
Abstract

Sediments of the Eocene Holzer Formation from the Pemberger quarry were analysed for palynomorphs, lipid biomarker distribu-

tions, and clay mineralogy. The palynoflora is rich in megathermal and mesothermal families and genera, but also contain abundant 

wind-derived pollen derived from temperate to mesothermal taxa. The co-existence of temperate to megathermal elements suggests 

a sub/tropical and seasonally controlled passat-like or monsoon-like climate, comparable with the extant forests of the zonoecotone 

I/II, an interpretation consistent with relatively high temperatures derived from soil bacterial glycerol dialkyl glycerol tetraether (GDGT) 

lipid distributions. The lithologies and palynomorph assemblages represent three different facies: (1) coal-bearing palm swamp cha-

racterized by Myricaceae, triporate pollen types, fern spores and several palm pollen types, (2) coastal near swamp with mangrove 

elements such as Nypa, Avicennia and Ceriops, and (3) shrubby back swamp dominated by Myricaceae, triporate pollen, fern spo-

res and palm pollen types. All of these are consistent with a dominance of terrigenous lipids, including triterpenoids and leaf waxes, 

in all samples. Abundant kaolinite contents in all the sediment samples are consistent with the biomarker and pollen analyses, indi-

cating long periods with deep weathering under a warm and humid climate._____________________________________________
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1. Introduction

The early Eocene was characterized by a series of short-

lived episodes (<200 ka) of global warming, superimposed on 

a long-term early Cenozoic warming trend (see Zachos et al., 

2010 and Galeotti et al., 2010 for reviews). For the Paleoce-

ne-Eocene Thermal Maximum (PETM or ETM 1, ca. 56 Ma, 

around NP9 within Chron 24r, Westerhold et al., 2007) and 

the Eocene Thermal Maximum 2 (ETM 2, ca. 53.6 Ma, below 

NP10/NP11, Lourens et al. 2005; or within Chron 24r, Wester-

hold et al., 2007), the transient rise of global temperatures has 

been estimated to be 4 to 8° C (Kennett and Stott, 1991; Lou-

rens et al., 2005). Smaller transient warming events might in-

clude event I (ca. 53.2 Ma) and event K (ca. 52.4 Ma) of Cra-

mer et al. (2003), the latter probably corresponding to event X 

(Röhl et al., 2005, Agnini et al., 2009).

Although these transient hyperthermals are of much interest 

(e.g. Zachos et al., 2008), longer term climate change has al-

so been the subject of much scrutiny. In particular, the Early 

Eocene Climatic Optimum (EECO, around NP12; Chron 23n 

to 22n, Westerhold et al., 2007), defined by a long-term mini-
18mum in global benthic foraminiferal δ O values, represents 

one of the highest global temperatures recorded in the past 

70 million years (Zachos et al., 2001) and certainly the highest 

temperatures for a sustained interval in the Cenozoic. This 

unusually warm period began at about the same time (ca. 53 

Ma) worldwide, whereas its termination between 51- 49 Ma 

varies considerably by region (e.g. Hollis et al., 2009). EECO

___________________

sea surface temperatures (SST) derived from GDGT distribu-

tions for the western tropical and southwestern Pacific appear 

to have been as high as 34ºC and 30ºC, respectively, gene-

rally warmer than modern tropical seas (Pearson et al., 2007) 

and much warmer than modern high latitude seas (Hollis et 

al., 2009; Bijl et al., 2009). However, the fidelity of especially 

the high latitude sites has been challenged (Huber and Cabal-

lero, 2011) and temperature records from other settings are 

required.

Crucially, although abundant marine sections have allowed 

for past and ongoing analysis of Eocene SSTs, it is far more 

difficult to correlate Eocene continental macro- or microfloras 

with climatic events because of the lack of a precise stratigra-

phic framework (be it isotopic, magnetic or biostratigraphic) 

and the relatively episodic nature of the deposits. There are 

exceptions, such as the well dated tuffs within the Green Ri-

ver Formation in Wyoming that cover a time range from 53.5 

to 48.5 Ma (Chrons 24n to 21r) and spans the whole EECO 

and probably the ETM2 (Smith et al., 2003). However, conti-

nental palaeobotanical records from Europe and the northern 

Tethyan region are not yet reliably correlated with any climatic 

event. The Eocene Krappfeld sequence, with abundant and 

diverse palynoflora, is a continental sedimentary sequence 

that can be positively correlated with the EECO, and there-

fore represents an opportunity to develop continental climate 

records to complement those from marine settings.________
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Figure 1: Sketch map of the locality Pemberger Quarry._______

This paper presents a multidisciplinary study combining paly-

nology with LM and SEM, lipid biomarker analysis and clay 

mineralogy of sedimentary rocks from the EECO of the Eas-

tern Alps. This is the first high quality terrestrial palynological 

record from the northwestern Tethyan region. Here we discuss 

the changes in depositional environment that contextualize our 

analyses, the dominant vegetation through the study interval 

with implications for the overall ecology of the Tethyan EECO, 

and interpretation of continental climate derived from vegeta-

tion and biomarker assemblages.

The Krappfeld area is situated in the state of Carinthia in 

southern Austria. The section investigated (coordinates: 46° 

50´ 27” N, 014° 31´ 35” E) was exposed in the Pemberg Quar-

ry west of Klein St. Paul (Fig. 1), but unfortunately, this clas-

sical outcrop was filled for recultivation and is no longer ac-

cessible. The exposed rocks represent the upper part of the 

Gosau Group, which in the Eastern Alps comprises mainly 

siliciclastic and mixed siliciclastic-carbonate strata deposited 

on sedimentary and metamorphic units after Early Cretaceous 

thrusting. Deposition of the Gosau Group was the result of 

transtension, followed by rapid subsidence into deep-water 

environments due to subduction and tectonic erosion at the 

front of the Austro-Alpine microplate (Wagreich 1993, 2001). 

Facies patterns in the Paleogene were controlled by the SW-

NE trending Penninic basin, which separated the European 

and Adriatic lithospheric plates. The Gosau deposits accumu-

lated at the southern margin of this basin on the north-facing 

continental slope and the shelf of the Adriatic Plate.

The Gosau Group in the Krappfeld area comprise the Cam-

panian to Middle Eocene (von Hillebrandt, 1993; Wilkens, 1989). 

The Paleogene rests with an erosional unconformity on the 

Campanian. This stratigraphic gap was interpreted as the re-

sult of a major sea-level drop in the latest Paleocene (Egger 

et al., 2009). At the base of the Paleogene succession, terres-

trial red claystone with intercalations of coal seams (Holzer 

Formation) occur. Previously published surveys reveal highly 

diverse and well preserved palynofloras, but these originated 

from individual samples without information regarding their 

exact location in the succession, and the biostratigraphic and 

sedimentological context was not clear (Hofmann and Zetter, 

2001; Zetter and Hofmann, 2001). A major transgression in 

the Ypresian (early Biochron NP12 – Egger et al., 2009) floo-

ded the shelf and brought back marine conditions.

Terrestrial palynomorphs were recovered by standard proce-

dures: Samples were crushed by hand with a mortar and pestle, 

and the powder dissolved with standard wet chemical proces-

ses using HCl and HF. The organic residue was not sieved to 

retain palynomorphs smaller than 10µ, and then acetolyzed, 

mixed with glycerine and stored in small glass bottles. For LM

_______________________

________

_________

2. Geographical and geological setting

3. Methods

3.1 Palynology

examination, a drop of well-mixed organic residue and glyce-

rine was evenly distributed on a glass slide. Each sample was 

screened carefully, using up two to nine slides to yield both 

common and, most importantly, the accessorial taxa. The lat-

ter do occur generally in very small numbers. The extremely 

low counts (below five, e.g., fernspores) in the nearly barren 

samples (PQ 6, PQ7 and PQ10) despite screening two or three 

slides per sample have been neglected. For LM photography 

(Samsung digital camera on a Nikon microscope) the pollen 

grains were transferred by a hair on a preparation needle in a 

clean drop of glycerine on a new slide. For examination under 

the SEM (FEI Inspect 500), the same pollen grains were re-

moved with a micromanipulator to a SEM stub, rinsed with 

100% alcohol to remove the glycerine and sputtered-coated 

with gold. Stubs are stored in the Department of Palaeonto-

logy, University of Vienna.

For calcareous nannoplankton stratigraphy in the Campa-

nian, smear-slides of four samples were studied with a light

____________________________

2.2 Nannoplankton
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microscope under parallel and crossed polarisation filters at 

a magnification of 1000x. Species richness is medium in the 

studied samples (18 taxa on average) and the majority of the 

specimens are slightly etched but all taxa were easily identi-

fied. Here only the species crucial for the age assignment of 

the samples in the calcareous nannoplankton zonation (CC 

zones) of Sissingh (1977) are mentioned. The reader is refer-

red to Burnett (1998) for nannoplankton taxonomy.

Lipid biomarker extraction and fractionation. For biomarker 

analyses, the powdered samples were extracted via Soxhlet 

apparatus for 24 h using dichloromethane (DCM)/MeOH (2:1 

v/v) as the organic solvent. The total lipid extracts were sepa-

rated into two fractions using a column packed with (activa-

ted) alumina by elution with hexane (saturated hydrocarbon 

or apolar fraction) and DCM/MeOH (1:2 v/v; polar fraction). 

Individual compounds were identified and quantified relative 

to internal standards (5α-androstane, apolar fraction; hexa-

decan-2-ol, polar fraction) using gas chromatography (GC) 

and gas chromatography-mass spectrometry (GC-MS). Prior 

to analysis, polar fractions were silylated with BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide). GC analysis was perfor-

med on a CarloErba Gas Chromatograph equipped with a 

flame ionisation detector (FID) and fitted with a Chrompack 

fused silica capillary column (50 m x 0.32 mm i.d.) coated with 

a CP Sil-5CB stationary phase (dimethylpolysiloxane equiva-

lent, 0.12 μm film thickness). GC-MS analysis was performed 

on a Thermoquest Finnigan Trace GC interfaced with a Ther-

moquest Finnigan Trace MS operating with an electron ioni-

sation source at 70 eV and scanning over m/z ranges of 50 to 

850 Daltons. The GC was fitted with a fused silica capillary 

column (50 m x 0.32 mm i.d.) coated with a ZB1 stationary 

phase (dimethylpolysiloxane equivalent, 0.12 μm film thick-

ness). For both GC and GC-MS, 1μl of sample was injected 

at 50°C using an on-column injector. The temperature was 

increased to 130°C with an initial ramp of 20°C/min, then to 

300°C at 4°C/min, followed by an isothermal for 20 min.

High performance liquid chromatography/atmospheric pres-

sure chemical ionisation – mass spectrometry (HPLC/APCI-

MS) was used for the analysis of GDGTs. Analysis was con-

ducted on filtered neutral polar fractions using a Thermo Sci-

entific TSQ Quantum Access equipped with Accela Autosamp-

ler, Accela Pump and Xcalibur software. Separation was ach-

ieved with an Alltech Prevail Cyano column (150 mm x 2.1 

mm; 3 μm stationary phase thickness), and injection volumes 

varied from 10 to 20 µl in partial loop-no waste injection set-

ting, or 25 µl in full loop injection setting. GDGTs were eluted 

isocratically with 99% A and 1% B v/v for 7 min, then a linear 

gradient to 1.6% v/v B in 43 min, where A = hexane and B = 

iso-propanol. Flow rate was 0.2 ml/min. Detection was ach-

ieved using atmospheric pressure positive ion chemical ioni-

zation mass spectrometry (APCI-MS) analysis of the eluent; 

conditions were: corona discharge current 4 µA, vapouriser 

temperature 355°C, capillary temperature 280°C and sheath

_________

____

3.3 Biomarker analyses

gas 0.15 L/min. Ion detection was performed in selective ion 

monitoring (SIM) mode. The m/z values selected relate to the 
+[M+H]  (protonated molecular ion) of the isoprenoidal and bran-

ched GDGT analytes (Schouten et al., 2007).

For mineralogical analyses the samples were studied by 

means of X-ray diffraction (XRD) using a Panalytical X´Pert 

Pro MPD diffractometer with automatic divergent slit,  Cu LFF 

tube 45 kV, 40 mA, with an X´Celerator detector. The mea-

suring time was 25s, with a stepsize of 0,017°. Bulk samples 

as well as the clay fractions (<2µm) were analysed.

Sample preparation generally followed the methods descri-

bed by Whittig (1965) and Tributh (1989). Dispersion of clay 

particles and destruction of organic matter was achieved by 

treatment with dilute hydrogen peroxide. Separation of clay 

fraction was carried out by using centrifugation methods. The 

exchange complex of each sample (<2µm) was saturated with 

Mg and K using chloride solutions by shaking. Similar to the 

methods of Kinter and Diamond (1956) the preferential orien-

tation of the clay minerals was obtained by suction through a 

porous ceramic plate. To avoid disturbance of the orientation 

during trying, the samples were equilibrated during 7 days 

above saturated NH NO  solution. Afterwards expansion tests 4 3

were made, using ethylenglycol, glycerol and DMSO as well 

contraction tests heating the samples up to 550 C. After each 

step the samples were X-rayed from 2-40 °2θ.

The clay minerals were identified according to Thorez (1975), 

Brindley and Brown (1980), Moore and Reynolds (1997) and 

Wilson (1987). Semiquantitative estimations were carried out 

using the corrected intensities of characteristic X-ray peaks 

(Riedmüller 1978). Semiquantitative mineral composition of 

the bulk samples was estimated using the method described 

by Schultz (1964).

Thermal analysis in clay mineralogy provides additional infor-

mation about the clay minerals in a sample and is therefore 

used more and more in clay science. Clay minerals contain 

different amounts of hydroxyl groups which are liberated when 

energy is absorbed. Clay minerals also undergo considerable 

weight losses at moderate temperatures. Under 1000 °C many 

lattice transformations in the clay minerals take place which 

are also reflected as energy changes (Mackenzie, 1964). Ther-

mogravimetric (TG) and Differential Scanning Calorimetry 

(DSC) measurements were done. The STA analyses were 

carried out on Netzsch STA 409 PC Luxx®. Between 50 and 

51 mg of the sample were weighed in a Pt-cup and then ana-

lysed in a controlled atmosphere with 50 ml/min air and 10 

ml/min N . The heating rate was 10° K/min, the samples were 2

heated up to 1000°C.

The lower part of the sedimentary succession is formed by

_____________

________

____________

___________________________________

________________________________

3.4 Clay minerology

3.4.1 Simultaneous Thermal Analysis (STA)

4. Description and biostratigraphy of the 

section



5-m thick silty grey marlstone of the upper Pemberger Forma-

tion. The marlstone is rich in calcareous nannoplankton. At the 

base (sample PQ1) of the succession, Uniplanarius trifidus co-

occurs with Broinsonia parca, Eiffellithus eximius, and Rein-

hardtites levis. These species are indicative for the upper part 

of the Uniplanarius trifidus Zone (CC 22b). U. trifidus is very

Table 1: Summary of all angiosperm pollen taxa encountered so far from the Holzer Formation, their botanical affinity, their approximated climatic 

requirements and today distribution of extant relatives (information from Dransfield et al., 2008, Gentry, 1996, Mabberly, 2000) and their approximated 

zonobiomes, zonoecotones (after Walter and Breckle, 1999).Temp.-mesoth. = temperate to mesothermal, meso.-megath. = mesothermal to megather-

mal, seasonality = profound changes in precipitation and temperature during the year.___________________________________________________
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rare in this sample and does not occur in the other samples. 

Nonetheless, the other three mentioned species indicate the 

same age assignment for samples PQ2 and PQ3. In the high-

est sample (PQ4), E. eximius does not occur anymore. There-

fore, this sample is attributed to the lower part of the Tranoli-

thus phacelosus Zone (CC23a). According to Gradstein et al. 

(2004), sub-Zones CC22b and CC23a are of early Late Cam-

panian age. This age assignment of the Pemberger Formation 

at its type-locality is consistent with previous studies on am-

monites (Thiedig and Wiedmann, 1976) reporting on the stra-

tigraphically important species Pseudokossmaticeras tercense 

and P. brandti. Both species are indicative for the Nostoceras 

hyatti Zone of Late Campanian age (Küchler and Odin, 2001).  

Pachydiscus haldemsis and a dinoflagellate assemblage (e.g. 

Apectodinium deflandrei, Cannosphaeropsis utinensis, Dino-

gymnium acuminatum, Glaphyrocysta expansa, Hystrichos-

phaeridium tubiferum, Palaeohystrichophora infusorioides, 

Pervosphaeridium intervelum, Xenascus ceratioides) support 

this age assignment (Soliman et al., 2009).

The Pemberger Formation is unconformably overlain by 8 

m-thick soft clay of the Holzer Formation, which is devoid of 

carbonate. The green and red clays (PQ6 and PQ7) do not 

contain any marine fossils but the lenses of coaly clay at the 

base of the Holzer Formation are rich in terrestrial palyno-

morphs (sample PQ5). A different palynoflora (sample PQ 8), 

characterized by the co-occurrence of numerous marine di-

noflagellates, occurs in the black transgressive shales. The 

shale is overlain by less than a half meter thick yellow, wea-

thered sand with ca. 50 cm of gray clay with dark gray bands 

(sample PQ9) on top. The Holzer Formation is then overlain 

by the nummulitic limestone and marlstone (samples PQ 10, 

10a, and 11) of the Sittenberg Formation (Thiedig et al., 1999). 

In the Pemberger quarry, Assilina placentula, Nummulites bur-

digalensis kuepperi, Nummulites increscens, and Nummulites 

bearnensis have been described from the base of this marine 

unit (Schaub, 1981; Hillebrandt, 1993). This faunal assemblage 

is indicative of the lower part of shallow benthic zone SBZ10, 

which has been correlated with calcareous nannoplankton 

zone NP12 (Serra-Kiel et al. 1998).

Three lithologies rich in palynomorphs were identified, with 

representative examples illustrated in Plate 1 A-O and Plate 2 

A-O. All pollen data, in percent, are given in Table 1 (as well 

as modern climatic requirements and distributions). Sample 

PQ5, positioned at the base of the Holzer Formation, is cha-

racterized by abundant and diverse fern spores (Schizaeales: 

Cicatricosporites spp., Ischyosporites sp. Leiotriletes spp. and 

various Polypodiaceae s.l.), lumps of fern spores, and various 

monosulcate Arecaceae (Monocolpopollenites spp. affiliated 

to extant Elais sp.; Plate 1 G-I; Arecipites spp.), Myricaceae 

and Juglandaceae (Platycarya). Samples PQ6 and PQ7, from 

the red and green clays respectively, are nearly barren of any

_______________

_____________________

5. Results

5.1 Palynology

palynomorphs and microscopic organic matter (see Corg da-

ta below) and contain only few poorly preserved fernspores 

(Schizaeales and Polypodiaceae s.l.). The palynomorph as-

semblage of sample PQ8 from the black transgressive shale 

is characterized by the co-occurrence of marine dinoflagella-

tes and terrestrial palynomorphs. More than 90% of the dino-

flagellate assemblage are specimens of the peridinoid genus 

Apectodinium (A. homomorphum, A. parvum, A paniculatum, 

and A. spp). In addition, Homotryblium pallidum and Spinidini-

um echinoideum also occur (Mohamed in Drobne et al., 2011). 

With respect to the terrestrial palynomorphs, these sediments 

contain particularly abundant Normapolles s.l., Nypa (Plate 1 

A-C) and various calamoid palm pollen (Plate 1 D-F), and the 

presence of Avicennia (Plate 2 D-F) and Ceriops should be 

mentioned. Sample PQ9 from the grey and dark grey clays is 

dominated by triporate taxa such as Normapolles s.l., Myrica-

ceae, Juglandaceae and Rhoipteleaceae, but calamoid and 

monosulcate palm taxa and numerous fern spores are also 

present. Sample PQ10 is devoid of terrestrial palynomorphs, 

but contains abundant Apectodinium spp.

In general, the facies-dependant terrestrial pollen and spore 

assemblages are quite diverse. To date, ca. 84 angiosperm 

taxa and ca. 12 fern taxa have been identified, but investiga-

tion is still ongoing. The routinely applied combination of LM 

and SEM is essential to affiliate the pollen taxa at least down 

to genus level. These results are important for further climatic 

and ecological qualitative interpretations because the ecolo-

gical and climatic amplitudes of a family can vary consistent-

ly (e.g., in the Fagaceae, Euphorbiaceae, Caesalpinoideae, 

Hamamelidaceae, Rutaceae, Anacardiaceae, Oleaceae and 

many more).

The identifiable angiosperm pollen grains are dominated 

quantitatively (more than 80% of the individual pollen) by ge-

nerally wind-pollinated temperate to mesothermal families (com-

prising ca. 18% the genera and species list, e.g., Fagaceae: 

Lithocarpus, Trigonobalanopsis, Juglandaceae: extinct Norma-

polles s.l., Platycarya-types, Engelhardia-types, Myricaceae: 

extinct, Myrica-types, Rhoipteleaceae: Plicapollis-type), and to 

a lesser extent Aquifoliaceae (Ilex-types). The remaining ap-

proximately 20% of the pollen sum (all grains counted) come 

from the insect pollinated mesothermal/megathermal and true 

megathermal families. The mesothermal/megathermal taxa 

comprise ca. 45% of the floral list (e,g, Avicenniaceae: Avi-

cennia-type, black mangrove, Calycanthaceae, Chlorantha-

ceae, Euphorbiaceae: Leucroton-type, Plate 2 M – O; Hama-

melidaceae: Corylopsis-like, Plate 2 G- H, Picrodendraceae 

Aristogeitonia-type, Styracaceae: Styrax japonica-type and 

indet.,  Theaceae: Camellia-like, and Thymelaeaceae: Wiks-

troemia-type, Plate 2 A -C) and true megathermal families 

comprise ca. 34 % of the floral list (e.g., Alangiaceae: Alan-

gium villosum-type, Plate 1 J – L, Anacardiaceae: Lannea-

type and Spondias type, most of the Arecaceae with at least 

16 palm taxa (e.g., Arecoideae, Calamoideae, Ceroxyloideae, 

Coryphoideae and Nypoideae subfamilies, Bignoniaceae: Pi-

thecoctenium like, Burseraceae: Canarium-type, Icacinaceae:

________________

_______________________________________



Iodes-like, Malvaceae: Helicteroideae-Durio-type, Bombacoideae-Rhodognaphalopsis-

type, syn. Pachira, Olacaceae: Anacolosa-type, Plate 1 M - O, Rhizophoraceae: Ceriops-

type, Sapotaceae: Palaquium and Pouteria). The rest (ca.3 %) of the taxa are not assig-

nable to any particular climatic conditions.

The base of the section (sample PQ5), is characterized by a green clay with small len-

ses enriched in coal matter. These lenses contain 2.2 wt% of organic carbon (C ), where-org

as the pure green clay displays much lower C -values of 0.1 wt%. The main part of the org

clay (sample PQ7) is red colored and has a C -content of 0.2 wt%. With a sharp strati-org

graphic contact the red clay is overlain by 0.5 m thick black clay (sample PQ8) contai-

ning 7.6 wt% C .org

Lipid biomarker analyses were conducted on PQ5, PQ8 and PQ9 as part of an initial 

survey of organic matter sources and to test the feasibility of further investigations. All 

samples are characterized by the excellent preservation of diverse apolar (primarily n-

alkanes and hopanes) as well as polar lipids (fatty acids, triterpenoids). The n-alkanes 

range in carbon number primarily from C  to C , with a pronounced odd-over-even pre-19 32

dominance especially among the higher molecular weight homologues that is indicative 

of an origin from higher plant leaf waxes (e.g.Eglinton et al., 1962; Eglinton and Hamil-

ton, 1967; Kolattukudy, 1976).  Similarly, the n-alkanoic acids range in carbon number 

from C  to C , with an even-over-odd predominance, consistent with a leaf wax origin 16 30

for the higher molecular weight components (>C ). A variety of triterpenoid acids and the 24

abundant hopanoids provide further evidence for a predominantly terrestrial source for 

the organic matter in all three horizons.

The presence of functionalized compounds, such as sterols and fatty acids, provides di-

rect evidence for the relatively low thermal maturity of these sediments. Further evidence 

comes from the persistence of an odd-over-even predominance of the n-alkanes. The ho-

panes, especially the C , C , C  and C  components, are dominated by those isomers 27 29 30 32

with the biological 17β,21 (H) configuration (ca 70 to 90%, depending on sample and 

specific hopane).  17β,21α(H) isomers also present and the thermally stable 17α,21β(H) 

isomers are absent, again consistent with a low thermal maturity for this section (e.g. Pe-

ters and Moldowan, 1991; Peters et al., 2005). The exception to these observations are 

the C  (homohopane) components, which are dominated by the 17α,21β(H) isomer; we 31

suggest that this derives from decarboxylation of 17α,21β(H)-bishomohopanoic acid which 

can arise from acid catalysed conversion in, for example, peat-forming environments (e.g. 

Pancost et al., 2003, references therein).

PQ5, positioned at the base of the Holzer Formation, is characterized by abundant odd-

carbon-number n-alkanes with a unimodal distribution, dominated by the C  and to a les-27

ser degree the C  homologues.  The aforementioned hopanes are also abundant, in fact 29

occurring at concentrations similar to those of many of the n-alkanes. The polar fraction 

contains low concentrations of C , C , C  and C  n-alkanoic acids, higher concentra-16 18 20 22

tions of the C  and C  homologues and highest concentrations of the C  and C  acids. 24 26 28 30

Also present are hopanoic acids and various triterpenoid acids. PQ8, representing the 

black transgressive shale, is characterized by an almost identical suite of biomarkers, in-

cluding n-alkanes dominated by the C  homologue and n-alkanoic acids dominated by 27

the C  and C  homologues. This suggests that despite the different lithology, the black 28 30

shale organic matter assemblage was still dominated by terrigenous inputs.

Sample PQ9 from the grey and dark grey clays is also characterized by abundant n-al-

kanes and n-alkanoic acids, but the distributions of those compounds are somewhat dif-

ferent than in PQ5 and PQ8. The n-alkanes are still dominated by the C  homologue, but 27

lower molecular weight components (C18-C26, including both odd and even-carbon num-

______________________________________

_________________________________________________________

________________________________________

______________________________________

___________

5.2 Organic carbon and lipid biomarker characterisation

β

Figure 2: Profile of the lithology of the topmost Pemberger Formation, the Holzer Formation and 

the lowermost Sittenberg Formation in the Pemberger quarry with indicated sample horizons._______
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bered compounds) are relatively more abundant than in PQ5 

and PQ8. Hopanes are very abundant especially relative to 

other compounds in the apolar fraction, and in fact the 17α,21β 

(H)-homohopane occurs at the same concentration at the most 

abundant n-alkane. The n-alkanoic acids comprise a range 

from C  to C  as observed in the other sediments, but the 16 30

even-over-odd predominance is markedly reduced, the low-

molecular-weight C  and C  homologues are relatively more 16 18

abundant (although still subordinate to the HMW components), 

and most strikingly the HMW distribution is dominated by the 

C  and C , rather than the C  and C  homologues.24 26 28 30

LC-MS analyses of glycerol dialkyl glycerol tetraether (GDGT) 

distributions confirm these interpretations. Signals were weak, 

even in selected ion monitoring mode, but the dominant GDGTs 

could be identified in PQ5 and PQ9. In both, the predominantly 

marine archaea derived crenarchaeol is present in only trace 

concentrations, and soil bacteria derived branched and cyclic 

GDGTs are markedly more abundant; calculation of Branched 

Isoprenoid Tetraether (BIT) indices is limited due to the low 

concentrations but values are between 0.9 and 1.0, well with-

in the range of organic matter dominated by terrigenous inputs 

(Hopmans et al., 2004). Methyl branching and cyclisation in-

dices (MBT/CBT) for the branched GDGTs could be determi-

ned and these can be converted to soil pH and mean annual 

air temperatures (MAT; Weijers et al., 2007) but the analytical 

error is very large due to low peak areas (for pH: ± 0.1 unit, 

in addition to the ±0.3 pH units associated with the calibration; 

and for temperature: ±3ºC, in addition to the ±5ºC error asso-

ciated with the calibration). The estimated pH estimates are 

6.8 and 6.5 for PQ5 and PQ9, respectively, and the estimated 

MAT is 17ºC for PQ5, although these should be treated with 

caution.

Mineralogical analyses of samples PQ4 to PQ10 yielded

________

5.3 Clay mineralogy

abundant kaolinite. In three of the six analysed samples the 

amount of kaolinite ranges from 73 to 78% by mass, whilst in 

the remaining samples have 47- 64% kaolinite by mass and 

PQ10 has 25% by mass. Well crystallized kaolinite and poorly 

crystallized so-called fire clay occur in approximately equal 

parts. Illite is the second most abundant clay mineral in the 

profile, representing 17 to 47% by mass. Smectite is present 

in all samples but never represents more than 28% of the 

mass and is typically much lower. Chlorites were not detected 

in any of the analysed samples. The bulk samples contain 

layer silicates, representing up to 82% by mass, and smaller 

amounts of quartz in the range from 14 to 36% by mass. Only 

two samples, PQ4 and PQ10, contain calcite (40% and 10%, 

respectively). Hematite is also present in PQ7, the sample 

containing the highest amount of kaolinite.

The grain size distribution of the kaolinite-rich samples is do-

minated by the clay fraction <2µm, which is up to 67%. PQ4 

contains the highest amount (59%) of silt, and only PQ10 has 

high amounts of sand (32%) and silt (51%).

Egger et al. (2009) attributed the marine transgression in the 

Krappfeld Eocene to a eustatic event in the late calcareous 

nannoplankton Biochron NP11 or in early Biochron NP12 (ca. 

between 53 and 52 Ma) within Chron 24n. In the tectonically 

influenced Belgian basin four transgressive events are pre-

sent, with the sea-level rise during the uppermost NP11 and 

NP12 Biochrons (53 to 50.5 Ma; Vandenberghe et al., 2004) 

occurring during the EECO. At Krappfeld, the base of the trans-

gressive succession is formed by a black shale (sample PQ8) 

containing abundant dinoflagellates dominated by Apectodi-

nium ssp. but also abundant terrestrial pollen. The calcareous 

NP12 zone of the overlying lowermost Sittenberg Formation

_______________

______________

6. Discussion

6.1 Stratigraphy

corresponds either to the onset of 

the EECO after Zachos et al. (2001), 

or the lower part of the EECO (Mut-

toni and Kent, 2007) and also spans 

the middle of the EECO in the Belgi-

an Basin (Vanhove et al., 2011 and 

references therein). The directly un-

derlying terrestrial influenced Holzer 

Formation is interpreted to represent 

at least the lower part of the NP12 

zone and is therefore assigned to 

the warmest extended period of the 

Cenozoic. This is also corroborated 

by the composition of the palynoflo-

ra and the lack of typical Paleogene 

pollen markers. The mega- to me-

sothermal families and genera had 

enough time to either migrate to the 

Krappfeld area and/or to diversify 

into several species, establishing a
Figure 3: Schematic paleogeographic map showing the position of the Alpine environmental 

areas in the early Paleogene (simplified and modified after Stampfli et al., 1998).________________



new vegetation regime. This regime was particularly diverse 

in palm species, comprising up to seventeen Arecaceae taxa, 

and several megathermal Anacardiaceae, Sapotaceae and 

Malvaceae taxa, which can be interpreted to represent a Te-

thyan equivalent of the London Clay diaspore floras (compare 

Collinson, 1983).

The lithologies and palynomorph assemblages of the studied 

section represent three different facies from bottom to top: (1) 

coal-bearing palm swamp, (2) coastal near swamp with man-

groves, and (3) shrubby back swamp; overall, these transiti-

ons reflect the migration of the coastline in this section.

The coal-bearing palm swamp facies (sample PQ5) contains 

abundant fern spores (Schizaeales and Polypodiaceae) often 

occurring in lumps, palm pollen (Monocolpollenites spp. =  pre-

sumable modern equivalent Elais; for M. cf. tranquilus and 

Arecipites spp. modern equivalents have not been found) oc-

casionally preserved in lumps, Emmapollis (Chloranthaceae), 

Proxapertites operculatus (Araceae), Sapotaceae (Palaquium-

type) and Myricaceae. This indicates a boggy palm swamp 

facies with herbaceous (ferns and Araceae) and shrubby un-

dergrowth (Myricaceae), and this interpretation is consistent 

with the dominance of higher plant and bacterial biomarkers 

and the relative dearth of algal biomarkers (e.g. sterols or ste-

ranes). Myricaceae undergrowth is known from the Cenozoic 

onwards (Hofmann et al., 2002; Hofmann and Zetter, 2005, 

Ewel, 1992), and coastal near boggy palm swamps with fern 

undergrowth occur in contemporary tropics (Hofmann, 2002).

The coastal near swamp facies (sample PQ8) is distingui-

shed from the other facies by the presence of abundant dino-

flagellates. The palynoflora comprises the dominant triporate 

taxa, but also several calamoid palm taxa, unknown palm taxa, 

Nyssa, megathermal Anacardiaceae, Sapotaceae, Malvaceae 

with mangrove elements such as Nypa, Avicennia- and Ceri-

ops-type pollen. Despite the coastal and clearly marine-influ-

enced setting, the pollen assemblages and biomarker distri-

butions (the latter dominated by terrigenous biomarkers simi-

lar to those of PQ5) indicate that the organic matter was still 

terrigenous. The terrestrial pollen and biomarkers suggest 

that the site was still proximal, and we suggest that the shale 

deposition was related to both eustatic sea level rise and ir-

regular bottom topography, where organic rich material accu-

mulated (been washed or slumped) into topographic hollows 

(see review in Wignall, 1994).

The shrubby back swamp facies (sample PQ9) comprises 

mostly triporate taxa (e.g., Myricaceae, Normapolles s.l., Jug-

landaceae), ferns and few calamoid and very small monsul-

cate palm pollen taxa (probable affiable to Brahea and Dypsis, 

see Dransfield et al., 2008) and Araceae (Proxapertites oper-

culatus). Shrubby back swamp settings with vegetation domi-

nated by Myricaceae have been recorded from the Eocene 

(Hofmann and Zetter, 2001, Zetter and Hofmann, 2001), the 

Miocene (Hofmann and Zetter, 2005, Hofmann et al., 2002) 

and today (Ewel, 1992). Although biomarker assemblages of

____________________________________

_____

__________________________

6.2 Facies

PQ9 are still dominated by terrigenous inputs, the different n-

alkane and n-alkanoic acid distributions are consistent with a 

different dominant plant input. The much higher abundance of 

hopanoids relative to n-alkyl compounds also suggests diffe-

rent depositional conditions than those associated with the 

other facies.

The palynoflora in all three facies are dominated qualitatively 

by angiosperms (87 %, 84 of 96 of the pollen and spore taxa); 

of these, ca 85% are woody plants and the rest are herbace-

ous and fern plants. This high percentage of woody taxa is 

characteristic for tropical and subtropical floras (Mabberly, 1992; 

Vareschi, 1980; Whitmore, 1992). However, in the Krappfeld, 

wind pollinated plant pollen dominates quantitatively (pollen 

counts: PQ5 35% beside 60% fernspores, PQ8 over 80% 

beside 3,4% fernspores, PQ9 53% beside 13% fernspores). 

Generally, wind pollinated families produce far more pollen 

than entomophilic (insect pollinated) plants and, therefore, 

pollen of these taxa are more abundantly preserved in sedi-

mentary rocks (Faegri and Iverson, 1989; Klaus, 1987).

Taxa with temperate/mesothermal requirements are quan-

titatively over-represented in the pollen sum, despite these 

pollen grains originating from only 18% of the taxa of the flo-

ral list. This has also been observed in the previously investi-

gated Krappfeld samples (Hofmann and Zetter, 2001; Zetter 

and Hofmann, 2001) and is also true for most of the Miocene 

localities of Austria (Hofmann and Zetter, 2005, Hofmann et 

al., 2002).

Pollen from insect pollinated plants are preserved in low num-

bers (accessorial pollen in the pollen sum), such that pollen of 

these taxa are generally under-represented in the geological 

record (Reddi and Reddi, 1986 and summarized in Hofmann, 

2002). In the Krappfeld they are generally coming from taxa 

for which modern equivalents prefer mesothermal/megather-

mal and true megathermal climatic conditions (Hofmann and 

Zetter, 2001, Zetter and Hofmann, 2001). However, these 

accessorial taxa qualitatively dominate (approximately 80%) 

the spectra of the entire pollen list.

Mesothermal/megathermal taxa and some of the true mega-

thermal taxa (ca. 52 % of all taxa; see table 1) occur today in 

seasonally controlled (passat-like or monsoon-like precipita-

tion) climatic conditions. Specifically, they exist today in the 

zonobiome II (= subtropical humid to arid summer rain climate 

with deciduous woody plants and grasslands; definition after 

Walter and Breckle, 1999). Only approximately 22% of the 

identified angiosperm taxa have modern equivalents growing 

in tropical everwet conditions of zonobiome I ( = tropical, equa-

torial humid day time climate with evergreen rainforests, with 

eventually one to two drier months with only 250 mm rain; de-

finition after Walter and Breckle, 1999). Seasonality cannot be 

readily inferred from about 26% of the taxa. Together with the 

assumed more temperate taxa, this composition of mesother-

mal to megathermal, everwet and seasonal controlled floral 

elements suggests a biome at or spanning the transition be-

________________________________________

_____

______________________

6.3 Palaeoclimate interpretation
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tween zonobiome II and zonobiome I, which today is expres-

sed by the zonoecotone I/II (= seasonally controlled mosaic 

of deciduous and evergreen forests that are also influenced 

by relief, complex hydric and edaphic conditions, Breckle and 

Walter, 1999). The estimated pH estimates of 6.8 and 6.5 for 

PQ5 and PQ9, respectively, are consistent with a humid cli-

mate characterized by moderate to high rainfall. Although the 

estimated MAT of 17ºC for PQ5 should be treated with caution, 

given the uncertainty in analyses and calibration, it is broadly 

consistent with the mesothermal to megathermal climatic con-

ditions inferred from palynological analyses.

A hot and wet climate is also consistent with the very high 

proportions of kaolinite. Clay minerals and associated mine-

rals have been formed through weathering processes and pe-

dogenesis through geological history, at least since the late 

Precambrian, and represent the most ubiquitous components 

of all sediments and soils. Clay mineral assemblages can be 

used to interpret paleoclimate, and specifically the intensity of 

weathering and by extension temperature and hydrological pro-

cesses (Chamley, 1989; Millot, 1970). Interpretation is based 

on the variations of illite and chlorite crystallinity and on the 

relative abundance of kaolinite, smectite and other expanda-

ble minerals. According to Chamley, 1989, kaolinite is formed 

in soils and sediments of intertropical landmasses characteri-

zed by warm and humid climate. The weathering intensity is 

characterized by the monosiallitisation, a very intense wea-

thering process. However, the absence of aluminium oxides 

such as gibbsite, indicate that the most intense weathering 

stage of allitisation (hot and wet in tropical areas) was not 

reached in the Krappfeld.

In comparison with the slightly older microflora of St. Pan-

kraz from the short-lived hyperthermal at the Paleocene/Eo-

cene boundary (PETM-flora; Hofmann et al., 2011), the Krapp-

feld assemblages have no Paleogene elements and comprise 

far more palm taxa (17 versus two or three) and megathermal 

taxa (e.g., Malvaceae, Sapotaceae, Alangium) and much less 

diverse Normapolles s.l. and, Post-Normapolles taxa and less 

various extinct triporate forms (Juglandaceae, Myricaceae) 

and more Fagaceae in quantity but also in quality. However, a 

few megathermal accessory elements such as Aiphanes-type 

pollen (Arecoideae, Arecaceae), the Aristogeitonia-type pollen 

(Picrodendraceae), the Iodes-type pollen (Icacinaceae), the 

Craigia-type pollen (Tilioideae, Malvaceae), Lannea-type pol-

len (Anacardiaceae) and the Palaquium-type pollen (Sapota-

ceae) were already present during the PETM at St Pankraz. 

They were interpreted to have migrated west and northward 

along the Tethys during the already warm Paleogene (Hof-

mann, et al., 2011).

As other studies suggest that peak temperatures during the 

PETM were similar to or exceeded those of the EECO (Sluijs 

et al., 2011), the pollen data obtained here indicate that a lon-

ger time span was required for the “establishment” of a “real

______________

_____________________________

__________________________________

6.4 Comparison with the hyperthermal at 

the PETM?

tropical” vegetation in the northwestern Tethys. During the re-

latively brief hyperthermals such as the PETM (Hofmann et 

al. 2011, Collinson et al., 2009) only a few megathermal ele-

ments reflected the warming.

In summary, the paleo-position of the Krappfeld in the north-

western Tethys (Fig. 3) provided enough air humidity, warmth 

and precipitation to support an ancient “subtropical to tropical 

flora” with an evergreen and deciduous forest, somewhat com-

parable to the zonoecotone I/II of today. This interpretation 

corroborates the observations from European Eocene macro-

floras of Kvacek (2010), who postulated a “broad-leaved ever-

green/semi-evergreen quasi-paratropical forest” for the wes-

tern part and southwestern part (Tethyan realm) of Europe.

The black shale (sample PQ8) is interpreted as a coastal 

near transgessive deposit of the Krappfeld transgression du-

ring the biochrons NP11 and NP12. These biochrons indicate 

the section was deposited during the Early Eocene Climatic 

Optimum (Chron 24n). The Krappfeld terrestrial microflora re-

presents a time period with warm and humid climatic condi-

tions, and displays a higher degree of tropicality than the mi-

croflora of the PETM succession at St Pancraz. The compo-

sition of true megathermal,  meso-to megathermal and tem-

perate taxa and the high degree of taxa growing under sea-

sonally controlled climatic conditions provides evidence for a 

seasonal controlled “subtropical to tropical” climate somewhat 

comparable with the modern zonoecotone I/II. The three diffe-

rent palynofacies are corroborated by biochemical biomarkers, 

which indicate peat forming environments under a pH condition 

common under warm and humid climates. The high amounts 

of kaolinite indicate intense weathering processes over a long 

period, also under warm and humid conditions that allowed 

the the main weathering product kaolinite to be reworked in 

high amounts into the basin. These humid conditions and re-

working are also responsible for the dominance of terrestrial 

biomarkers even in the marine transgressive shale.

We thank Stjepan Coric for helping during fieldwork, Gerhard 

Hobiger for providing the Corg data, and Markus Kogler for 

preparing the line drawings.
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Seasonal controlled meso- to megathermal elements:
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