 < 5 10 11
Cr (ppm) 34 < 5 135 141
Cs (ppm) < 1.5 < 1.5 4 < 1.5
Cu (ppm) 20 15 32 27
Nb (ppm) 13 3 23 23
Ni (ppm) 28 18 63 76
Pb (ppm) 7 < 8 23 24
Rb (ppm) 73 28 155 142
Sr (ppm) 79 171 98 95
V (ppm) 84 23 197 192
Y (ppm) 19 41 27 26
Zn (ppm) 67 40 112 108
Zr (ppm) 118 29 218 230
sum (ppm) 818 659 1627 1613

Table 3. (continued)

paleotransport direction from SW to NE. Marl beds up to 120 cm thick are intercalated. 
Foraminiferal data indicate that at least some of the marl beds represent hemipelagites 
as suggested by an autochthonous foraminiferal assemblage with abundant planktic fo-
raminifera (see below).
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Results

Sedimentation below the local calcite compensation depth (CCD) is very probable for the 
lower part of the section (up to ca. 70 m) given the overall very low amount of carbon-
ate in the turbidites and the lack of distinctive marly hemipelagites. Even mud turbidites 
within the middle interval are largely devoid of carbonate. Due to a shallowing of the 
depositional area and/or a deepening of the CCD the upper part of the section (upward 
from ca. 80 m) was deposited above the CCD. This is in accordance with the general 
trend in the Paleogene of Gams which shows a transition into an interval dominated by 
carbonate turbidites further-up section (egger et al. 2004).

Siderite concretions 
A prominent feature of the Paleocene/Eocene-boundary interval are siderite concre-
tions, which are conspicuous in outcrops due to their hardness and rusty color (Fig. 7). 
Concretions occur within several levels both in sandy-silty and in silty-clayey material, 
especially in the middle part of the section. Both, layers enriched in disseminated sider-
ite cement and platy to rounded ellipsoid siderite nodules up to 30 cm in diameter are 
present. 

Table 3 shows the geochemistry of concretion samples and surrounding fine-grained sedi-
ments. Siderite ranges up to a maximum of 66 wt % within the concretions (41.1 wt % 
FeO). Mudstones embedding the concretions show FeO values around 6 – 8 wt %. No 
significant enrichment in minor elements was observed. A pre-compaction origin of the 
concretions is evident by the presence of squeezed sedimentary layering around the nod-
ules. Although detailed investigations are missing, an early diagenetic origin of the sider-
ite is probable (e.g. laenen & de craen 2004).

Fig. 7. A: Siderite concretion (13 cm in diameter), outcrop in middle part of section B, within 
largely carbonate-free turbidites. B: REM picture of diagenetic siderite from concretion in sec-
tion B.
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Carbon isotope stratigraphy
Stable isotope measurements of whole-rock samples (Figs 2, 3) are influenced by diagen-
esis and the small amount of carbonate of the samples, which can be as low as 0.1 %. The 
oxygen isotope values range between -1.0 and -5.5 ‰ and are considered to be strongly in-
fluenced by diagenesis as no systematic variation could be recognized within the section. 
Carbon isotope values range from +1.2 to -8.9 ‰. This large variation is considered to be 
also influenced by diagenesis and the low carbonate content and highly negative values 
below -8 ‰ are not considered further. However, except for a few outliers, a clear trend 
can be seen in the section. The lower part (up to 15 m) is characterized by values around 
0.5 ‰ (mean of six samples 0.43 ‰ ). A gap with virtually no carbonate occurs up to ca. 
45 m. The following ca. 40 m-thick interval is characterized by slightly negative values 
around -2 ‰ (mean of 15 samples -1.7 ‰). After another gap due to a covered section in-
terval, above 90 m, values increase again to ca. 0.5 ‰ (mean of 10 samples -0.14 ‰ ). 

Based on these data and the extended stratigraphic range of marker species we speculate 
that the CIE of the PETM (e.g. zachoS et al. 2007) is represented by a strongly expanded 
section of at least 35 m and present between 45.7 and 80 m. As no isotope data are avail-
able from the 33 m-thick interval below 45.7 m due to the lack of carbonate and a covered 
section interval, the CIE may well comprise an interval thicker than 35 m.

Biostratigraphy

The biostratigraphic evaluation of the Pichler section is handicapped by the presence of 
two unexposed intervals, the paucity of carbonate especially in the middle part of the sec-
tion, and the predominance of turbidites, which result in mostly allochthonous microfos-
sil assemblages. Therefore, both calcareous nannofossil biostratigraphy and especially 

Fig. 8. Apectodinium augustum 
(harland, 1979) lentin & 
WilliaMS, 1981, a dinoflagellate 
typical for the Paleocene/Eocene-
boundary interval; Pichler section, 
40 m. Scale bar = 20 µm.
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planktic foraminiferal zonations had to be applied with caution. In addition, some of the 
samples, especially around the suspected P/E-boundary, were also tested for dinoflagel-
lates. The characteristic dinoflagellate Apectodinium augustum (Fig. 8) was found in sev-
eral samples from 40 to 52.50 m (Fig. 3), a clear indicator of the P/E-boundary interval 
(egger et al. 2000; crouch et al. 2001; SluijS et al. 2006, 2007b, 2008), thus providing 
additional biostratigraphic information for the nearly carbonate-free interval at the base 
of section B.

Nannofossils 
The distribution of nannofossil marker species (Fig. 9) indicates the presence of the 
Discoaster multiradiatus Zone (Zone NP9) and the Tribrachiatus contortus Zone (Zone 
NP10) in the the Standard Tertiary zonation of Martini (1971) (Fig. 3). In the lower part 
of the section Discoaster multiradiatus occurs regularly. Above a 6 m long unexposed 
interval, the first Rhomboaster calcitrapa was found at 40.40 m and the first Rhomboaster 
cuspis at 45.70 m. The first occurrence of the genus Rhomboaster is in the upper third of 
Zone NP9 and coincides with the onset of the CIE-interval (e.g. aubry 1996) and, there-
fore, is a good tool to recognize the P/E-boundary. Another indicator for the CIE-interval 
is the asymmetrical Discoaster araneus whose stratigraphic range is restricted to this in-
terval (e.g. treMolada & braloWer 2004). Discoaster araneus appears for the first time 
at 47.76 m and ends at 59.92 m of the section. Zygrhablithus bijugatus, a holococcolith 
species, has its first occurrences in the upper part of Zone NP9 (boWn 2005) but becomes 
common not before the P/E-boundary (braloWer 2002). At the Pichler section, this spe-
cies is common from 96.20 m to the top of studied section. The base of NP10 was identi-
fied by the first appearance of Tribrachiatus bramlettei at 110.90 m.

Fig. 9. Nannofossil marker species from the Pichler section (light microscope, magnification 1000x, 
all same scale): A: Discoaster araneus buKry, 1971 (sample PE4–07, 57.62 m); B: Rhomboaster 
calcitrapa gartner, 1971 (sample PE7–07, 51.66 m); C: Rhomboaster cuspis braMlette & 
Sullivan, 1961 (sample PE14–08, 109.50 m); D: Tribrachiatus bramlettei (brönniMann & 
Stradner, 1960) proto deciMa et al. 1975 (sample PE18–08, 115,14 m).
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Foraminifera
Only two samples are considered to represent almost completely autochthonous fo-
raminiferal assemblages. Sample PEG-36 from near the base of the section at 10.3 m 
contains a number of rather large agglutinated foraminifera (Plate 1). Some of the spe-
cies provide limited biostratigraphic control in flysch deposits (geroch & noWaK 1983). 
Reophax subnodulosus points to an Eocene age but the commonly observed early Eocene 
Glomospira-acme (up to 50 % according to KaMinSKi 2005) was not found in the entire 
section (only 7 % in sample PEG-36, even less in other samples). Therefore, a transitional 
late Paleocene to early Eocene age is assumed for this assemblage.

Sample PEG-05 from the upper portion of the section at c. 110.96 m contains a number 
of planktic foraminifera that were used for age classification (Plate 2). In particular the 
concurrent presence of the species Subbotina velascoensis, Acarinina soldadoensis, 
Morozovella acuta, M. aequa, M. apanthesma, M. occlusa, M. gracilis and M. subbotinae 
point to the latest Paleocene – earliest Eocene planktic Zone P5 (olSSon et al. 1999; 
pearSon et al. 2006) as defined in berggren et al. (1995). We could not apply the re-
vised zonation of berggren & pearSon (2005) because index species such as Acarinina 
sibaiyaensis or Pseudohastigerina wilcoxensis were not found in the samples. From the 
foraminiferal point of view, it remains unclear whether this sample is of Paleocene or 
of Eocene age. The benthic Aragonia velascoensis restricts the youngest possible age to 
zone P5 (tjalSMa & lohMann 1983).

The combined age of the two autochthonous samples from base and top of the section, 
both late Paleocene-early Eocene, and the thickness of the strata confirm the high sedi-
mentation rates assumed for this turbiditic depositional environment.

Discussion and conclusions

The occurrences of the dinoflagellate cyst Apectodinium augustum and the calcareous nan-
noplankton species Discoaster araneus, Rhomboaster spp. and Tribrachiatus bramlettei 
are indicative for the Paleocene-Eocene transition at the Pichler section. Additionally, a 
negative carbon isotope excursion can be interpreted as the CIE-interval at the base of the 
Eocene. Using the isotope and paleontological records the thickness of the CIE-interval 
can be estimated as at least 40 m at the Pichler section 

Given a 40 m-thick interval that marks the CIE in the Pichler section and the 170 to 210 kyr 
duration of that interval (röhl et al. 2000, 2007; abdul aziz et al. 2008; WeSterhold et 
al. 2009; Murphy et al. 2010) a sediment accumulation rate of 19 to 23.5 cm/kyr can be 
calculated. Even higher accumulation rates are calculated by applying shorter duration 
estimates as reported recently by SluijS et al. (2007a: 90 – 140 kyrs; see also WeSterhold 
et al. 2009). Accumulation rates can be compared to those from the terrestrial record of 
the Bighorn Basin, USA (SluijS et al. 2007a, abdul aziz et al. 2008), but are at least one 
magnitude larger than accumulation rates in pelagic sections, e.g., in the Belluno Basin 
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in northern Italy (dallanave et al. 2009). By counting the sandy turbidites within this 
interval (240 layers) a periodicity of ca. 700 yrs (170 kyrs duration) can be reconstructed 
for turbidity currents entering the basin. The pronounced input of sand fraction is differ-
ent from most other sections showing the Paleocene-Eocene transition (e.g. SchMitz & 
pujalte 2007) and can be interpreted as a result of regional tectonic activity overprinting 
the effects of global environmental perturbations. 

Further constraints on the depositional environment of the Zwieselalm Formation in the 
Pichler section can be drawn from foraminiferal data. Agglutinated (arenaceous) fo-
raminifera are rare in all samples investigated and small, size-sorted calcareous specimens 
dominate the assemblages if present. The frequency of foraminifera in the samples (indi-
viduals per gram dry sediment, right column of Table 1) may therefore be used as a rough 
indicator for the intensity of the dissolution of calcareous material (position of the CCD 
relative to the depositional depth) in the turbiditic depositional environment. Only a few 
foraminifera or a lack of foraminifera are recognized in the lower part of the section and 
an increase in the upper part (Tab. 2). The amount of (transported) foraminiferal tests is 
even higher above the assumingly autochthonous sample PEG-05 at 110.96 m. Following 
this line of evidence, sediments below section meter 62 (sample PEG-17) were therefore 
deposited clearly below CCD, those above 62 m close to the CCD, and samples PEG-03 
to -05 probably above CCD. The depositional depth of the sediments in the lower part of 
the section was likely below 2.5 km if compared with depth ranges of the modern CCD 
(berger & Winterer 1974), although a pronounced shallowing of the CCD across the 
PETM has been recognized (e.g. dicKenS et al. 1997).

The assemblage composition of sample PEG-36 at 10.30 m with Trochamminoides as 
the most frequent genus is more similar to the Late Cretaceous Krashenninikov Fauna 
as described in KaMinSKi et al. (1999) than the early Eocene Iberia-Celebes Fauna or 
 assemblages of the Glomospira-acme (KaMinSKi 2005). Combined with high percentages 
of tubular, epifaunal suspension feeders (Ammodiscus, ?Nothia, Psammosiphonella) and 
a low infaunal content (Reophax, Subreophax), the assemblage shows the occupation of 
all ecologic niches, which may be interpreted as an indication for oligotrophic condi-
tions at the sea bottom (KaMinSKi et al. 1999). This is supported by the presence of the 
very large Arthodendron fragments, a recently revised taxon (KaMinSKi et al. 2008). On 
the contrary the appearance of Apectodinium may indicate contemporaneously relatively 
nutrient-rich surface waters (crouch et al. 2001; SluijS & brinKhuiS 2009).

The benthic assemblage of sample PEG-05 is dominated (70 %) by planconvex or bium-
bilicate epifaunal taxa (Cibicidoides, Gavelinella, Hanzawaia) and the infaunal, oxygen-
deficiency tolerant taxa (Aragonia, Bolivina, Bulimina) is relatively low (21 %). Based 
on comparisons with modern and Paleogene faunas (e.g., bernhard �986; Murray �99�; 
Kaiho 1991, 1994), oxic bottom waters with low nutrient supply can be assumed for this 
depositional interval.
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Plate 1

Agglutinated foraminifera
Figs 1, 2, 8: Arthrodendron diffusum (ulrich, 1904)

Fig. 3: ?Nothia sp.

Fig. 4: Psammosiphonella cylindrica (glaeSSner, 1937)

Fig. 5: Ammodiscus glabratus cuShMan & jarviS, 1928

Fig. 6: Psammosphaera fusca Schulze, 1875

Fig. 7: Placentammina placenta (grzyboWSKi, 1898)

Fig. 9: Ammodiscus siliceus (terqueM, 1862)

Fig. 10: Glomospirella gaultina (berthelin, 1880)

Fig. 11: “Glomospira” irregularis (grzyboWSKi, 1898)

Fig. 12: Dolgenia sp.

Fig. 13: Kalamopsis grzybowskii (dylaSanKa, 1923)

Fig. 14: Hyperammina cf. nuda Subbotina, 1950

Fig. 15: Reophax duplex grzyboWSKi, 1896

Fig. 16: Subreophax sp.

Fig. 17: Reophax cf. minuta tappan, 1940

Fig. 18: Hormosina velascoensis (cuShMan, 1926)

Fig. 19: Reophax subnodulosus grzyboWSKi, 1898

Fig. 20: Trochammina sp.

Fig. 21: Trochamminoides dubius (grzyboWSKi, 1901)

Fig. 22: Recurvoides sp.

Figs 23, 24: Thalmannammina subturbinata (grzyboWSKi, 1898)

Fig. 25: Trochamminoides proteus (Karrer, 1866)

Fig. 26: Trochamminoides variolarius (grzyboWSKi, 1898) 

All from sample PEG 36, length of scale bars 0.1 mm.
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Plate 2

Planktic and calcareous benthic foraminifera
Fig. 1: Acarinina coalingensis (cuShMan & hanna, 1927)

Fig. 2: Acarinina cf. esnaensis (leroy, 1953)

Fig. 3: Acarinina nitida (Martin, 1943)

Fig. 4: Acarinina soldadoensis (brönniMann, 1952)

Fig. 5: Acarinina subsphaerica (Subbotina, 1947)

Fig. 6: Morozovella acuta (toulMin, 1941)

Fig. 7: Morozovella aequa (cuShMan & renz, 1942)

Fig. 8: Morozovella apanthesma (loeblich & tappan, 1957)

Fig. 9: Morozovella gracilis (bolli, 1957)

Fig. 10: Morozovella occlusa (loeblich & tappan, 1957)

Fig. 11: Morozovella subbotinae (Morozova, 1939)

Fig. 12: Parasubbotina varianta (Subbotina, 1953)

Fig. 13: Planorotalites pseudoscitula (glaeSSner, 1937)

Fig. 14: Subbotina triangularis (White, 1928)

Fig. 15: Chiloguembelina trinitatensis (cuShMan & renz, 1942) 

Fig. 16: Aragonia velascoensis (cuShMan, 1925)

Fig. 17: Bolivina midwayensis cuShMan, 1936

Fig. 18: Bulimina sp. (?cf. bradbury Martin, 1943)

Fig. 19: Bulimina cf. trinitatensis cuShMan & jarviS, 1928

Fig. 20: Stilostomella gracillima (cuShMan, 1933)

Fig. 21: Stilostomella subspinosa (cuShMan, 1943)

Figs 22, 23: Cibicidoides tuxpamensis (cole, 1928)

Fig. 24: Gavelinella danica (brotzen, 1940)

Fig. 25: Gavelinella cf. micra (berMudez, 1949)

Fig. 26: Hanzawaia cushmani (nuttall, 1930)

All from sample PEG 05, except 16 (PEG 04), length of scale bars 0.1 mm.
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