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Abstract  15 

In the Alpine foreland and the Vienna Basin loess-paleosol sequences (LPS) are common. Some of the most 16 

famous LPS sites in the circum-Alpine area include Stratzing, Göttweig, Willendorf, Krems-Wachtberg, and 17 

Stillfried, which cluster in a relatively small area along the Danube river in Lower Austria. LPS provide 18 

detailed insights into climate-driven, terrestrial palaeoenvironmental changes that can be placed into a 19 

robust chronological framework, because LPS are amenable to a range of dating techniques. Here, we 20 

present a well-dated 13.6 m-thick mammoth-bearing sediment succession characterised by low-energy 21 

aquatic deposits, sheet-flow deposits and sandy loess from re-deposited Miocene sediments, i.e. a 22 

depositional environment that contrasts to the classical LPS sites. This new site is situated 1.6 km NNE of 23 

Bullendorf in Lower Austria, where Pleistocene sediment successions with a robust chronology are rare. 24 

Our multidisciplinary approach is based on optically stimulated luminescence and 14C dating, and includes 25 

mammal faunal investigations and stable isotope analyses of molluscs. OSL and 14C dating suggest 26 

deposition of the sediment sequence immediately before and briefly after the Last Glacial Maximum. The 27 

mollusc assemblages and the mammal fauna are representative of a cold climate, characteristic of a tundra 28 

steppe environment. Stratigraphic changes in δ18O of two mollusc species (Pupilla muscorum and Succinella 29 

oblonga) suggest an alternating dry-cold and humid-cold climate. Oxygen isotope data of freshwater 30 

gastropod shells suggest a drastic decrease in the mean growing season temperature compared to today, 31 

while the carbon isotope composition is indicative of a C3 vegetation.  32 

 33 

Keywords: Late Pleistocene, palaeoenvironment, luminescence dating, stable isotopes, Austria 34 
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1. Introduction 36 

Loess deposition was widespread in the lowlands to the north and east of the Alpine ice sheet during 37 

Pleistocene glaciations (Grill, 1968; Wessely, 2006; van Husen and Reitner, 2011; Terhorst et al., 2014). 38 

These deposits commonly reach several metres in thickness and are composed of loess-paleosol sequences 39 

(LPS) reaching back locally to the Early Pleistocene (Fink and Kukla, 1977; Thiel et al., 2011a, 2011b). LPS 40 

reflect the changing climatic conditions of dust accumulation in a dry tundra or cold steppe environment 41 

interrupted by more humid and milder intervals during which the dust flux was strongly reduced and syn- 42 

to postdepositional pedogenesis occurred (e.g. Pye, 1995). Fluvial and fluvioglacial outwash deposits along 43 

major rivers and in front of the piedmont lobes of the Alpine ice sheet form a sequence of Pleistocene 44 

terraces extending into the Alpine foreland (van Husen and Reitner, 2011). Pleistocene sediments of other 45 

depositional environments, such as lacustrine deposits or sediments affected by solifluction, are far less 46 

common in these peri-Alpine settings. These deposits host faunal remains (most commonly mammoth 47 

tusks and bones; e.g. Spötl et al., 2018) and sometimes archaeological finds (e.g. Einwögerer et al., 2006; 48 

Nigst et al., 2014). Sedimentological and chronological data are available for several LPS in the Alpine-49 

Carpathian foreland and the Vienna Basin, especially for sites along the Danube corridor in the western 50 

sector of the Alpine-Carpathian foreland, such as Stratzing, Göttweig, Willendorf, and Krems-Wachtberg 51 

(Kukla, 1975; Fink, 1976; Zöller et al., 1994; Nigst et al., 2008; Kovanda et al., 1995; Havlíček et al., 1998; 52 

Peticzka et al., 2010; Smolíková et al., 2010; Sprafke, 2016). Several of these sites, such as Willendorf (Nigst 53 

et al., 2014), Krems-Wachtberg (Einwögerer et al., 2006) and Stratzing (Bednarik, 1989) are also 54 

archaeologically important and collectively provide unique insights into the Upper Palaeolithic of Central 55 

Europe. However, only a limited number of studies provide robust chronologies for these LPS (Terhorst et 56 

al., 2014; Thiel et al., 2011a, 2011b; Nigst et al., 2014), and well-dated LPS (e.g. Frank et al., 2011) and other 57 

types of sediments are rare for the loess region north of Vienna and the Danube corridor.   58 

Here, we present a 13.6 m-thick mammoth-bearing sediment succession, which differs from the classical 59 

LPS sites in the Danube region in terms of its depositional environment. This recently discovered site is 60 

situated close to Bullendorf, in the northeastern part of Lower Austria, where continuous LPS are rare 61 

(Frank et al., 2011). The sediment succession at Bullendorf is characterised, for the most part, by well-62 

bedded sandy deposits with only a few loess-like layers. We use a multidisciplinary approach including 63 

sedimentology, studies of the mammal fauna and the stable isotope composition of gastropods, combined 64 

with optically stimulated luminescence (OSL) and 14C dating in order to derive a palaeoenvironmental 65 

reconstruction for this site at high temporal resolution. 66 

 67 

2. Geological setting 68 

The studied section is located 1.6 km NNE of Bullendorf (Lower Austria), on the northern slope of a road 69 

cut of the newly constructed A5 highway (WGS84: 48° 36’ 31.5” N, 16° 40’ 11.9” E) in the Mistelbach 70 
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district (Fig. 1, Fig. 2). The road cut was constantly stabilised and re-vegetated by the construction company 71 

and thus provided only temporary outcrops of the exposed Pleistocene deposits. The mammoth-bearing 72 

sediment succession was only accessible for a few weeks during the summer of 2016. Topographically, the 73 

site is located in the catchment of the Zaya River which flows in a northeasterly direction at a distance of 74 

about 1.5 km from the site. The area is part of the Vienna Basin, a Neogene pull-apart basin covering a 75 

great part of northeastern Lower Austria and reaching into the Czech Republic and Slovakia in the north 76 

and east, respectively (Rasser et al., 2008). The oldest sediments outcropping in the vicinity of the 77 

Bullendorf site are Badenian and Sarmatian (middle Miocene) in age (Fig. 2). During the middle Miocene, 78 

marine limestone of the Badenian and mixed-siliciclastic carbonate deposits of the Sarmatian were laid 79 

down (Harzhauser and Piller, 2004). Subsequently, during the late Miocene (Pannonian), the fluvial 80 

Hollabrunn-Mistelbach Formation formed (Nehyba and Roetzel, 2004). This formation is mainly comprised 81 

of gravel and sand deposited by the Danube River that today flows ~ 40 km further to the south. During the 82 

Pannonian, lacustrine clays and silts were deposited in the study area, while alluvial sediments prevailed 83 

again during the late Pannonian (Harzhauser et al., 2004; Wessely, 2006).  84 

In post-Miocene times, especially during the Pliocene, the regional landscape evolution was dominated 85 

by erosion (Wessely, 2006), giving rise to the smooth relief that characterises this part of Lower Austria 86 

today. High-lying gravel beds are remains of former land surfaces (e.g. terrace gravels near Maustrenk, Fig. 87 

2; Grill, 1968), while asymmetric valleys that are common in the Bullendorf area, are geomorphological 88 

witnesses of Pleistocene permafrost activity. The road cuts along the A5 highway provided evidence that 89 

the Pleistocene topography was also considerably different compared to the topography of today. 90 

Unfortunately, due to the lack of detailed geological mapping and the temporary nature of these outcrops, 91 

a reliable reconstruction of the landscape evolution is still lacking for the Bullendorf region.  92 

Pleistocene sedimentation in the study area was dominated – as in the wider circum-Alpine area – by 93 

loess accumulation, draping the topography (Grill, 1961, 1968; Wessely, 2006; van Husen and Reitner, 94 

2011; Fig. 2). During milder and more humid climate periods of the glacials, slope processes such as 95 

solifluction and sheet flow played an important role. Loess accumulation in Lower Austria was facilitated via 96 

two transportation pathways: (i) long-distance transport from alluvial and glacial outwash plains, and (ii) 97 

short-distance transport from regionally exposed Neogene sediments of the Foredeep and the Vienna 98 

Basin. These loess deposits are often subdivided by paleosols, resulting in LPS that are commonly used for 99 

litho- and chronostratigraphy (e.g. Stratzing, Göttweig, Willendorf, Krems-Wachtberg, Stillfried along the 100 

Danube corridor; Fig. 1). In the study area, however, such LPS are rarely exposed and limited to few 101 

outcrops near Stillfried (Fig. 1, Peticzka et al., 2010; Frank et al., 2011; Terhorst et al., 2015). However, short 102 

time exposures during the construction of A5 highway opened complex loess sections with paleosols in the 103 

Mistelbach area also (Smolíková et al., 2010; Havlíček and Vachek, 2016). In the wider investigation area 104 

considerable tectonic movements related to the pull-apart kinematics of the Vienna Basin occurred, and 105 

http://opac.geologie.ac.at/ais312/dispatcher.aspx?action=search&database=ChoiceFullCatalogue&search=author.name='Havlicek,%20Pavel'
http://opac.geologie.ac.at/ais312/dispatcher.aspx?action=search&database=ChoiceFullCatalogue&search=author.name='Vachek,%20Michal'
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these movements extend into the Pleistocene (Decker et al., 2005; Weissl et al., 2017). Evidence of 106 

neotectonic movements was also found in the A5 highway outcrops, ~200 m southwest of the Bullendorf 107 

site. There, a dark brown paleosol is displaced by ENE-striking and SSE-dipping normal faults, striking 108 

approximately parallel to the Zaya valley, which is situated ~1.5 km southeast and ~30 m lower in elevation 109 

relative to this site (Fig. 2). Because of the limited outcrop situation and the potentially strong influence of 110 

tectonics on the course and incision history of the Zaya river, reconstruction of the Pleistocene topography 111 

at Bullendorf remains challenging.     112 

 113 

 114 

3. Methods 115 

 3.1. Fieldwork 116 

Due to the rapidly progressing construction work at the A5 highway fieldwork this work was essentially a 117 

rescue excavation, and only logging and drawing of bedding architecture in the outcrop and on 118 

photomosaics together with facies description and sampling for sedimentological and palaeontological 119 

investigations and for dating were done. The classification of Keller (1996) was used for lithofacies 120 

description, which is better suited for Pleistocene sediments than the well-known lithofacies codes of Miall 121 

(1984) and which takes the specific components and textural features of glacial and periglacial sediments 122 

into account. In this classification the first letter indicates the main components sand (S), fine sediment 123 

(silt, clay; F) or heterolithic sediment (alternation of fine sediment and sand; H). The second letter describes 124 

the texture, like lamination (l), bedding (b), pedogenic influence (p) or ripple lamination (r). 125 

  126 

3.2 Sedimentological analyses 127 

Particle size distribution was determined by wet manual sieving and automatic sedimentation analysis 128 

according to DIN 4022. The <32 µm size fraction was analysed using a Micromeritics Sedigraph III 5125. 129 

Samples were classified according to Müller (1961) and Füchtbauer (1959). Statistical sedimentological 130 

parameters were given by the moment calculation and the method of Folk and Ward (1957). 131 

The bulk and clay mineralogy of the samples were determined by X-ray diffraction (XRD). For bulk 132 

mineral analysis the dried samples were ground and loaded into a sample holder as a randomly oriented 133 

powder. Diffraction data were collected with a PANalytical X’Pert PRO Multi-Purpose Diffractometer 134 

(goniometer PW 3050/60), Cu K radiation (40 kV, 40 mA), an automatic divergence slit, and a PIXcel 135 

detector with programmable anti-scatter slit step scan mode (step size 0.013° 2, 10 s per step). The 136 

samples were run from 3 – 70° 2. The semiquantitative mineralogical composition was obtained using the 137 

computer program SEIFERT AutoQuan based on Rietveld analysis.  138 

For clay mineral analysis the samples were treated with H2O2 in an ultrasonic bath in order to remove 139 

organic matter for further disaggregation. The <2 μm fraction was separated by centrifugation. The clay 140 
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fraction was saturated with a 1N KCl solution and a 1N MgCl2 solution by shaking for 24 h and afterwards 141 

washing with distilled water. Oriented slides of the <2 µm fraction were prepared by placing 25 mg clay in 142 

suspension on a porous ceramic plate and drying at room temperature. Oriented XRD mounts were then 143 

analysed in air-dried, ethylene glycol, dimethyl sulfoxide and glycerol-treated states. The clay samples were 144 

run from 2-50° 2 with the same step and counting time as the bulk samples. The identification of clay 145 

minerals was carried out according to Moore and Reynolds (1997). The relative percentages of the clay 146 

minerals in the <2 μm fraction were determined following Schultz (1964). 147 

 148 

3.3 OSL 149 

Five samples were obtained for OSL dating by hammering stainless-steel tubes into the outcrop and 150 

sealing with duct tape. Quartz in the grain size fraction 180-212 μm was physico-chemically purified from 151 

the bulk sediment samples following standard procedures (Wintle, 1997). The quartz grains were mounted 152 

on stainless steel discs using silicon oil. The aliquot size was chosen to be small (~ 50-100 grains per disc). 153 

All OSL measurements were conducted on an automated Risø TL/OSL–DA15 Reader. Quartz OSL 154 

stimulation was achieved via blue light emitting diodes (LED´s, 470 nm, 22 mW/cm2 stimulation power) and 155 

signals were detected with an EMI 9235 photomultiplier tube after passing through 5 mm of Hoya U-340 156 

filter to isolate the ultraviolet wavelength (Bøtter-Jensen et al., 2000). 157 

The single aliquot regenerative dose (SAR) procedure was used for environmental dose (De) 158 

determination (Murray and Wintle, 2000). Routine checks of SAR protocol performance were made for 159 

thermal transfer, test dose sensitivity correction, dose response behaviour and feldspar contamination 160 

(Murray and Wintle, 2000; Duller, 2003). Aliquots were rejected from further analyses if (1) the OSL signal 161 

was weak (TN < 3 times the background signal), (2) the sensitivity-corrected zero dose value was > 5% of 162 

the sensitivity-corrected natural value, (3) the repeat dose points at the end of the measurement 163 

procedure were not consistent with the initial value for the same dose (> 2σ different from unity), (4) the 164 

sensitivity-corrected natural OSL signal did not intercept the dose-response curve, and (5) the OSL-IR 165 

depletion ratio was more than 2σ below unity, suggesting the presence of feldspar grains or inclusions 166 

(Duller, 2003). Blue LED stimulation was for 100 s and the OSL signals were integrated over the initial 2 s of 167 

stimulation minus a background calculated from the last 20 s of the OSL decay curve. The dose response 168 

curves were fitted with a single exponential function and fitting errors were determined via 500 Monte 169 

Carlo iterations.  170 

For all samples, the beta dose rates were measured using a GM-25-5 low-level beta counter (Bøtter-171 

Jensen and Mejdahl, 1988), while gamma rays were measured in situ with a NaI(Tl) detector. The gamma 172 

dose rates were determined using the “threshold” technique (Mercier and Falguères, 2007; Guerin and 173 

Mercier, 2011), which gives an estimate of the combined dose rate from gamma-ray emitters in the U and 174 

Th chains and from 40K. In addition, the gamma dose rate of sample O5 was calculated using a combination 175 
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of beta counting and thick-source alpha counting to obtain activity concentrations of U, Th and K, which 176 

were converted to dose rates (Adamiec and Aitken, 1998). No significant or systematic differences were 177 

observed between the gamma dose rates measured in these two ways for sample O5. The cosmic dose rate 178 

was calculated following Prescott and Hutton (1994). An internal alpha dose rate of 0.03±0.01 Gy/ka was 179 

assumed based on measurements by Jacobs et al. (2006). The field water content for all samples was close 180 

to 15 wt.-% and this value was used for age calculation with a 30% uncertainty assigned to take into 181 

account possible moisture and water table fluctuations during the burial period.    182 

 183 

3.4 Radiocarbon 184 

Six mammalia bones and one sample of the mammoth tusk were screened for their whole nitrogen 185 

content. The Equus sample (UBA- 34810) was thought to have been coated with Mowilith® emulsion and 186 

was treated with a solvent extraction in a Soxhlet distillation apparatus using a minimum of two cycles of 187 

tetrahydrofuran, chloroform, petroleum spirit, acetone, methanol and lastly deionized water, similar to 188 

Bruhn et al. (2001) before proceeding. Collagen extraction was done on two samples with sufficiently high 189 

nitrogen using the ultrafiltration method (Brown et al., 1988) with Vivaspin® filter cleaning following Bronk 190 

Ramsey et al. (2004). Samples were combusted to CO2 and processed to graphite using the zinc reduction 191 

method (Slota et al., 1987) and analysed using an accelerator mass spectrometry (AMS) at the 14CHRONO 192 

Centre, Queen's University Belfast. The sample 14C/12C ratio was background-corrected using 193 

measurements on collagen extracted from the Hollis mammoth bone (YG 431.10, Martinez et al. 2019) and 194 

normalised to the HOXII standard (SRM 4990C; National Institute of Standards and Technology). Ages were 195 

calculated according to Stuiver and Polach (1977) using the AMS measured 13C/12C which accounts for both 196 

natural and machine isotope fractionation. The reported error in the age was multiplied by 1.3 based on 197 

reproducibility of bone standards and includes long-term variability in the background. For asymmetric 198 

standard deviations the larger value is reported. Ages were calibrated using IntCal13 (Reimer et al., 2013) 199 

and the CALIB 7.1 software (Stuiver et al., 2019). Calibrated age ranges are reported at two standard 200 

deviations (2σ). Stable isotopes (δ13C and δ15N), % carbon and % nitrogen were measured on a Delta V 201 

Advantage with Flash elemental analyser and atomic carbon to nitrogen ratios calculated (C/N). Stable 202 

isotope standards IA-R041 L-Alanine (δ13C = 23.33 +/- 0.10; δ15N = -5.56 +/- 0.14), IAEA-N-2 Ammonium 203 

Sulphate (δ15N = +20.3 +/- 0.2) and IAEA-CH-Sucrose (δ13C =-10.449 +/- 0.033) were analysed with the 204 

unknown samples to provide two point calibration. δ13C is reported relative to VPDB and δ15N relative to 205 

AIR. Reproducibility for ultrafiltered bone collagen is 0.22 ‰ for δ13C and 0.15‰ for δ15N. 206 

 207 

3.5 Gastropods 208 

All gastropod species from Bullendorf have been described by Carobene et al. (2018) in detail, and 209 

include (i) Miocene species that existed exclusively in marine and brackish environments, as well as (ii) 210 
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terrestrial species that appeared only during the Pliocene and/or Pleistocene. In this study, we focus on the 211 

isotopic analysis of autochthonous Pleistocene gastropod shells. The terrestrial Plio-Pleistocene species are 212 

easily discriminated from the marine Miocene species, based on morphological criteria and their state of 213 

preservation (the latter species are usually strongly abraded and fragmented). Miocene gastropods are 214 

present within the reworked Miocene sediment lenses contained in unit 5 (sample C7 and B7), but not in 215 

any other unit of the Bullendorf section.  216 

70 gastropod shells from 12 samples were investigated, representing 10 species, 9 terrestrial and 1 217 

freshwater species. Since fossil shell material may be affected by dissolution of the aragonite and 218 

reprecipitation of calcite (Brennan and Quade, 1997; Balakrishnan et al., 2005a), shells were picked under a 219 

stereomicroscope and examined with a scanning electron microscopy (SEM) to check for evidence of 220 

dissolution and/or recrystallisation. No signs of aragonite leaching or alteration were found. Shells were 221 

sampled according to three methods depending on size and specimen availability: (1) separating the 222 

juvenile from the adult whorls, (2) cutting shells in random aliquots, and (3) crushing whole shells. 223 

According to specimen availability, 3–6 shells of each taxon were analysed (10 species out of 14 species in 224 

total; Carobene et al., 2018). Shells of different species were selected from samples B3, C1 and C3 to 225 

examine the isotope variability of coeval samples. Additionally, shells of Pupilla muscorum (B2, C1, B3, C3, 226 

B6) and Succinella oblonga (B3, C3, B6, C7), both present in most samples, were analysed to trace 227 

palaeoenvironmental changes across the section.  228 

Samples were dissolved in orthophosphoric acid at 72°C and the carbon dioxide gas was analysed in an 229 

isotope ratio mass spectrometer linked to a Gasbench II. Values are reported relative to the VPDB standard. 230 

Long-term precision of the δ13C and δ18O values, estimated as the 1σ-standard deviation of replicate 231 

analyses, is 0.06 and 0.08 ‰, respectively (Spötl and Vennemann, 2003). 232 

 233 

4. Results 234 

4.1 Sediment description 235 

Based on the sedimentary characteristics, the 13.6 m-thick succession was divided into six lithological units 236 

(Figs. 3 and 4). 237 

The lowermost unit 1 (~250-300 cm thickness) consists of bluish-greenish grey, clayey silt with a 238 

moderate carbonate content. It is well laminated (lithofacies Fl) and contains remains of leaves 239 

indeterminable to species.  Bones of Equus sp. (horse, radius) and of Rangifer tarandus (reindeer, humerus) 240 

were found in the lower part of the unit; one metacarpal of Rangifer tarandus was found in the upper part. 241 

The top of unit 1 shows a significant erosional discontinuity. Furthermore, the sediments are penetrated by 242 

numerous small faults and are probably tilted towards the southwest. This tilting might be tectonic and 243 

associated with the fault system in the highway outcrop in the west (Fig. 2; see also section 2). 244 
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Unit 2 (~170 cm total thickness) consist of two subunits. Subunit 2a rests unconformably on unit 1 and 245 

displays a lateral thickening from 50 to 120 cm towards NE (Fig. 4). It is composed of indistinctly bedded 246 

silty fine sand and fine sandy silt (Hb) with frequent Pleistocene molluscs in the lowest layers (Fig. 5A). The 247 

approximately 70 cm-thick subunit 2b shows 3-5 cm thick wavy-bedded, yellowish brown, fine sand 248 

alternating with yellowish grey silt (Fig. 5B). Ripple cross-lamination sometimes appears in sand layers, 249 

while occasional convolute-like bedding and root casts (up to ca. 4 cm long rhizoliths with diameters of a 250 

few mm) occur throughout the unit (Hb, Hl, H-r, H-p; Figs. 5C, D). This subunit is poor in molluscs. Two well-251 

preserved tusks (267 x 15 cm in size) (Fig. 5E) and six vertebrae of Mammuthus primigenius were 252 

discovered at the base of subunit 2b. The surfaces of the tusks are pale brown to rose-coloured, while the 253 

core is whitish. 254 

Unit 3 (~340 cm total thickness) comprises four subunits. Subunit 3a is 25-40 cm thick, largely unbedded 255 

(massive) and composed of silt to fine sand (Sm) with a moderate carbonate content. The following 130 256 

cm-thick subunit 3b consists of well layered, yellowish to brownish, silty, fine sand (Sb), characterised by a 257 

high carbonate content. Bedding is laterally continuous and traceable along the entire outcrop (≥ 100 m) 258 

The 100 cm-thick subunit 3c above is made up of yellowish brown to yellowish grey, spotted, layered silt to 259 

fine sand (Sm-Sb; Figs. 3 and 4). It shows a higher carbonate content and contains black to dark brown, 260 

poorly lithified Mn-concretions. The topping subunit 3d is 70 cm thick and comprises layered, yellowish 261 

brown to yellowish grey, spotted, silty, fine sand with moderate carbonate content (Sb). As in subunits 3b 262 

and 3c, layering in this subunit is laterally continuous over tens of metres (Fig. 4).  263 

Unit 4 (~110 cm thickness) consists of yellowish brown, fine, unbedded, sandy silt (Sm); the carbonate 264 

content is low. Abundant mollusc remains occur in the lower part.  265 

Unit 5 (~200 cm thickness) is an alternation of layered silt and fine sand (Hb) with lenses of fine to 266 

medium sand, gravel and reworked Late Miocene molluscs. The lowest layers comprise yellowish to 267 

brownish, silty, fine sand rich in mollusc remains. 268 

Unit 6 (~300 cm thickness) forms the top of the section and comprises a loess-like deposit with a high 269 

amount of fine sand (Sm-Fm), but also contains a small portion of fine gravel to coarse sand (1-2 weight %). 270 

The deposit is unbedded with a yellowish-brown hue and a high carbonate content. 271 

 272 

4.2 Mammal fossils 273 

The Bullendorf section yielded a few large mammal remains, which were found in two different layers.  274 

Within the basal part of unit 1 fragmentary bones of a fossil horse (Equus sp.) and reindeer (Rangifer 275 

tarandus) were found. An incomplete radius lacking the proximal end was identified as Equus sp. (Equidae, 276 

Perissodactyla), but does not allow identification on the species level due to its incompleteness. Fossils of 277 

the reindeer Rangifer tarandus Linnaeus, 1758 (Cervidae, Artiodactyla) consist of a distal fragmentary end 278 

of a humerus and a right cannon bone (metacarpal III+IV), missing only the distal trochlea of metacarpal IV. 279 
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The right cannon bone was recovered from a slightly higher horizon in the upper part of unit 1. 280 

Furthermore, a fragmentary rib and an undeterminable bone fragment were recovered from the basal part 281 

of unit 1. Both allow no systematic identification other than Mammalia indet. 282 

All remains of Mammuthus primigenius Blumenbach, 1799 (Elephantidae, Proboscidea) were embedded 283 

in a horizon at the base of subunit 2b and distributed within a few square metres. The material comprises a 284 

left and right tusk, four thoracic vertebrae, a processus spinosus of an additional thoracic vertebra, and two 285 

lumbar vertebrae. Some of the vertebrae were still preserved in articulation. It is most likely that all these 286 

skeletal elements stem from one individual. Because the molars of this individual were not found, the 287 

systematic determination of the elephantid on species level is based on the OSL ages (see chapter 5.2) as 288 

no other Mammuthus species other than M. primigenius is known from the Late Pleistocene of Europe. 289 

Both tusks lack their tips but are preserved to their very basal end including the pulpa cavity. The curving of 290 

the two tusks is variant and reveals intra-individual variability; while the left tusk shows the typical 291 

helicoidal curving of mammoth tusks, the right tusk curves mostly only in one plane. Most of the vertebra 292 

remains are sub-complete and damaged to different degrees.  293 

Finally, a total of seven molar teeth of arvicolinae rodents were found in samples C3 (4 fragments) and 294 

B6 (3 fragments). Due to the fragmentary conditions, only two teeth were identified at the species level (G. 295 

Rabeder, pers. comm.): Microtus arvalis (Pallas, 1778) and Microtus gregalis (Pallas, 1779), in samples C3 296 

and B6, respectively. 297 

 298 

4.3 OSL tests, environmental dose distributions and optical ages 299 

Dose recovery tests and a preheat plateau test (Murray and Wintle, 2003) were conducted on single 300 

aliquots of quartz from sample O1 and O2 in order to determine the most appropriate measurement 301 

conditions for the samples. The preheat plateau test revealed a clear plateau between 200°C and 240°C. 302 

For the dose recovery tests, a laboratory dose of 25 Gy was administered to a sub-set of aliquots for which 303 

the natural OSL signals have been removed via sunlight exposure. The single-aliquot regenerative-dose 304 

(SAR) procedure was used to evaluate whether the known dose value can be recovered accurately, while 305 

the preheat temperatures prior to measurement of the regenerative and test dose OSL signals were varied 306 

systematically. The most accurate and precise results were obtained when a preheat of 200°C for 10 s was 307 

applied prior to measurement of the natural (Ln) and each regenerative dose (Lx), and a preheat of 200°C 308 

for 5 s prior to measurement of the test dose OSL signals (measured/given dose ratio of 0.99 ± 0.07). All 309 

further OSL measurements were thus conducted with this preheat combination.  310 

For all samples the natural and regenerated OSL signals are bright (typically 103 – 105 counts in the initial 311 

signal channel) and OSL decay reaches background within the initial few seconds of stimulation, indicative 312 

of a dominantly fast OSL component (Fig. 6). 313 
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The Environmental Dose (De) distributions for all samples are shown as radial plots in the supplement 314 

and the corresponding ages are given in Table 1, together with the dose rate for each of the samples. All De 315 

distributions cluster relatively tightly about a mean with overdispersion values (i.e. scatter in the De data 316 

that are not accounted for by instrumental and measurement uncertainties) between 17% and 25%. 317 

Overdispersion values of around 20% are deemed typical for well-bleached sediments (Olley et al., 2004) 318 

and it is therefore plausible to assume that most of the OSL samples from Bullendorf were well bleached 319 

prior to deposition. The central age model (CAM) was used for De calculation (Galbraith et al., 1999; 320 

Galbraith and Roberts, 2012). For two samples (O2 and O5), however, a single high De outlier is present in 321 

each of the radial plots (shown as triangles in the Supplement). The De values of O2 and O5 after rejecting 322 

these two outliers did not change significantly (i.e. from 46.6 ± 2.8 Gy to 45.3 ± 2.4 Gy for O2 and from 42.0 323 

± 3.1 Gy to 41.6 ± 2.8 Gy for O5), but slightly increased in precision. We thus opt for using these slightly 324 

more precise De values for age calculation. With the exception of sample O1, all optical ages overlap within 325 

error (Tab. 1). 326 

 327 

4.4 Radiocarbon 328 

The horse radius and the bone fragment of an indeterminate mammal from the base of unit 1 yielded 329 

acceptable values of 1.59 and 2.05 % N and corresponding collagen C/N values of 3.2 and 3.5 (Tab. 2). Their 330 

calibrated radiocarbon ages overlap within their 2 sigma uncertainties, suggesting an age of about 37-38 cal 331 

ka BP for these remains. The mammoth tusk showed very poor collagen preservation and could not be 332 

dated using radiocarbon. 333 

 334 

4.5 Stable isotope composition of gastropods 335 

Oxygen isotope values of terrestrial gastropods range from -6.4 to -2.5‰ (m=-4.6‰; σ=1‰), while 336 

carbon isotope values range from -9.2 to -3.4‰ (m=-6.8‰; σ=1.2‰) (Tab. 3). Oxygen isotope values of 337 

freshwater gastropods (n=9) range from -10.6 to -8.0‰ (m=-9.7‰; σ=0.8‰) and carbon isotope values 338 

range from -12.1 to -9.8‰ (m=-11‰; σ=0.6‰) (Tab. 3).  339 

Data on the ontogenetic variability in the isotopic composition between juvenile and adult growth 340 

stages are available for three species (six specimens) (Tab. 4). For each investigated species, a range of 341 

<1‰ (σ=0.1‰) for δ18O and of <2‰ (σ=0.4‰) for δ13C was observed.  342 

The species-dependent variability in stable isotope composition of terrestrial species was investigated 343 

for samples C1, B3 (Pupilla alpicola/sterrii assemblage) and C3 (Galba truncatula assemblage). Species (n=5) 344 

of samples C1 and B3 display δ18O values ranging from -5.8 to -2.5‰ (σ=0.9%) and δ13C values varying from 345 

-9.2 to -5.8‰ (σ=1.1‰) (Tab. 3, Fig. 7A). Species (n=6) of samples C3 show δ18O values ranging from -6.4 to 346 

-4‰ (σ=0.7‰) and δ13C values ranging from -8.3 to -5.2‰ (σ=0.8‰) (Tab. 3, Fig. 7B).  347 
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Data on stable isotope variability across the section are available for Pupilla muscorum (B2, C1, C3, B6) 348 

and Succinella oblonga (B3, C3, B6, C7). From base to top, δ18O of Pupilla muscorum changes from high 349 

values in B2 and C1 samples (m=-4.3‰; σ=0.8‰; m=-4.3‰; σ=0.8‰) to comparatively low values in C3 and 350 

B6 samples (m=-5‰; σ=0.3‰; m=-5.1‰; σ=0.5‰) (Tab. 3, Fig. 7D). This shift is not present in δ13C, which 351 

changes from comparatively 13C-enriched values (m=-7.3‰; σ=0.9‰; m=-6.6‰; σ=0.4‰) in samples B2 352 

and C3 towards lower values (m=-8.4‰; σ=0.7‰; m=-7‰; σ=0.5‰) in samples C1 and B6. Succinella 353 

oblonga displays 18O-enriched values (m=-3.5‰; σ=1‰; m=-4.8‰; σ=0.3‰) in samples B3 and B6 and 18O-354 

depleted ones (m=-4.8‰; σ=0.9‰; m=-3.2‰; σ=0.5‰) in samples C3 and C7. δ13C values show a systematic 355 

decrease from sample B3 to sample C7 (m=-6.4‰; σ=0.5‰; m=-5.1‰; σ=1.3‰) (Tab. 3, Fig. 7E). 356 

 357 

5. Discussion 358 

5.1 Depositional environments of the Bullendorf succession 359 

Classical LPS from the loess regions of Lower Austria are characterised by an alternation of loess and 360 

various types of paleosols. In the context of the Austrian loess landscape, loess can be defined as an aeolian 361 

deposit composed of silt particles (mainly quartz) with a modal grain size of about 30 µm that has 362 

subsequently been aggregated by “loessification”, i.e. quasi-diagenetic and quasi-pedogenic processes 363 

(Pécsi, 1990; Pye, 1995; Sprafke & Obreht, 2016). Paleosols in LPS of Lower Austria are usually classified 364 

either as tundra-related soils that reflect short interstadials (e.g. during Marine Isotope Stage (MIS) 2) or as 365 

cambic soils that formed during longer interstadials such as during MIS 3 (e.g. Therhorst et al., 2015). Loess 366 

redeposited via slope wash, gravitational slope process and/or via solifluction is also locally encountered in 367 

Austrian LPS. The sedimentological criteria for such redeposited or colluvial loess include a (coarse) sand 368 

matrix, outsized clasts (of gravel size) or gravel layers, erosive basal contacts and/or a high degree of 369 

fragmentation of molluscs shells if a malacological fauna is present (e.g. Frank et al., 2011; Händl et al., 370 

2014;  Meyer-Heintze et al., 2018).  371 

In the case of the Bullendorf section no indications for pedogenesis (cambic soil or tundragley) were 372 

recognised, and classical loess is absent in this section. Aeolian deposits that formed by redeposition of 373 

local to regional Neogene sediments are presumably present in the top part of the section (i.e. unit 6). Unit 374 

6 is too coarse for typical loess with 1-2 weight % of coarse sand and fine gravel (Fig. 3). This unit is thus 375 

interpreted as loess or dune sand with some contribution originating from erosion and redeposition of 376 

Neogene units (mainly Pannonian sand) from adjacent topographic highs (cf. Fig.2).  377 

    A number of sedimentological and granulometric observations suggest that units 1 to 5(Fig. 3) are also 378 

different from classical loess and that the Bullendorf section is thus not directly comparable to regional LPS 379 

sites. Rather, sediment units 1 to 3 appear to have been deposited in an aqueous environment. The 380 

relevant sedimentological observations include (Fig. 3): (i) the silty to clayey and laminated character of 381 

unit 1, (ii) ripple cross lamination in sandy subunit 2b, (iii) the laterally continuous layering over tens to > 382 
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100 m that is especially distinct in unit 1 and sub-units 3b, 3c and 3d (Fig. 4), (iv) a regular alternation of 383 

sandy and silty beds with individual layer thicknesses of up to 10 cm (unit 1 and subuniuts 3b, 3c and 3d), 384 

and (v) the absence of an erosive base for any of the subunits.  385 

We exclude alluviation or sheet flow over frozen or unfrozen ground for sediment units 1 to 3, because 386 

sedimentary features typical of alluvial and sheet flow deposits, such as normally graded beds with high 387 

lateral variability, erosive contacts and sediment lenses that pinch out laterally or coarse-grained 388 

components (Ruegg, 1983; Abdullatif, 1989; Gardner et al., 1991), are absent. In order to generate a 389 

laterally continuous deposit with regular alternation of sandy and silty beds (subunits 3b, c and d) or silty to 390 

clayey and laminated deposits (unit 1), a standing water body is required that allows silt and clay particles 391 

to settleout. The same holds for ripple cross lamination (subunit 2b). The absence of erosional contacts 392 

between these subunits also argues against alluvial or sheet flow deposition and supports (semi)continuous 393 

sedimentation in an aqueous setting. The only discontinuity in the section is located between units 1 and 2 394 

(Fig. 3) and is attributed to a prolonged period of erosion and/or non-deposition during the LGM.  395 

The interpretation of the sedimentary environment of unit 4 (unbedded, sandy silt) and 5 (alternation of 396 

layered silt and fine sand containing coarse grained lenses) is more ambiguous. Especially in unit 5 sandy 397 

lenses with gravel and reworked Late Miocene molluscs point to sheet flows from adjacent Neogene hills. 398 

In summary, we suggest that sediment units 1 to 3 were deposited in a low-energy, aquatic environment 399 

e.g. a water-filled depression related to a fluvial system (e.g. an oxbow lake) or a (semi)closed depression of 400 

local extent (Fig. 3). As outlined in section 2, the long-term course of the Zaya River has been controlled by 401 

the pull-apart tectonics of the Vienna basin, and it is conceivable that the Zaya river was shifted 402 

significantly to the northwest during the Late Pleistocene and was thus much closer to the Bullendorf site. 403 

We suspect that neotectonic activity and the Zaya river dynamics played an important role in controlling 404 

the sedimentary processes at the study site. For the topmost units (units 4 and 5) we invoke sheet-flow 405 

processes as a possible depositional mechanism, while unit 6 is an aeolian deposit mainly composed of 406 

reworked Neogene sediments.  407 

Despite the depositional age of the individual units constrained to immediately before (unit 1) and after 408 

the Last Glacial Maximum (LGM) (units 2 to 6), evidence of cryoturbation is scarce (indistinct and non-409 

pervasive convolute bedding in subunit 2b) or completely absent in this succession.  410 

 411 

5.2 Chronology of the Bullendorf section 412 

Biostratigraphic constraints of the section are provided by the fossil mammal remains. Pleistocene 413 

horses are known in Central Europe throughout the Pleistocene from both glacials and interglacials. During 414 

the early and middle Weichselian/Würmian the large fossil horse E. germanicus populated Central Europe 415 

and was replaced only after the LGM, around 22,000-18,000 BP, by E. ferus (Koenigswald, 2002). Based on 416 

the radiocarbon dating of the horse radius it most likely represents E. germanicus. Rangifer tarandus 417 
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inhabited Central Europe since the Middle Pleistocene during the glacial periods, while it was not present 418 

during interglacials (Koenigswald, 2002).  419 

From the late Marine Isotope Stage (MIS) 7 or the beginning of MIS 6 (i.e., from about 200 to 160 ka), M. 420 

primigenius spread over Europe after emigrating from Asia (Kahlke, 2015) and finally disappeared in Europe 421 

around 12,000 years ago (Stuart et al., 2002). The fossil record of M. primigenius is much more abundant 422 

before the LGM than afterwards (Koenigswald, 2002). 423 

Microtus gregalis and M. arvalis first appeared in the Middle Pleistocene (Björn, 1968). 424 

The occurrence of Equus sp., R. tarandus (in unit 1), M. primigenius (in unit 2b), as well as of arvicolidae 425 

(in units 3b and 4), restrict the deposition of the Bullendorf succession to the Late Pleistocene. This 426 

biostratigraphic assignment is supported by radiocarbon dating of two fossil mammal remains from unit 1, 427 

suggesting an age of about 36-38 ka BP for the base of the Bullendorf sediment succession.  428 

OSL ages of the samples O2 to O5 are consistent with each other at the 2 sigma error level and the grand 429 

mean age of these five samples is 18 ± 1.8 ka (Tab. 1). Sample O1 (25.1 ± 2 ka) is from the subunit 2b and 430 

thus overlies sample O2 (18.3 ± 1.6) that was retrieved from subunit 2a. Partial bleaching of sample O1 is 431 

excluded as a cause for this age discrepancy of ca. 7 ka, because (i) this sediment layer was deposited in a 432 

low-energy shallow-water environment, where incomplete bleaching of the quartz OSL signal is unlikely, 433 

and (ii) the De distribution of OSL sample O1 is tightly clustered around a mean De value of ~54 Gy with an 434 

overdispersion value of only 17%, suggestive of a single well bleached dose population.  435 

A possible explanation for O1 being older by ~28% than O2 and the rest of the OSL samples is radioactive 436 

disequilibrium in the Uranium decay chain of sample O1 and/or spatial heterogeneity in the environmental 437 

radiation field at the sampling site e.g. due to the vicinity of enamel and in particular bones. Sample O1 was 438 

taken within ~ 1 m of the mammoth tusks and Uranium uptake by collagen enamel of the mammalian 439 

bones and tusks (particularly during the early period of sediment burial) could have temporarily changed 440 

the environmental dose rate and may thus have partly contributed to the observed discrepancy in OSL ages 441 

(Millard and Hedges, 1996). In particular, any fossil bones or tusks that were present immediately adjacent 442 

to sample O1, but were destroyed during construction of the highway, would have also impacted on the 443 

environmental radiation field and thus the dose rate of sample O1. In our study the gamma dose rate was 444 

determined by in-situ field gamma spectrometry. This approach captures any spatial heterogeneity in the 445 

environmental radiation field if all sources responsible for the spatially heterogeneous radiation field are 446 

still present in the outcrop. If bones or tusks were initially present next to sample O1 but later 447 

removed/destroyed, an in-situ approach might not accurately reflect the average burial dose rate received 448 

by the sample and will thus result in an inaccurate OSL age. 449 

The OSL chronology supports the biostratigraphic data suggesting deposition of the sediment sequence 450 

briefly after the LGM (grand mean age of 18 ± 1.8 ka). However, one OSL sample (O1) from the lower part 451 

of the succession and taken from the vicinity of the mammoth tusks is slightly older than this grand mean 452 
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age, i.e. ca. 25 ka. Taking together, these OSL ages imply a high sedimentation rate for this sediment 453 

succession and time period and constrain the age of the mammoth find at Bullendorf to ca. 18-25 ka. 454 

 455 

5.3 Stable isotope composition of gastropods 456 

Species-specific and intra-shell stable isotope composition. The low ontogenetic variability of δ18O is in 457 

accordance with the range measured by Kehrwald et al. (2010) in gastropods from the LGM and no 458 

systematic trend of enrichment or depletion in stable isotopes between juvenile and adult growth stages 459 

was observed. Hence, ontogenetic effects are negligible in our material. Therefore, the values are regarded 460 

as representative of the complete suite of shells.  461 

Species-specific and intra-sample oxygen isotope composition. The observed variability in δ18O values (1-462 

2‰) of modern land snail populations living at the same place (Lécolle, 1985; Goodfriend and Magaritz, 463 

1987; Yanes et al., 2011) seems to be related to factors including duration of activity, life cycle and water 464 

sources, rather than species-specific offsets (Zanchetta et al., 2005; Colonese et al., 2007, 2014). It has been 465 

observed that the ecological niches, occupied by different populations at the same site, can additionally 466 

account for differences in the oxygen isotope composition (Goodfriend et al., 1989; Balakrishnan et al., 467 

2005b; Yanes et al., 2009; Colonese et al., 2014). Inter-specific variability in δ18O of coeval species are also 468 

evident at the Bullendorf site. In samples C1 and B3, Pupilla sterrii and P. loessica show the highest δ18O 469 

values, whilst P. muscorum displays lower values. The differences between these species might be an 470 

expression of different ecological niches. Pupilla sterrii and P. loessica are cryophilous species, usually living 471 

in open dry meadows where evaporation is important. Conversely, P. muscorum has a wider range of 472 

microhabitats, ranging from relatively moist to dry and sunny habitats. Likewise, the wide range of δ18O 473 

values of Succinella oblonga might reflect its tendency as a generalist species.  474 

In sample C3 the mean δ18O value of Columella columella is consistent with the ecological niche of this 475 

hygrophilous species. The higher δ18O values measured in Trochulus hispidus, living likewise in a moist 476 

habitat, could reflect differences in both temperature and/or vegetation preferences between these two 477 

species. Pupilla alpicola shows slightly more 18O-depleted values compared to P. muscorum, indicating the 478 

preference of this species for moister habitats. The comparatively low values of Vallonia tenuilabris might 479 

reflect its preference for much drier habitats. Galba truncatula shows a wide range of δ18O values (Fig.7C). 480 

Since the δ18O value of freshwater molluscs mainly depends on the isotopic composition and temperature 481 

of the water in which the aragonitic shell formed (Jones et al., 2002; Leng and Marshall, 2004; Leng and 482 

Lewis, 2014), the variety of aquatic habitats occupied by this species could easily explain the rather large 483 

range as specimens from pond water would have dwelt in distinctly cooler water than those from shallow 484 

puddles affected by evaporation. 485 

 486 
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Species-specific and intra-sample carbon isotope composition. The carbon isotope composition of food 487 

ingested by land snails can be estimated applying the empirical relationship between the δ13C of vegetation 488 

(C3 plants -33 to -21‰, C4 plants -17 to -9‰; Farquhar et al., 1989) and δ13C of shells devised by Stott 489 

(2002) for Cornu aspersum:  490 

     δ13Cshell = 1.35*δ13Cdiet –11.73 491 

Although it is debatable if this equation can be transferred to other taxa due to potential species-492 

specific isotope fractionation, it provides a first-order estimate to discriminate between coeval taxa. 493 

In samples C1 and B3, δ13C-diet values of P. loessica and P. sterrii are higher than for P. muscorum. 494 

Elevated δ13C values are usually associated with water-stressed C3 plants living in (semi)arid environments. 495 

Succinella oblonga displays δ13C-diet values ranging from -21.1 to -19.8‰, probably also related to C3 496 

plants suffering from water stress rather than a C4 plant-based diet. The δ13C-diet values of Helicopsis 497 

striata reflect foraging on C3 plants as well.  498 

In sample C3, the ecological demands of the species assemblage indicate cold and rather humid 499 

conditions (Carobene et al., 2018). Therefore, the slightly higher δ13C-diet values of S. oblonga and P. 500 

muscorum compared to samples C1 and B3 can neither be explained by increased aridity nor by a 501 

predominant C4 plant community. Vallonia tenuilabris, Columella columella and Pupilla alpicola show the 502 

lowest δ13C-diet values indicating a C3 plant-based diet. The rather low isotope values of Trochulus hispidus 503 

might record different feeding habits due to the variety of ecological niches occupied by this species.  504 

In sample C3 Galba truncatula displays δ13C values between -12.1 and -9.8‰. The δ13C value of 505 

freshwater molluscs is mainly governed by the carbon isotope composition of the dissolved inorganic 506 

carbon (DIC) of the ambient water (McConnaughey and Gillikin, 2008). However, dietary carbon and 507 

metabolic process may also influence the carbon isotopic composition of shells. Galba truncatula has an 508 

herbivorous diet, which includes grazing on algal biofilms (phototrophic biofilms δ13C ranging from -36 to -509 

19‰; Staal et al., 2007) and/or feeding on shoreline plants (C3 plants with δ13C values ranging from -33 to -510 

21‰ and macrophytes whose δ13C values range from -30 to -12‰; Leng and Marshall, 2004). The low δ13C 511 

values measured in G. truncatula might reflect some contribution of carbon from submerged macrophytes 512 

on which the gastropod fed. The higher δ13C values, in contrast, might be related to CO2 exchange between 513 

the atmosphere and the DIC during times of enhanced evaporation (Leng and Marshall, 2004). 514 

 515 

5.4 Palaeoenvironmental evolution at Bullendorf 516 

Available sedimentological and chronological data, fossil mammal remains and the stable isotope 517 

composition of gastropods form the basis for an assessment of the palaeoenvironment during deposition of 518 

units 1 to 5. 519 

Unit 1. Equus germanicus is a typical faunal element of the mammoth steppe but given its presence also 520 

during the last interglacial this species also inhabited forests. R. tarandus is an extant species of reindeer, 521 



 

16 
 

which today is restricted to the Holarctic and occupies taiga and tundra regions. Since R. tarandus was 522 

absent during interglacials (Koenigswald, 2002), the presence of this species at Bullendorf is consistent with 523 

a mammoth-steppe environment during the deposition of unit 1. 524 

Unit 2. Mammuthus primigenius is the most prominent member of the cold-adopted Late Pleistocene 525 

fauna which inhabited the so-called mammoth steppe biotope. In accordance with the 526 

palaeoenvironmental reconstruction based on the malacofaunal composition (Pupilla alpicola/sterrii 527 

assemblage; Carobene et al., 2018), the comparatively high δ18O values of Pupilla muscorum and Succinella 528 

oblonga indicate dry and cold conditions in this steppe. The δ13C diet values of both species reveal that C3 529 

plants most probably dominated the local vegetation. 530 

Unit 3. The low δ18O values of both Pupilla muscorum and Succinella oblonga in sample C3 are probably 531 

related to an increase in relative humidity rather than particularly cold temperatures (Balakrishnan and 532 

Yapp, 2004; Balakrishnan et al., 2005a). This hypothesis is supported by the occurrence of the Galba 533 

truncatula assemblage (Carobene et al., 2018) which indicates a shift towards rather cold but moderately 534 

moist conditions and the presence of at least small water bodies. Furthermore, the presence of Microtus 535 

arvalis, a generalist species which occupies a variety of open habitats such as moist meadows, pastures, 536 

forest steppes and moist forests supports this ecological interpretation. The δ13C diet mean value (20.7‰) 537 

of both P. muscorum and S. oblonga is slightly above the range of δ13C values of C3 plants. Nevertheless, 538 

the values are too low to be the result of a contribution by C4 plants. 539 

Unit 4. In sample B6, the δ18O values of both species show relatively low values. Based on the occurrence 540 

of Pupilla alpicola/sterrii assemblages (Carobene et al., 2018), the values might be indicative of isotopically 541 

depleted precipitation (Rozanski et al., 1993; Balakrishnan et al., 2005a) rather than an increase in relative 542 

humidity. Within the mammal assemblage, the presence of Microtus gregalis, a typical loess species usually 543 

associated with cold, dry grassland, supports the hypothesis. S. oblonga shows slightly higher δ13C diet 544 

values compared to P. muscorum.  545 

Unit 5. The highest values of δ18O of Succinella oblonga recorded in sample C7 suggest the establishment 546 

of dry and cold conditions. The relatively high δ13C diet values might be related to C3 plants suffering from 547 

water stress due to these arid conditions.  548 

 549 

5.5 Palaeoclimate constraints 550 

The stable isotope composition of freshwater gastropods shells reflects climate conditions during the 551 

warm season when snails are active and build their shells. This period ranges from spring to fall and reflects 552 

the average growing season (AGS) temperature (Banak et al., 2016). For aragonitic freshwater molluscs, 553 

Grossman and Ku (1986) obtained this temperature equation: 554 

 555 

(1)  T° (°C) = 21.8 – 4.69 (δ18Oaragonite - δ18Owater) 556 
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 557 

A high correlation between air and surface water temperature has been observed on both short and long 558 

timescales (McCombie, 1959; von Grafenstein et al., 1996; Livingstone and Dokulil, 2001; Sharma et al., 559 

2008). In order to solve the above equation the isotopic composition of the palaeowater needs to be 560 

known. We use the value of Late Pleistocene (broadly LGM-age) groundwater from regional aquifers as an 561 

approximation, because palaeo-groundwaters reflect the weighted mean of the isotope composition of 562 

palaeo-precipitation (Rozanski, 1985; Darling, 2004; Jasechko et al., 2015). LGM-age groundwater in 563 

northern Austria, southern Germany and northern Switzerland yielded a rather uniform δ18O value of about 564 

-13‰ VSMOW (summarised by  Darling, 2004). Under the assumption that the isotopic composition of the 565 

water from which the freshwater species G. truncatula secreted its aragonite shell had an isotopic 566 

composition equivalent to the weighted mean of the isotope composition of palaeo-precipitation at that 567 

time (-13‰) and that secondary effects such as evaporation did not play a major role, a temperature of 568 

6.2°C (2.7 to 9.8°C) can be calculated. This range reflects the 2 sigma standard deviation of the measured 569 

samples of G. truncatula (Table 3) and is, strictly speaking, only valid for the horizon from which sample C3 570 

was obtained (Fig. 3). For comparison, the mean July temperature at Poysdorf about 8 km N of Bullendorf 571 

today is of 20.3°C (period of observation 1981-2010, data from ZAMG).  572 

 573 

6. Summary and conclusions 574 

The Bullendorf site comprises a 13.6 m-thick succession of fine-grained sediments deposited within a 575 

few millennia before (around ca. 34 ka BP; unit 1) and after the LGM (ca. 18 ± 1.8 ka BP, units 2 to 6). The 576 

LGM is represented by an erosional discontinuity in the sequence, separating unit 1 from the rest of the 577 

succession. OSL ages of units 2 to 6 overlap within their error margins, suggesting that the sediment 578 

accumulation rate for the post-LGM period was high (~6.2 m in ca. 2-4 ka). This high rate is tentatively 579 

related to neotectonic movements along faults ~250 m southwest of the Bullendorf section, where a 580 

paleosol has been tectonically tilted and sheared. Further investigations are needed to constrain the timing, 581 

displacement rates and recurrence intervals of these faults and their influence on the palaeotopography of 582 

the region.  583 

The basal 10.5 m of the succession were deposited in a low-energy aquatic environment in a local 584 

depression in the vicinity of the precursor of today’s Zaya River, followed by sheet-flow deposits in the 585 

upper part of the section. The sediment succession preserved faunal remains including two tusks of 586 

Mammuthus primigenius. The top 3 m of the succession are composed of loess-like sediments from 587 

redeposited Neogene deposits.  588 

 589 

 The following palaeoecological conclusions can be drawn from the mollusc assemblages: (i) two phases 590 

of slightly more favourable climate can be discerned, but their timing cannot be chronologically resolved, 591 
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(ii) changes in δ18O of both Pupilla muscorum and Succinella oblonga across the section suggest an 592 

alternation of dry-cold and moist-cold climate conditions, (iii) the δ18O compositions of the species reflect a 593 

range of microenvironments, (iv) the carbon isotope composition of the gastropod shells indicates a C3 594 

vegetation, and (v) estimated mean average growing season temperature range suggests a drastic decrease 595 

in air temperature compared to today. 596 

These palaeoecological observations and the presence of a characteristic cold-steppe fauna at 597 

Bullendorf are in-line with the broad palaeoclimatic picture for Central Europe for this time interval (e.g. 598 

Heiri et al., 2014; Nigst et al., 2014). With the exception of subunit 2b, which shows convolute bedding, 599 

which may also be interpreted as indication of slight cryoturbatic overprinting, no other evidence of 600 

cryoturbation was found in the succession. This is surprising given the high water content of the aquatic 601 

sediment units and the cold and arid climatic conditions that prevailed during the LGM. This implies that 602 

the local climate immediately before (around ca. 34 ka, unit 1) and after the LGM (around ca. 18 ka BP) was 603 

sufficiently mild to prevent continuous permafrost from forming in this part of the Vienna basin. 604 
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Tables 871 

Sample 
Dose rate (Gy/ka)(1)  Accepted 

aliquots             

(n) 

Overdispersion 

(%) 

De value 

(Gy) 

Age                

(ka) 
Gamma Beta Cosmic Internal Total 

O1 

0.78 ± 

0.04 

1.25 ± 

0.06 

0.09 ± 

0.01 

0.03 ± 

0.01 

2.15 ± 

0.15 29 17 ± 3 

53.8 ± 

1.9 

25.1 

± 2.0 

O2 

0.83 ± 

0.04 

1.53 ± 

0.08 

0.08 ± 

0.08 

0.03 ± 

0.01 

2.47 ± 

0.15 23 24 ± 4 

45.2 ± 

2.3 

18.3 

± 1.6 

O3 

0.91 ± 

0.05 

1.48 ± 

0.08 

0.12 ± 

0.01 

0.03 ± 

0.01 

2.54 ± 

0.18 25 12 ± 7 

46.1 ± 

2.4 

18.1 

± 1.6 

O4 

0.72 ± 

0.04 

1.35 ± 

0.07 

0.16 ± 

0.02 

0.03 ± 

0.01 

2.25 ± 

0.16 19 24 ± 7 

38.7 ± 

3.0 

17.2 

± 1.8 

O5 

0.77 ± 

0.04 

1.09 ± 

0.06 

0.16 ± 

0.02 

0.03 ± 

0.01 

2.05 ± 

0.14 24 25 ± 6 41 ± 2.8 

19.1 

± 2.0 

O5(2) 

0.73 ± 

0.02 

1.13 ± 

0.05 

0.16 ± 

0.02 

0.03 ± 

0.01 

2.06 ± 

0.13 24 25 ± 6 41 ± 2.8 

19.7 

± 1.9 

Table 1. Dose rates, central De values and optical ages for the Bullendorf luminescence samples.  872 

(1)  dose rate calculated via in-situ gamma spectroscopy and beta counting. 873 

(2) dose rate calculated via a combination of thick source alpha counting and beta counting. 874 

 875 

Lab no. Taxon Material Unit δ13C(‰) 
δ15N 

 (‰) 
%N C/N 14C BP 

cal BP (2 

sigma range) 

UBA 35576 Mammalia indet.  bone fragment 1 -20.5 3.6 1.59 3.19 32840 ±534 35750-38410 

UBA 35574 M. primigenius vertebra 2b     0.06       

UBA 35575 M. primigenius vertebra 2b     0.09       

UBA 35577 R. tarandus humerus 1     0.23       

UBA 34810 Equus sp. radius 1 -20.4 3.5 2.05 3.52 34707 ±929 36820-41200 

UBA 34811 Mammalia indet. rib 1     0.68       

UBA 34812 M. primigenius tusk 2b     0.06       

Table 2. Radiocarbon dating and stable isotope results of the large mammal remains.   876 

  877 
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Sample Species 
δ13C V-

PDB ‰ 
Mean SD 

δ18OV-

PDB ‰ 
Mean SD Note 

B2 

Pupilla 

muscorum -8.30     -5.14     juvenile 

    -8.07     -4.69     adult 

    -7.84     -5.16     adult 

    -6.58     -3.42     random aliquots 

    -6.98     -4.04     random aliquots 

    -6.20 -7.32 ± 0.86 -3.43 -4.31 ± 0.79 random aliquots 

C1 

Pupilla 

muscorum 
-8.18 

    
-3.76     

juvenile 

    -7.87     -3.90     adult 

    -9.23 -8.42 ± 0.71 -5.22 -4.29 ± 0.80 adult 

  

Pupilla 

loessica 
-7.21 

    
-3.79     

juvenile 

    -6.29     -4.04     random aliquots 

    -5.82     -4.28     random aliquots 

    -8.98 -7.07 ± 1.39 -3.59 -3.92 ± 0.29 random aliquots 

  Pupilla sterrii -7.16     -3.10     juvenile 

    -7.80 -7.48 ± 0.45 -2.53 -2.81 ± 0.40 random aliquots 

B3 

Succinella 

oblonga 
-5.93 

    
-4.62 

    juvenile 

    -6.93     -3.14     random aliquots 

    -6.41 -6.42 ± 0.50 -2.72 -3.49 ± 0.99 random aliquots 

  

Helicopsis 

striata 
-8.23 

- - 
-5.83 

- - random aliquots 

C3 

Columella 

columella 
-6.92     -6.41     

juvenile 

    -6.75     -6.34     adult 

    -7.83 -7.16 ± 0.58 -6.02 -6.25 ± 0.20 entire shell 

  

Succinella 

oblonga 
-7.04     -3.95     

random aliquots 

    -6.21     -4.77     random aliquots 

    -6.63 -6.62 ± 0.41 -5.73 -4.81 ± 0.89 random aliquots 

  

Trochulus 

hispidus 
-6.39     -5.21     

juvenile 

    -5.16 -5.77 ± 0.86 -4.22 -4.71 ± 0.70 random aliquots 

  

Vallonia 

tenuilabris 
-8.25     -5.61     

juvenile 

    -7.95 -8.1 ± 0.21 -4.62 -5.11 ± 0.70 random aliquots 

  

Pupilla 

muscorum 
-7.11     -5.20     

juvenile 

    -6.13     -4.55     random aliquots 

    -6.57     -4.84     random aliquots 

    -6.09     -5.28     random aliquots 

    -6.96     -5.28     random aliquots 

    -6.69 -6.59 ± 0.41 -5.10 -5.04 ± 0.29 random aliquots 

  

Pupilla 

alpicola 
-7.82     -5.25     

juvenile 

    -5.86 -6.84 ± 1.38 -5.75 -5.50 ± 0.35 random aliquots 

  

Galba 

truncatula -11.09     -9.50     random aliquots 
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    -10.49     -9.81     random aliquots 

    -11.25     -10.5     random aliquots 

    -10.71     -9.25     random aliquots 

    -12.12     -9.61     random aliquots 

    -9.80     -8.04     random aliquots 

    -10.86     -10.59     random aliquots 

    -11.31     -9.62     random aliquots 

    -11.2 -10.98 ± 0.64 -10.17 -9.68 ± 0.76 random aliquots 

B6 

Succinella 

oblonga 
-5.57     -4.57 

    juvenile 

    -6.20     -4.71     adult 

    -5.29 -5.68 ± 0.46 -5.20 -4.82 ± 0.33 entire shell 

  

Pupilla 

muscorum 
-6.49     -4.86 

    juvenile 

    -7.30     -4.91     juvenile 

    -7.81     -5.58     adult 

    -6.94     -5.82     random aliquots 

    -6.72     -4.77     random aliquots 

    -6.96 -7.03 ± 0.46 -4.58 -5.08 ± 0.49 random aliquots 

C7 

Succinella 

oblonga 
-3.36     -3.72 

    juvenile 

    -6.47     -2.63     adult 

    -5.06     -3.00     adult 

    -5.59 -5.12 ± 1.30 -3.63 -3.24 ± 0.52 random aliquots 

Table 3. Stable isotope composition of continental gastropod shells from the Bullendorf section. 878 

 879 

Sample Species 
δ18O V-PDB ‰ δ13C V-PDB ‰ 

juvenile adult juvenile adult 

B2 Pupilla muscorum -5.14 -4.69 -8.30 -8.07 

C1 Pupilla muscorum -3.76 -3.9 -8.18 -7.87 

B6 Pupilla muscorum -4.91 -5.58 -7.30 -7.81 

  Mean -4.60 -4.72 -7.93 -7.92 

  Stand. dev. ±0.08 ‰ ±0.01 ‰ 

B6 Succinella oblonga -4.57 -4.71 -5.57 -6.20 

C7 Succinella oblonga -3.72 -2.63 -3.36 -6.47 

  Mean -4.14 -4.72 -4.46 -6.33 

  Stand. dev. ±0.34 ‰ ±1.32 ‰ 

C3 Columella columella -6.40 -6.34 -6.92 -6.75 

  Stand. dev. ±0.05 ‰ ±0.12 ‰ 

Table 4. Variability between juveniles and adults of Pupilla muscorum, Succinella oblonga and Columella 880 

columella.   881 
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SD 

      percent by weight Phi units 

S7 6 
clayey 

Sand-Silt 
0.2 29.1 51 19.6   0.2 1.2 5.2 22.8 23.7 15.6 11.8 19.6 5.96 2.99 

O5 6 
clayey 

Sand-Silt 
1.4 33.1 46.5 19   1.4 1.4 7.1 24.5 22.6 13.2 10.7 19 5.18 3.52 

O4 5 
clayey 

Silt-Sand 
0.1 51.2 33.2 15.5   0.1 0.9 14.6 35.7 17.7 7.4 8.1 15.5 5.18 3.52 

S6 5 
clayey 

Silt-Sand 
0 54 33.5 12.4     0.3 14.8 39 17 8.3 8.2 12.4 4.89 3.13 

S5 4 
clayey 

Sand-Silt 
0.3 31.1 45.4 23.1 0.1 0.3 0.5 10.2 20.5 19.6 14.7 11.1 23.1 6.21 3.48 

O3 4 
sandy 

Clay-Silt 
0.1 24.9 48.9 26.1   0.1 0.2 6.7 18 21.4 15.3 12.1 26.1 6.79 3.67 

S4 3b 
clayey 

Silt-Sand 
0.3 43.1 43.1 13.6   0.3 0.7 15.1 27.3 21.3 12.6 9.2 13.6 5.25 3.23 

O1 2b 
clayey 

Sand-Silt 
0.1 38 45.4 16.6   0.1 0.2 10 27.8 22.2 13.2 10 16.6 5.6 3.11 

S3 2b 
clayey 

Silt-Sand 
0 48.4 40.5 11.1     0.2 12.5 35.7 20.7 11.8 8 11.1 5.02 2.97 

O2 2a 
clayey 

Sand-Silt 
0 31.3 51.8 16.9     0.4 9.9 21 23.1 17.3 11.4 16.9 5.91 3.23 

S2 2a 
clayey 

Sand-Silt 
0 41.5 46.4 12.1     0.2 15 26.3 23.9 14 8.6 12.1 5.26 3.2 

S1 1 Clay-Silt 0.2 3.9 69.3 26.7   0.2 0.2 0.3 3.4 27.2 26.1 16 26.7 7.66 3.22 

S0 1 Clay-Silt 0 1.5 65.6 32.9     0.01 0.1 1.4 21.4 25.1 19.1 32.9 8.41 3.42 

Table 5. Results of grain-size analyses of the Bullendorf section.  882 
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S7 6 8 5 41 4 8 34 0 66 20 6 8 

O5 6 7 5 40 7 9 32 1 67 17 7 8 

O4 5 6 5 47 7 11 25 2 58 20 7 12 

S6 5 4 7 54 6 7 21 2 53 26 8 11 

S5 4 0 5 46 6 9 33 3 55 26 5 11 

O3 4 0 6 41 7 8 38 6 57 21 6 10 

S4 3b 4 6 52 5 9 24 1 55 29 5 10 

O1 2b 2 5 41 5 10 37 6 60 20 6 8 

S3 2b 4 6 52 5 9 24 1 55 28 7 8 

O2 2a 5 6 42 7 11 29 3 58 24 7 8 

S2 2a 4 5 50 6 11 24 2 57 24 6 10 

S1 1 3 8 28 5 7 47 1 75 18 6 0 

S0 1 4 7 28 5 5 50 1 73 18 7 1 

Table 6. Results of the XRD analyses of bulk mineralogy and clay mineralogy of the Bullendorf section.  883 



 

32 
 

Illustrations 884 
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 893 

Figure 1. Location of Bullendorf (asterisk) and key LPS sites in the state of Lower Austria. 894 
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Figure 2. Geological map of the Bullendorf area (from Grill, 1961). 922 
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Figure 3. (A) Sedimentological log of the Bullendorf succession reporting lithofacies, sample distribution 940 

(S: bulk sediment collected by R. Roetzel and I. Wimmer Frey, B: mollusc samples collected by O. 941 

Mandic, Bhp: molluscs hand-picked by O. Mandic, C: mollusc samples collected by O. Mandic; O: OSL 942 

samples collected by M. Meyer), and ages (green: OSL-dating; red: radiocarbon dating). Lithofacies after 943 

Keller (1996). Fl: laminated fine sediments; Hb: bedded alternation of fine sediments and sand; Hl: 944 

wavy- laminated alternation of fine sediments and sand; H-r: Alternation of fine sediments and sand 945 

with ripple cross-lamination; H-p: alternation of finesediments and sand with pedogenic influence; Sb: 946 

bedded sand; Sm: massive sand; Sm-Sb: massive sand and bedded sand; Sm-Fm: massive sand and fine 947 

sediment. (B) bulk mineralogy, (C) clay mineralogy <2µm, (D) grain-size distribution. 948 

  949 
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Figure 4. Overview of the outcrop and the sampled units. Laterally continuous layering occurs in sub-950 
units 1, 3b, 3c, and 3d. View towards northwest.  951 

  952 
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Figure 5. (A) Alternation of clayey silt and fine sand (lithofacies Hb) in unit 2a with sample point OSL O2. (B) 953 
Silty fine to medium grained sand alternating with clayey silt (lithofacies Hb) and root casts (lithofacies H-p) 954 
in subunit 2b. (C) Layered silty and sandy sediments (lithofacies Hl) with lenses from fine sand and 955 
convolute bedding in subunit 2b.(D) Silty fine to medium grained sand alternating with clayey silt 956 
(lithofacies Hb, Hl) in subunit 2b. Note convolute-like bedding. (E) Left mammoth tusk at the base of 957 
subunit 2b. Scraper approx. 20 cm (A, C, D), decimetre scale (B), centimetre scale (E). 958 
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Figure 6. Natural and regenerated OSL decay curves (A) and sensitivity corrected dose-response curve 1003 
fitted with a single exponential function (B) for a characteristics quartz aliquot from Bullendorf. Note the 1004 
fast decay of the luminescence signal during the initial 5 seconds of optical stimulation in A. 1005 
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Figure 7. Stable isotope composition of land snails shells in samples C1 - B3 (A) and C3 (B). Stable isotope 1015 

composition of the freshwater species Galba truncatula in sample C3 (C). Stable isotope composition of 1016 

Pupilla muscorum in samples B2, C1, C3, B6 (D) and of Succinella oblonga in samples B3, C3, B6, C7 (E).  1017 
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Supplement material 1018 

Figure 1.A. Single-aliquot De distributions visualized as radial plots for samples O1 (A), O2 (B), O3 (C), O4 (D) 1019 

and O5 (E). The central De value has been calculated via the central age model and the grey bar indicates 1020 

the 2 sigma uncertainty range. For two samples (O2 and 5) high De outliers (shown as triangles) were 1021 

rejected before De calculation. 1022 


