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Abstract

Dumped deposits are a valuable source of information for inferring past behaviour. They provide insights into site main-
tenance, social organization and settlement dynamics. Hohle Fels Cave in SW Germany offers a unique opportunity to
investigate the importance of dumping and site maintenance during the Middle and Upper Palaeolithic of the Swabian Jura.
In this paper, we analyse anthropogenic deposits at Hohle Fels employing micromorphology and fabric analysis in order to
reconstruct their formation and understand the human behaviours behind their accumulation. Our study indicates that dump-
ing residues from combustion features in the interior of Hohle Fels Cave has a long history extending back to Neanderthal
occupation at the site during the Middle Palaeolithic. Despite some reworking via down-slope movement, most of the fea-
tures demonstrate that the site’s inhabitants dumped burnt material, which was previously the fuel for domestic hearths, in
specific locations within the cave. The intentionality of the action and the characteristics of the features provide important
information for reconstructing the mode and spatial organization of occupations at the site. The combustion features from the
Middle Palaeolithic allow us to reassess the hypothesis that Neanderthals’” use of the site was less intense and documented
a lesser degree of spatial patterning than subsequent Upper Palaeolithic occupations. This research also provides insight
for examining the regional variability of pyrotechnology and site maintenance during the Middle and Upper Palaeolithic.
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Introduction

High-resolution, sediment-based studies have become
increasingly significant over the past decade for the inter-
pretation of the structure and spatial organization of archaeo-
logical sites (Goldberg and Whitbread 1993; Matthews et al.
1997; Courty 2001; Meignen et al. 2007; Goldberg et al.
2009; Shillito et al. 2011; Wadley et al. 2011; Miller et al.
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2013; Villagran 2014; Karkanas et al. 2015; Bronnimann
et al. 2020; Haaland et al. 2021). These studies have shown
that human actions leave behind traces in the form of fea-
tures and anthropogenic deposits that can be investigated
using a range of microscopic and molecular techniques—the
so-called microcontextual approach (Goldberg and Berna
2010)—that can provide valuable information on how peo-
ple conceptualized and utilized domestic space in the past
(Goldberg et al. 2009; Shillito et al. 2011; Miller et al. 2013;
Banerjea et al. 2015; Karkanas et al. 2015; Haaland et al.
2021).

Particularly in Palaeolithic contexts, many micromor-
phological and microcontextual studies of anthropogenic
deposits have focused on combustion features and in particu-
lar hearths (Macphail and Goldberg 2000; Karkanas 2002;
Vallverdd et al. 2005; Berna and Goldberg 2008; Aldeias
et al. 2012; Leierer et al. 2020) where hearths are defined as
“the intact remnant of a fire that preserves most of the origi-
nal structure or compositional element” (Dibble et al. 2009,
p187). However, a hearth only represents one step within the
potential life history of a combustion feature (Bentsen 2014).
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Once a fire has burnt out, people can abandon the hearth or
reuse it; they can also clean it by sweeping or rake-out or
remove the ashes and combustion residues completely and
dispose of them elsewhere within or outside of the occupa-
tion area, i.e. dumping. Although sweeping and dumping
ultimately disturb the original structure of the hearth, these
actions are still important aspects of the range of activities
associated with fire-related behaviours (Miller et al. 2010)
and thus the life history of a feature. Additionally, sweeping
and dumping of hearths can be thought of as types of main-
tenance activities that provide insights into a site’s spatial
organization, occupational intensity and settlement dynam-
ics (Goldberg et al. 2009; Miller et al. 2013; Haaland et al.
2021). Thus, it is essential to be able to distinguish between
a combustion feature that represents an intact hearth versus a
combustion feature that been swept or dumped (Miller et al.
2010; Mallol et al. 2017).

Dumping is one of the main processes of discard recorded
in the archaeological record (Karkanas and Goldberg 2018),
and the resulting deposits are often described in the litera-
ture as trash/discard deposits, domestic waste or middens,
when the process of dumping is regularly repeated (Shillito
2015). These types of deposits form when humans remove
waste material from the primary occupation area, such as the
remains of fuel from a hearth, and dispose of it elsewhere
(Miller et al. 2010; Bronimann et al. 2020). For this reason,
deposits associated with dumping are usually found on the
periphery of the occupation area (Binford 1978).

Understanding the role of discard and waste disposal
in the accumulation of archaeological deposits is a central
aspect of both Binford’s models of hearth-centred occu-
pation (Binford 1978) and also Behavioral Archaeology’s
emphasis on site formation processes (Schiffer 1972). An
artefact can be temporarily or irretrievably removed from
an activity area but still remain within the site. Humans can
deposit artefacts or drop them unnoticed (de facto refuse),
collect and dispose of them somewhere else (primary refuse)
or relocate them several times (secondary refuse) (Schiffer
1972). This close connection between everyday activities,
the objects themselves and their final location makes waste
repositories critical for understanding the internal dynamics
of human groups. Deposits formed though dumping, there-
fore, can be thought of as either primary or secondary refuse,
depending on their formation history.

Ethnoarchaeological studies of hunter-gatherer groups
(Marshall 1976; Yellen 1977; Murray 1980; Binford 1996)
report a relationship between how groups structure and
maintain their campsites and how they move about on the
landscape. For example, ethnographic studies of seden-
tary and semi-sedentary groups (Murray 1980) showed
how the designated areas for waste material are in a dis-
tinct location far from the living space. Further, Yellen
(1977) observed that, when the occupation lasts for shorter
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periods, few formal divisions occur between subsistence
and manufacturing processing areas. On the other hand,
when the occupation lengthened over time, fuel remains,
and other refuse were disposed of in designated area. In
particular, Brooks and Yellen observed that in !Kung
camps (Brooks and Yellen 1987), occupants left waste
material at its production location during short occupa-
tions. In contrast, however, fuel remains and refuse were
dumped outside of the camp during longer-term occupa-
tion. These observations have led some geoarchaeologists
to argue that increased evidence for structuring of waste
at hunter-gatherer archaeological sites likely reflects an
increase in site occupational intensity and potentially also
an increase in the length of occupation (Goldberg et al.
2009; Miller et al. 2013; Karkanas et al. 2015; Haaland
et al. 2021).

Anthropogenic deposits and features interpreted as having
formed through dumping activities have been described from
a number of well-known Pleistocene hunter-gatherer sites,
including Kebara Cave (Meignen et al. 2007), Ucagizli Cave
(Kuhn et al. 2009; Baykara et al. 2015), Hohle Fels (Schiegl
et al. 2003), Lakonis I (Starkovich et al. 2020), Sibudu Cave
(Goldberg et al. 2009), Diepkloof (Miller et al. 2013) and
Bushman Rockshelter (Porraz et al. 2015). In 2003, Schiegl
and colleagues (Schiegl et al. 2003) applied micromorphol-
ogy to investigate Palaeolithic dumped deposits, focus-
ing their study on the Gravettian-aged “burnt bone layer”
IIcf at Hohle Fels, with the aim of distinguishing between
intact hearths and dumped deposits. Layer Ilcf appeared as
a discrete, dark-coloured stratigraphic unit that was later-
ally extensive across > 12m?2 of the site and has a thickness
of 3-10 cm. The layer is rich in archaeological material,
including numerous lithic artefacts as well as an engraved
stone resembling a phallus that was also likely used as a
retoucher (Conard and Kieselbach 2006). The sediment of
this deposit is largely composed of sand-sized fragments of
dark-coloured bone, presumably burnt.

This enigmatic layer was initially investigated by Waibel
(2001) who suggested that the burnt material was redepos-
ited and derived from a large hearth located deeper inside
the cave; however, the presence of such a hearth area was
never reported and is unclear (Miller 2015). Waibel implic-
itly assumed that the redeposition of this material was a
result of natural colluvial processes acting along the steep
slope of the deposits within Hohle Fels. Schiegl et al.’s
(2003) micromorphological analysis of IIcf confirmed
that the layer is largely composed of charred and unburnt
bone fragments and that ashes derived from the burning
of plants are largely absent. Their analysis revealed that,
microscopically, the deposit has a high porosity and no evi-
dence of compaction, implying little to no post-depositional
trampling. Additionally, the observation that charred and
unburnt bone fragments are found directly adjacent to one
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another implied that the bones were burnt elsewhere and
subsequently redeposited.

Contrary to Waibel’s interpretation, however, Schiegl
et al. argued that the redeposition was likely related to
anthropogenic activity. They attributed the formation of
the deposit to intentional dumping from several hearths
(Schiegl et al. 2003) and argued that the likely location of
these hearths, and the associated occupation, was closer to
the entrance and not deep in the back of the cave (Schiegl
et al. 2003). Following the Schiegl et al. (2003) study, fur-
ther combustion features, albeit much more laterally con-
strained, were uncovered through excavation at Hohle Fels.
In his study of site formation processes at Hohle Fels and
Geilenklosterle, Miller (2015) analysed five additional fea-
tures (1 from GH 8, 1 and 6 from GH 7 and 1 from GH 6a)
from Aurignacian-aged deposits. He noted that despite their
smaller size, their micromorphological characteristics were
very similar to Ilcf. These features exhibited an adjacent
occurrence of combusted materials with varying degrees
of burning, no burnt substrate and high porosity. Based on
the results of experiments aimed at replicating sweeping,
dumping and trampling of combustion residues (Miller et al.
2010), Miller (2015) argued that like IIcf, these features also
likely represent intentionally dumped deposits. These inves-
tigations led to the awareness that the practice of dumping at
Hohle Fels was part of a wider cultural and behavioural sys-
tem that regulated the hygiene and maintenance of the site
(Schiegl et al. 2003; Miller 2015). Miller noted that dumped
combustion features are only found within the Upper Pal-
aeolithic occupations at Hohle Fels and are thus linked with
more intense phases of occupation (Conard et al. 2006;
Conard 2011). Thus, he argued that the repetitive dumping
of combustion residues and waste within the cave may reflect
periods of longer-term occupation of the site (Miller 2015).

Refuse dumps can take on a wide range of shapes and
sizes which is dependent on the pre-existing morphology
of the substrate and on the subsequent human activities
and natural processes that impact their formation (Kar-
kanas and Goldberg 2018). Additionally, the field and
microscopic characteristics of anthropogenically dumped
deposits often replicate those formed through down-slope,
rapid movements (Miller et al. 2010). These mass move-
ments can regularly occur within archaeological sites (Kar-
kanas and Goldberg 2018), making it important to distin-
guish between deposits formed through colluviation and
those formed through anthropogenic dumping. Downslope
deposits usually preserve a wide range of characteristics
that sometimes can be ascribed to a specific process. For
example, debris flows are usually poorly sorted, the coarse
particles are encased in a silty clay matrix, and the deposit
lacks regular microscopic lamination, or as in the case of
rock and debris falls, they show significantly high porosity
(Karkanas and Goldberg 2018). For a better understanding

of mass wasting deposits and how they impact the archaeo-
logical record, researchers have regularly employed clast
orientation studies, or fabric analysis, both on experi-
mental and archaeological deposits (Bertran and Texier
1995, 1999; Bertran et al. 1997; Lenoble and Bertran
2004; Lenoble et al. 2008). For example, fabric analysis
on natural clasts within a debris flow reveals that the long
axes of clasts are often oriented parallel to the slope direc-
tion (Bertran et al. 1997; Lenoble and Bertran 2004), to
the extent that the clast in these deposits show weak or
strong imbrication, as is the case in grain flows (Bertran
and Texier 1999). Therefore, by recording the orientation
(trend and bearing) of elongated artefacts and natural clasts
during excavation, researchers can use fabric analysis to
reconstruct potential modes of deposition (Benito-Calvo
et al. 2009; Sanchez-Romero et al. 2016; McPherron 2018;
Giusti et al. 2019; Li et al. 2021) and also investigate the
impacts that previous substrate morphologies have on the
clast orientation (Li et al. 2021). Despite the increasing
regularity with which fabric analysis has been employed
for the reconstruction of site formation processes, little
work to date has focused on the analysis of fabrics internal
to combustion features.

Aim of the study

Since the publication of the original studies of combustion
features from Hohle Fels by Miller, Schiegl and colleagues
(Schiegl et al. 2003; Miller et al. 2010; Miller 2015), con-
tinuing excavations at Hohle Fels have uncovered a total of
36 combustion features, 16 of which have been sampled for
micromorphological analysis. Furthermore, recent excava-
tions in 2020 and 2021 in Middle Palaeolithic deposits at the
site have uncovered the first evidence for combustion features
associated with Neanderthal occupation (Conard et al. 2021).
With a larger sample size of combustion features, it is now pos-
sible to examine in more detail whether the features at Hohle
Fels solely represent intentional dumping of waste or if they
record evidence of other activities related to fire use or site
maintenance. Thus, in this paper, we aim to identify if there is
any diachronic variation in the composition, fabric and micro-
stratigraphy of the combustion features found at Hohle Fels.
If compositional variation is present, does it reflect variation
in fuel selection strategies as, for example, documented at the
Palaeolithic site of Fumane, Italy (Marcazzan et al. 2022)? Or,
do we see consistent evidence for extensive burning of bone
throughout the Palaeolithic? Are there any variations in fabric
and microstratigraphy that would suggest that other anthropo-
genic processes besides dumping have impacted the formation
of these features? Are all combustion features formed through
intentional dumping, as suggested by Schiegl et al. (2003) and
Miller (2015), or do some of them represent intact hearths?
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Furthermore, the broader temporal and spatial coverage of
the current set of samples allows us to investigate the role, if
any, slope processes played in the formation history of these
features. Do all of the features and their microscopic charac-
teristics represent intentional dumping, or have slope processes
impacted these features following their deposition?
Ultimately, by addressing these questions and construct-
ing a more detailed formation history of combustion features
at Hohle Fels, we aim to expand our understanding of the
variation of activities related to occupation and use of fire at
the site, both by modern humans and Neanderthals. As such,
this study contributes also to our broader understanding of
Palaeolithic settlement dynamics within the Swabian Jura.

Site and the archaeological context

Hohle Fels (Fig. 1) is situated at 534 m above sea level (asl)
in the valley of the Ach River, a tributary of the Danube,
within upper Jurassic (Malm) limestone bedrock (Goldberg
et al. 2003). It lies in the eastern portion of the Swabian Jura,
a plateau that exhibits numerous geomorphic features typical

of a karstic landscape (Geyer and Gwinner 1991; Goldberg
et al. 2003; Schiegl et al. 2003; Miller 2015).

Hohle Fels is one of several important Palaeolithic
cave sites in the Ach Valley, in addition to Geilenklosterle
(Conard et al. 2019), Sirgenstein (Miinzel and Conard 2004),
Brillenhohle (Riek 1973) and Grof3e Grotte (Wagner 1979).
Together with the Palaeolithic cave sites in the Lone Valley,
the Ach Valley and its caves have recently been declared
UNESCO world heritage sites due to their exceptional pres-
ervation of ice age mobiliary art and their significance for
our understanding of the transition from Neanderthals to
modern humans in Europe. Hohle Fels is one of the larg-
est caves in the region with evidence of Pleistocene human
occupation, having an interior that extends across ca. 500
m2 (Miller 2015; Velliky et al. 2018). The large size of the
cave and its relative accessibility attracted early ice-age
researchers, such as Oskar Fraas and Theodor Hartmann
(Fraas 1872), who conducted some of the first palaeontologi-
cal and archaeological investigations in southern Germany at
the site (Fraas 1872; Riek 1934; Hahn et al. 1978). In 1973
Joachim Hahn and colleagues recommenced research in the
Ach valley, initiating archaeological systematic excavations
at GeiBlenklosterle and Hohle Fels following the French style
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(Hahn 1977). After Hahn’s untimely death in 1997, Nicho-
las Conard and Hans-Peter Uerpmann of the University of
Tiibingen carried on the excavations (Conard and Uerpmann
2000), which continue to this day under the direction of
Nicholas Conard (University of Tiibingen).

Excavations at Hohle Fels have exposed a long sequence
(Fig. 1) of mostly Pleistocene-aged deposits that contain
evidence of Middle and Upper Palaeolithic occupations. The
definition of strata at Hohle Fels follows the typical Tiibin-
gen approach to stratigraphic designations, with discrete
stratigraphic units called Geologische Horizonte (GH) and
Archdologische Horizonte (AH). GHs represent units that
are defined largely on lithological characteristics observ-
able in the field, such as grain-size, colour, fabric, inclu-
sions and also the nature of the upper and lower bounding
contacts (Goldberg et al. 2003; Mallol and Mentzer 2015).
AHs are stratigraphic units that are defined on the basis of
archaeological assemblages. Within this system, GHs are
given Arabic numerals that ascend with increasing depth
(GH 1, GH 2, GH 3, etc.). AHs follow the same system
but are given Roman numerals (AH I, AH II, AH 1III, etc.).
Subdivision of a GH or AH, often occurring during post-
excavation analysis, is possible and the resulting sub-units
are given lower-case suffixes (e.g. GH 1a, GH 1b and AH Ia
and AH Ib). Following this system, it is then possible that a
single GH may contain more than one AH if, for example,
two discrete concentrations of artefacts are found within a
GH that appears lithologically uniform. Similarly, it is pos-
sible to have a GH that has no AH designation if the GH is
archaeologically “sterile”, i.e. there was no cultural material
uncovered during excavation. All excavated archaeological
material from Hohle Fels is assigned to both a GH and a
corresponding AH, and thus these designations represent
not only an essential component of the stratigraphy of the
site, but also a key unit of analysis for all finds and samples.
A third type of stratigraphic unit in the excavation system
at Hohle Fels is the Befund or feature. Features are defined
as units that are lithologically distinct from the surround-
ing deposits but that are spatially constrained. Although in
practice, at Hohle Fels, features are usually implied to be
anthropogenic in nature and origin, this does not necessar-
ily need to be the case. All features are excavated separately
and thus represent a distinct stratigraphic and analytical unit.
However, all features are assigned to a specific GH/AH and
given a name, such as Bef. 6 GH 7, which indicates the sixth
feature designated within GH 7.

Previous geoarchaeological studies

Hohle Fels has a long history of geoarchaeological analy-
sis (Goldberg et al. 2003; Schiegl et al. 2003; Miller 2015;
Barbieri et al. 2018, 2021), which saw the application of a
number of different analytical techniques. In addition to the

previously mentioned study of combustion features (Schiegl
et al. 2003; Miller 2015), Goldberg and Miller focused on
the depositional and post-depositional processes acting at
the site. They analysed thin sections from the Middle Pal-
aeolithic to the Magdalenian layers, revealing greater sedi-
mentary heterogeneity than what appeared during the exca-
vation. Overall, the main components consist of calcareous
and phosphatic clay, éboulis, lithic fragments, bone, charcoal
and organic material. Their abundance and consistency char-
acterize the differences between the various GHs.

Goldberg et al. (2003) and Miller (2015) group the GHs
(and their corresponding AHs) into lithostratigraphic units,
using capital roman letters. These lithostratigraphic units
broadly correspond with the cultural designations of the
stratigraphic section. The Middle Palaeolithic, unit E, covers
from GH 15 to GH 8. In general, it consists of phosphatized
calcareous clay that was probably washed downslope from
the back of the cave (Miller 2015), especially for the lowest
layers. Further indications that water action is the main agent
in the layer formation are also the common clay intercalation
and infillings. We have found few archaeological finds in the
more recent Middle Palaeolithic levels. This trend changes
with the transition from unit E and D (GH8 and GH7). In
fact, the Aurignacian sees an increase in the density of the
archaeological finds (Goldberg et al. 2003; Conard et al.
2006; Miller 2015). The transition also witnesses an abrupt
break with the sedimentary trend, going from highly phos-
phatized clay (GH 8) to highly calcareous clays (GH 7)
(Miller 2015). Water still played a consistent role in GH 8
with the presence of clay coatings and intercalation, which
are absent in GH 7. On the other hand, GH 7 preserves platy
structures typical of colder conditions (Miller 2015), such as
rounded aggregates and other freeze—thaw indicators. How-
ever, the Aurignacian, unit D (from GH 7 to 3d), within the
following layers, shows different characteristics which Gold-
berg et al. (2003) and Miller (2015) interpreted as reflecting
a relatively warmer period and with higher moisture, where
the biological activity promoted extreme phosphatization of
the matrix (Goldberg et al. 2003; Miller 2015). In contrast,
the Gravettian layers, unit C, appear more homogeneous than
unit D (Miller 2015). Their composition is mainly calcare-
ous (Miller 2015), and they show characteristics typical of
cold conditions. Cryoturbation likely accounts for the pres-
ence of rounded aggregates and platy ice-lensing micro-
structure (Goldberg et al. 2003; Miller 2015). The upper
part of the sequence includes units B and A. Unit B marks a
break from the previous units. The contact appears sharp and
distinct (Miller 2015) suggesting a possible erosional event
between the Gravettian and the Magdalenian. The following
unit A comprises the Magdalenian and the Holocene layers
(Goldberg et al. 2003). The Magdalenian layer preserves
phosphatic grains within a calcareous matrix (Miller 2015),
pointing to a colder environment.
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The identification of the units and their characteristics
provided useful data to build a depositional model of the
site, which includes a range of processes. Work by Gold-
berg et al. (2003) and Miller (2015) indicates that limestone
blocks, due to the action of freeze—thaw, fall from the roof
and wall of the cave. The physical and chemical altera-
tion of most of these suggested that they were transported
downwards after falling (Miller 2015). For the fine fraction,
they proposed a highly variable depositional history (Miller
2015). In some layers, the clay is derived from the karstic
system, through water percolation. In other layers, the clay
occurs as aggregates with quartz-silt inclusions. Their pres-
ence in the deposits involves the large chimney at the back
of the cave through which sediment entered. Once inside the
cavity, it began to move down the slope towards the entrance
because of cryoturbation.

However, if this model explains why the layers formed,
it does not explain why we have an erosional contact in unit
B. This observation led to the work of Barbieri and col-
leagues. Across the Pleistocene and Holocene, the land for-
mation model (Barbieri et al. 2018, 2021) in the Ach valley
sees phases of soil formation, hillslope denudation, river
valley incision and floodplain aggradation. The alternation
of these phases, especially those related to the Last Glacial
Maximum, contributed to the formation of the archaeologi-
cal deposits in the valley floor but also resulted in the erosion
of the hillslopes and also some of the deposits contained
within the cave.

Materials and methods

Since the stratigraphy and sample set of Hohle Fels have
such a broad temporal and spatial coverage, the objective
of this study is a diachronic analysis of combustion features
from the Middle to Upper Palaeolithic in order to recon-
struct their formation history. Here we employ a range of
geoarchaeological techniques, including micromorphol-
ogy, micro-X-ray fluorescence and fabric analysis of geo-
logical deposits and features. A total of 37 features have
been defined in the Palaeolithic deposits at Hohle Fels, 17
of which have been sampled as blocks for micromorphologi-
cal analysis (Table 1). Each feature was described in detail
in the field, often over several field seasons where the fea-
tures extended into multiple excavation units. A summary of
these descriptions for each feature is provided in Table 1. In
addition to field description and sampling, all features were
photographed (Fig. 2) and their outer limits recorded with
a total station. Most of the features are a square metre to a
few square metres in total area, the main exception being
Ilcf, which is laterally extensive across almost the entire area
of excavation. Although Ilcf is anthropogenic in origin and
likely shares a similar formation history with other features
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at the site (Miller 2015), it was not designated as a feature
during excavation but rather was given its own GH and AH
designation (3cf, Ilcf). Several of the more laterally exten-
sive features, including Ilcf, were sampled more than once,
providing important information on lateral variation of the
feature’s characteristics.

Micromorphology Micromorphological analysis involves
the study of undisturbed, oriented blocks of sediment
in thin section in order to identify the composition and
spatial arrangement of the components within a deposit
(Stoops 2021). At Hohle Fels, block samples for micro-
morphological analysis are regularly collected from
all GHs and also from larger features where they are
generally removed as monoliths on the horizontal sur-
face during excavation, although occasionally they are
taken directly from an exposed profile. The samples are
wrapped in plaster-of-Paris bandages, and their exact
location is recorded with a total station and then uploaded
into a 3D-model (Supplementary information Fig. S1).
Thin section production took place in the Micromor-
phology Laboratory of the Geoarchaeology Working
Group, University of Tiibingen. After drying in an oven
at 40 °C, the samples were impregnated, under vacuum,
with a mixture of unpromoted polyester resin, styrene
and methyl ethyl ketone peroxide (MEKP) (700/300/5)/L.
Once gelled, the samples were again heated to 40 °C, and
the hardened blocks were then cut to various formats,
mounted on glass and ground and polished to a thick-
ness of 30 pm. We performed the thin section analysis
with a Zeiss Axio Imager petrographic microscope under
plane-polarized (PPL) and cross-polarized (XPL) light.
The description of the thin sections follows Courty et al.
(1989), Nicosia and Stoops (2017) and Stoops (2021)
employing a systematic descriptive template (Marcazzan
and Meinekat 2022). Following description of the sam-
ples, we categorized individual microstratigraphic units
into different types, following the (micro-)facies con-
cept (Courty 2001; Goldberg et al. 2009). This approach
allowed us to interpret a genetic link with the depositional
process of the features, facilitating a spatial reconstruc-
tion of past human activities (Courty 2001; Goldberg
et al. 2009; Villagran et al. 2011; Karkanas et al. 2015;
Miller et al. 2013; Haaland et al. 2021).

X-ray fluorescence spectroscopy (uUXRF) uXRF measures,
through X-ray exposure, the relative intensity and energy
of the characteristic radiation emitted by a given substance
(Mentzer 2017). Its application can provide information
about the elemental and mineralogical composition of the
sample, mapping of the element’s distribution and identifi-
cation of authigenic minerals (Mentzer 2017). In this study,
we used micro-XRF to confirm or rule out oxide staining as
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Table 1 Field description of the combustion features from Hohle Fels and ID of the thin section taken from the feature

GH BEF Field description TS ID
3ad 1 Clayey silt, moist, well malleable and cohesive. Mica is visible, among the calcareous sand. Limestones 40% as ~ HF-10-1228A
in 3ad. Transition to 3b well visible at the lower edge. Many finds such as well-preserved bones, burnt material, HF-10-1228B
painted stone
3b 3 The find extends over Qu 45 b and d and is only 6-cm thick in the SE and 2 cm in the NW. Find density is low: HF-10-304
one basic form, burnt and unburnt bones. Light clayey silt with good malleability. Finds, like the feature itself,
levelled from SE to NW
3cf - Description from profile 8. Ash grey sediment with no cohesiveness. It includes ash with some calcareous sand ~ HF-896
and some mica but less than in 3c. The black sediment includes mainly burnt bones, and it appears loose but HF-572
still well cohesive and malleable. Limestones, 40%, have a range size of 3-8 cm, rather sharp edged and pre- HF-10
served a random orientation and distribution HF-14-1
HF-14-2
HF-14-3
6a 1 Sediment with abundant charcoals has a dark grey to black colour. It is only a few centimetres thick but wide- HF-88-1476A
spread and preserves many lithics and bones HF-88-1476B
Description of the northern part. It shows a black colour with many bones; otherwise, it preserves a very dark HF-88-1476C
grey. The groundmass appears clayey silt with a slightly higher proportion of calcareous sand HF-30-816A
Clayey silt with little calcareous sand, very cohesive and malleable, low mica content. Limestone content HF-09-762
80-90%, angular, partly fissured and then sharp-edged HF-76-1246B
Black colouring of the sediment comes mainly from the charcoals’ content. The sediment is very moist; there-
fore, it smears strongly and can hardly be deformed. Silty clay with calcareous sand and some mica. Transition
to the lying GH 7 is gradual within a few cm
It lies clearly between GH 5 and GH 6a, with a clear lateral variability. The dark colour derives from the char-
coals and other burnt material. With less burnt material, the colour is rather grey and brown. Boundary to GH
5: Calcareous debris from GH 5 presses on the surface of GH 6a feature 1. Where no GH 5 exists above feature
1, GH 3db lies above. Well-defined transition downwards to GH 6a, with a few c¢m transition area. The colour
is very heterogeneous. The limestone fragments are few or less than 1 cm in size. There are few calcareous
sand, clearly visible mica and silty clay. The sediment is very wet; therefore, it smears a lot and can hardly be
deformed
7 1 Small area of irregular grey-brown to black-brown sediment; the colour is due to charred bones and charcoals; it HF-69-2722A
also contains unburnt bones and limestone fragments that are partially resting directly upon the underlying AH HF-69-2722B
Va HF-69-2722C
Ashy and grey sediment from GH 7 with many pieces of charcoal HF-69-2722D
7 3 Dark grey-brown sediment. It is not richer in burnt material than AH IV in general HF-622A
Higher percentage of combusted materials such as burnt bones and charcoals. The sediment is loose with micro- HF-622B
granular structure HF-15-1269
The sediment is richer in clay than GH 7, especially in the west, and wetter with more calcareous sand. Towards
the east, the feature tapers off and becomes fuzzy. Limestones: 50%, angular and irregularly embedded,
8-10 cm in size
7 6 Grey-brown sediment with high number of charcoals and charred bones; pit-like form within AH IV. It has abun- HF-2090-B
dant lithics, mostly unburnt, bones and ivory fragments HF-2090-C
Silty clay sediment with high calcareous sand content. It includes charcoals, chert fragments and burnt bones. HF-2090-D
The burnt material forms black lenses or bands. Limestones range between 3 and 8 cm with random orientation HF-2090-E
and distribution HF-19-2804
Ta 7/9 Description of number 7: clayey silt with mica, bones and charcoals. Limestone content is ha 40%, and the frag- HF-533a
ments are mostly 3—-6 cm, not levelled HF-533b
Description of number 9: grey-brown sediment with high content of charcoals and burnt bones. Very rich in HF-533c
finds, many flint and ivory fragments. Most likely belongs together with feature 7 HF-896 a
HF-896 b
HF-09-1298
HF-1511
7a 10 Slightly clayey silt. More reddish brown than 7a. Limestone’s content: <40%, 4-8 cm, and with a random orien- HF-08-1185
tation and distribution HF-20-3336
7aa 16 Light clayey silt with calcareous sand and mica. Fine granular structure. Conspicuous concentration of charcoal. ~HF-15-1198
Limestone content 60%, highly angular, rounded. Mostly 5-12 cm HF-16-2661
Taa 16+17 HF-16-1699
Taa 11 Compact sediment consisting mainly of bone and some charcoals. The density of find 11 is slightly higher than ~ HF-09-1341
in the surrounding GH 7aa
Taa 12 Characterized by grey-brown colour of the sediment, which is mainly due to bones. There are not intact char- HF-09-963

coals. The finds density increase compared to GH 7aa
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Table 1 (continued)

GH BEF  Field description TS ID
8§ 3 Refers to Qu 57 and 67. The sediment is the same as the surrounding sediment of GH 8. It contains many pieces HF-57-3507
of bones, charcoals often over 2 cm. The sediment is black-grey to black coloured. The boundaries cover Qu
57, Plan 63 and Qu 67, Plan 67
8 14 It includes clearly more charred bones HF-09-2515
12 1 In Qu 11. It preserves horizontal position of the limestones HF-18-2086
14 1 It appears with a grey colour, several small clasts. It does not show an orientation of the components. The finds ~ HF-20-3123

include bones (burnt and unburnt), lithic material and very few charcoals

Fig.2 Excavation pictures of the features from Hohle Fels. A GH 3b feature 3 (limit of the feature visible). B GH 6a feature 1. C GH 7 feature 6
(limit of the feature visible). D GH 7a feature 7=9; E GH 7aa feature 16; F GH 14 feature 1

the source for the dark colouration of bone fragments within
the features. uXRF analysis was conducted on a selection of
thin sections, including HF-572, from the Gravettian Ilcf,
and HF-15-1198, from the Aurignacian GH 7aa feature 16.
We conducted the analysis in the Microanalytic Labora-
tory of the Geoarchaeology Working Group, University of
Tiibingen using an M4 Tornado (Bruker) micro-XRF. The
thin sections were scanned under full vacuum with both
detectors, maximum tube voltage of 50 kV and current of
600 microamps with 50 microns spacing, 25 ms dwell per
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pixel for the thin sections and with 30 micron spacing for
the detail map.

Fabric analysis The analysis of the orientation and dip angle
of artefacts and clastic, geological elements has been exten-
sively applied in the interpretation of depositional and post-
depositional processes acting within geological deposits and
at archaeological sites (Benn 1994; Lenoble and Bertran
2004; McPherron 2005, 2018; Benito-Calvo et al. 2009; de
la Torre and Benito-Calvo 2013; Lotter et al. 2016; Giusti
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et al. 2019; Li et al. 2021). Fabric shape analysis relies upon
the relative values of the three eigenvalues (Benn 1994;
McPherron 2005, 2018), calculated from the orientation and
dip angle data. To effectively determine the disturbance of
the archaeological assemblages, Benito-Calvo et al. (2009)
proposed that sedimentary fabrics (geogenic clast) should be
analysed separately from archaeological fabrics. We applied
a similar concept to the analysis of the combustion features,
analysing only the archaeological material. At Hohle Fels,
the excavators record orientation data on all the anthropo-
genic material above a certain size limit, depending on the
type of find. Every in situ find with a significant long
axis is measured with three points using a total station:
the middle point of the topside (P1), the highest point
of the long axis (P2) and the lowest point of the long
axis (P3). Having these data available, we decided to
analyse the material (Table 2) belonging to the combus-
tion features separately from the surrounding sediment,
in order to assess the extent to which slope movement
had impacted their formation. We decided to analyse
the material inside the features separately from that out-
side, since dumping is a purely anthropogenic process if
not influenced by slope movement, and so the features
should show different results for the dip and the bearing
compared with the more geogenic deposits. To perform
the fabric analysis, we adapted the script published by
McPherron (2018) and Li et al. (2021) in the R statisti-
cal software (R Core team 2019). The data required to
reproduce the results can be found on GitHub as supple-
mentary information (https://github.com/dnamrczz/HF _
features_orientation).

Results

Here we provide results from the micromorphological,
UXRF and fabric analyses. Detailed descriptions and
flatbed scans of all thin sections are provided in the
SI (Table S2 and S3). Below we provide details on the
anthropogenic components identified in thin section and
also present the types of microstratigraphic units identi-
fied from the analysed combustion features.

Anthropogenic components

Bones Bone fragments are numerous within the features
and usually range from sand- to gravel-sized. Both corti-
cal and spongy bone is present. The bone fragments exhibit
a wide range of colours, implying that they have been
subjected to heat, although some bone fragments appear
unburnt (Fig. 3A). Colour variation of bones is generally
taken to correspond to the degree of heating (Stiner et al.
1995), although there is likely some degree of variation
among bones from different species of animals (Nicholson
1993) and among different types of bone with varying fat
content (Symes et al. 2008). The addition of samples from
previously undescribed combustion features at Hohle Fels
confirms the results of earlier micromorphological studies
(Schiegl et al. 2003; Miller 2015) that the bones present
within the combustion features were exposed to range of
temperatures. The bone fragments often exhibit light to
medium yellow to dark reddish-black colours in PPL, sug-
gesting that they were exposed to temperatures between
300 and 400 °C (Stiner et al. 1995; Villagran et al. 2017)
(Fig. 3C-D). Other bones exhibit pale brown-grey colours
in PPL, visible internal fissures and bluish-grey interfer-
ence colours with an overall milky cast to the birefringence
under XPL, implying that they were calcined above 500 °C
(Schiegl et al. 2003; Villagran et al. 2017; Mentzer et al.
2017) (Fig. 3E). Both charred and unburnt bones have a high
degree of fragmentation (Fig. 3D); however, we observe
very few bone fragments that are articulated and accommo-
dating, suggesting that fragmentation is not related to in situ
snapping and that trampling likely played a minimal role in
the formation of most features (Miller et al. 2010). Most of
the bone fragments occur within a monic, chitonic or enau-
lic cf-related distribution and commonly display a random
orientation and distribution. The unburnt bones occasion-
ally show evidence of chemical and biological alteration,
such as secondary mineral formation or oxide staining (Vil-
lagran et al. 2017). Although the highly fragmented nature
of the bone rules out obvious species identification, fish
bones (Fig. 3B) are recognizable in several thin sections,
and, in some cases, it is possible to identify complete and
well-preserved fish vertebrae.

Table 2 Summary of Hohle

Layer Feature

Fels elongated artefacts used for

orientation analysis GH_AH Bone Lithic Total ID Bone Lithic Total

(>3 cm) (>1cm) (>3 cm) (>1cm)

7_1V 107 43 150 Bef 6 37 37 74
7a_Va 321 262 583 Bef 7 64 68 132
7aa_Vaa 273 201 474 Bef 16 148 138 286
14_XI 40 23 63 Bef 1 28 13 41
Total 741 529 1270 271 256 533
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Fig.3 Photomicrographs of the anthropogenic components, both in
PPL and XPL. A In situ crashed fresh bone appearing light pale yel-
low/colourless in PPL and with a strong low-order interference colour
(white, grey, black). B Fragmented fish vertebrae showing the typi-
cal rounded morphology. C and D Charred bone fragments having
different degrees of fragmentation with colour ranging from light to

lvory Ivory was an important raw material at Hohle Fels,
used regularly throughout the Upper Palaeolithic as a raw
material for symbolic-representational objects and tools
(Conard 2003, 2009; Heckel 2009; Velliky et al. 2021).
Using reference material published by Villagran et al.
(2017), we were also able to identify fragments of ivory in
thin section (Fig. 4A—B) which appears as coarse, angular
sand-size blocks. It preserves under PPL bands similar to
growth rings and a brown low-order grey of interference col-
our in XPL (Virdg 2012). The fragments appear both burnt
and unburnt, and very few are articulated and accommodat-
ing, suggesting that they were subjected to little in situ snap-
ping through trampling (Miller et al. 2010). Some fragments
appeared stained with manganese oxide, and so this sample
was also subjected to uXRF analysis.

Fat char Fat-derived (Ligouis 2017) char is an amorphous
organic residue (Mallol et al. 2017) formed through the char-
ring (Villagran et al. 2017) of flesh or animal fat (Goldberg
et al. 2009). In thin section, it appears as an opaque, hetero-
geneous isotropic particle with a high porosity due to the
numerous vesicles. We found fat-derived char at Hohle Fels
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medium yellow, dark reddish-brown and finally black (opaque) in
PPL and red interference colours with opaque areas in XPL, usually
referable to 300400 °C of burning. E Calcine bone fragments dis-
playing a grey colour in PPL and a strong birefringence in XPL with
the typical low order of interference from grey to grey with milky cast

occurring in two different forms: the classic char occurrence
(Fig. 5C-D) preserves the typical vesicular microstructure
(Goldberg et al. 2009), with smooth and undulated surfaces
and is present as isolated grains usually within the sand-
size range; it also appears as char and sediment aggregates
(Fig. 5SE-F) where the char is generally incorporated into
the matrix. In the second occurrence, it preserves a spongy
internal microstructure, the size ranges from coarse sand
size to fine gravel, but it is not always easy to identify the
boundaries with the surrounding matrix.

Charcoal Charcoal (Fig. 5A-B) occurs as opaque fragments
in PPL and XPL (Canti 2017). Fragments of charcoal are very
few and not in every feature. In only one feature (GH 6a Bef 1),
charcoal fragments are more frequent than bones and embedded
in a groundmass possibly derived from ashes. The fragments
usually maintain the typical woody plant structure. When they
have in thin section a transverse cut (Canti 2017) (Fig. 5A),
their internal structure displays softwood or semi-ring porous
hardwoods (Schweingruber 1978), which follow the analysis
of Aurignacian charcoal (Riehl et al. 2015) where the main
identified species were Pinus sp. and in small amounts Salix
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Fig.4 Photomicrographs of

the anthropogenic components,
both in PPL and XPL. A Frag-
ment of fresh ivory exhibiting
bands like growth rings in PPL
and a brown low-order grey of
interference colour in XPL. B
Charred fragments of ivory par-
tially stained by Mn (see figure
X for details on the micro-XRF
overview data). It appears dark
reddish brown to black (opaque)
in PPL with weak interference
colours in XPL. C Fragments of
chipped cryptocrystalline silica

C 1000 pym

sp. (Riehl et al. 2015). Their size range varies from silt-sized to
fine gravel, with both globular and blocky shapes.

Ash At Hohle Fels, we do not find much direct evidence
for ash derived from the burning of wood or other plants.
The ash (Fig. 5SA-B) as calcite thombs are rarely preserved
(Canti 2003). Schiegl et al. (2003) noted already this lack
of ash in Ilcf, and we also were not able to identify many
occurrences of it in the combustion features studied here.
Calcareous groundmasses are found in some combustion
features, suggesting that if ash had been present, it probably
underwent dissolution and recrystallization.

Chert In thin section, the chipped cryptocrystalline silica
fragments (Fig. 4C) have a very low abundance and pre-
serve a medium to very coarse grain size, a blocky/platy

and angular shape with smooth surfaces. The chert frag-
ments can be attributed to waste from lithic tool production
(Angelucci 2017), given also the considerable quantity of
artefacts found during the excavation (Bataille and Conard
2018; Taller et al. 2019).

Composition of the features and types
of microstratigraphic units

The anthropogenic components listed above are generally
found within every combustion feature investigated in this
study, with the exception of charcoal and ivory. Apart from
GH 6a Bef 1, charcoal is relatively rare, and almost every
feature is dominated by sand- and gravel-sized fragments
of charred bone, together with fat-derived char (Table 3).
Thus, there is little compositional variation across the
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Fig.5 Photomicrographs of the anthropogenic components, both in
PPL and XPL. A and B Fragments of charcoal, appearing opaque
both in PPL and XPL, embedded in altered ash. C Charcoal fragment
and fat-derived char. D, E and F fat-derived char from the burning
of flesh and fat. In thin section, it appears black (opaque) in PPL and

features, both within the same GH and also diachroni-
cally; however, we noted differences in the microstructure
and distribution of these components in thin section which
allows us to classify the individual microstratigraphic
units into three different types. Type 1 (Fig. 6) generally
shows a black-dark brown groundmass colour due to the
high organic content, although this sometimes appears
grey when the groundmass is calcareous. These micro-
stratigraphic units display highly interconnected voids,
spongy to vughy microstructure and frequent to dominant
anthropogenic material (usually bones and fat char), which
in some cases appear bedded. The components have sizes
ranging from medium sand to very coarse sand (fine gravel
in a few cases), random distribution and orientation and
very little evidence of compaction or in situ snapping. The
bones usually show different degrees of burning from low
to high temperatures, and in comparison, charred bones
are more abundant than non-combusted ones. The com-
ponents in a few features exhibit rolling pedofeatures
such as coatings; however, the main pedofeatures found
in most of these microstratigraphic units are thin, unsorted
cappings (Fig. 6). Microstratigraphic units classified as
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PPL XPL
A 7

XPL. Note the types of char that can be identified. D appears with
vesicles and small planar voids (classic char). E is not easily distin-
guishable from the surrounding matrix and preserves mainly planar
voids (char and sediment aggregate). F char preserving a globular
shape with mainly planar voids

type 2 (Fig. 6) have the same range of anthropogenic
components as type 1; however, these components occur
as single, isolated inclusions within a geogenic matrix.
The groundmass is generally yellow to light brown and
consists of silt and clay-sized grains, likely representing
phosphatized loess, as identified by Goldberg et al. (2003)
and Miller (2015). In contrast to microstratigraphic units
categorized as type 1, those in type 2 typically display a
blocky, granular or platy microstructure. The anthropo-
genic components embedded within the geogenic matrix
are usually composed of bone and occasionally charcoal,
and overall exhibit less evidence of burning compared to
the anthropogenic components found in type 1. Similar to
type 1, the anthropogenic components in type 2 exhibit a
random distribution and orientation. Pedofeatures indica-
tive of rolling (i.e. coatings) are also present and more
pronounced in type 2 compared with type 1. A third type
(Fig. 7) identifies features with a black groundmass that
clearly show lamination and a massive microstructure,
with very few voids. The anthropogenic components
include bones and charred material, which show a random
distribution but a more parallel orientation.
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Ta!ale 3 Composition of the GH Feature  Thin section ID  Unburnt bones Charred bones  Fat char  Charcoals Ash
primary components, such as
unburnt bones, charred bones, 3ad 1 HF-10-1228A * * % sk %

fat-derived char, charcoals

and ash, from the main HF-10-1228B ¥ *
anthropogenic microunit. Fabric 3b 3 HF-10-304 * * *
unit abundance: very few (< 3cf HF-896 #k ke sk * s«
5%) = *, few (5-15%) = **, HF-572 * sesesesse oo
common (15-30%) = ##*, HE-10 . s »
frequent (30-50%) = *#**
dominant (> 50%) = *###% HF-14-1 * s o
HF-14-2 * skdoksk *kok
HF-14-3 * kokskok BT
6a 1 HF-88-1476A * * * Rare
HF-88-1476B * ok * Rare
HF-88-1476C * * * Rare
HF-30-816A Rare Rare Rare
HF-76-1246B * * Aokt ek
HF-09-762 * * *
7 1 HF-69-2722A * ok *k
HF-69-2722B * ok *k
HF-69-2722C * ok ek
HF-69-2722D * * *k
7 3 HF-622A *% * o
HF-622B * *
HF-15-1269 * #* ok o
7 6 HF-2090-B ok ok wox *
HF-2090-C * Hkkk ok *
HF-2090-D * ok wok *
HF-2090-D * Hok Hok #*
HF-2090-E * Hokk wok *
HF-19-2804 ok ok wox *
Ta 7=9 HF-09-1298 * * * *
HF-533a * sk sk
HF-533b * gk *% #
HF-533c ok gk * *
HF-896a * sk ETTs #
HF-896b * sk ok *kk ok
HF-1511 #k sk EE *
Ta 10 HF-08-1185 * *ok *%
HF-20-3336 ok ok *
Taa 16 HF-15-1198 * Aok ok Hokeok ok *
HF-16-2661 * ok ok
Taa 16+17  HF-16-1699 * * * owok
Taa 11 HF-09-1341 * * *
Taa 12 HF-09-963 Hkok ok Hok
8 3 HF-57-3507 Rare
8 14 HF-09-2515 ok gk Hokok s
12 1 HF-18-2086 okododokok
14-14wf 1 HF-20-3123 ok % * *

Some of the features sampled consist of an individual  features in which this was the case “simple.” (Table S1).
microstratigraphic unit that is relatively homogeneous  Other features display multiple, distinct microstratigraphic
in content, and without bedding or lamination. We called  units, and they are usually richer in anthropogenic material.
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«Fig. 6 Micromorphological characteristics of dump and scatter.
Example of dump from GH 7aa feature 16 (HF-15-1198). A Abrupt
contact with a more geogenic micro-unit (PPL and XPL). B Highly
interconnected voids and spongy microstructure. Dark groundmass
due to the high content of the organic material (PPL and XPL).
C Burnt anthropogenic material, such as charred bones (bb), fat-
derived char (fch) and charcoals (ch). D Thin cappings on charred
ivory fragments. Example of scatter from GH 7a feature 10 (HF-20—
3336). E and F Strong geogenic input preserving the characteristics
of the geogenic microunit, such as a granular microstructure (PPL
and XPL). F Less anthropogenic components mainly charred bones
(bb) and charred material (fch) (PPL and XPL). G Rolling pedofea-
tures, such as calcitic coatings (PPL and XPL)

We call features that exhibit more than one microstrati-
graphic unit “complex”. Some complex features contain
multiple microstratigraphic units that are solely classified
as type 1, whereas others contain multiple microstratigraphic
units classified as both type 1 and type 2.

Elemental characterization and degree
of manganese staining

Mapping elemental distributions on the thin sections using
uXRF helped to identify and quantify the degree of manga-
nese (Mn) staining that affects the bones and distinguishes
it from colour changes due to heating (Shahack-Gross et al.
1997; Villagran et al. 2017). The area scans (Fig. 8) from
two thin sections (HF-572 from GH 3cf and HF-15-1198
from GH 7aa Bef 16) revealed the presence of concentra-
tions of several elements within the sediment and on the
bone fragments. In sample HF-572 (GH 3cf) (Fig. 7), from
the Gravettian layer GH 3cf, the first elemental map A.2
displays a high concentration of phosphorous (P) due to
the high content of bones fragments (consisting mainly of
hydroxylapatite). In thin section, these bones appear burnt,
mainly at low temperature, with medium yellow to black col-
ours visible (Villagran et al. 2017). Looking at the following
scan A.3 (Fig. 8), the areas enriched in Mn appears to be
the top and bottom of the thin section and not in the middle
where the concentration of bones is higher. Even looking at
sample HF-15-1198 (GH 7aa Bef 16), the ivory fragments
appear dark brown to black in the thin section scan (Fig. 4B).
However, the micro-XRF map shows Mn staining on the
edge of the fragments and along the incremental bands of
the ivory fragments (see the detail area in B.4 and B.5 from
Fig. 8). Thus, in both samples, the dark colour seems to be
due to burning and only superficially to staining, as in the
case of HF-15-1998 (GH 7aa Bef 16) where the presence of
Mn does not cover the entire surface.

Fabric analysis

For the fabric analysis, we used orientation data meas-
ured from lithic and faunal artefacts (Table 4). We selected

GH 7, 7a, 7aa and 14 and their features bef 6, bef 7, bef
16 and bef 1, because these layers and features had the
most extensive data on elongated artefacts, making sta-
tistical analysis of the results possible. The 3D model of
plots and features (Supplementary information Fig. S1)
clearly shows the 15 degree slope to the deposits at Hohle
Fels, as reported by Goldberg et al. (2003) and Schiegl
et al. (2003). To investigate to what extent the natural
slope impacted the fabric of material contained within the
features, we first tested the archaeological material from
outside the features but within the corresponding GH. In
terms of horizontal bearing of the artefacts, the Rayleigh
test failed to detect any non-uniform patterning in GH 7.
However, Kuiper’s test indicates that the artefacts from
outside the features have non-uniform distribution. This is
more clearly visualized in the rose diagram of the bearing
(Fig. 9). Overall, the artefacts from outside the features in
GH 7, 7a and 7aa are not aligned horizontally. We have a
not uniform orientation. The density plots of the bearing
for these layers often show a bimodal distribution. GH
7 shows a preferred orientation dipping to the northwest
at~300° (Table 4), while GH 7a and 7aa have a preferred
orientation, with a dominant cluster facing southwest
at~210° (Table 4). Data from GH 14 in contrast paint a
different picture with its confidence interval from the Benn
diagram closer to the planar pole than the other levels.
The anthropogenic material from GH 14 exhibits a more
uniform orientation and does not show a bimodal distribu-
tion. However, the density plot of the bearing displays a
preferred pattern (~300°).

Regarding the data on plunge, we see a higher plunge
variance (Table 4) that might reflect an uneven, rugged sur-
face morphology (Li et al. 2021) for GH 7, 7a and 7aa. For
GH 14, as for the bearing, the plunge differs from the other
layers (Table 4). Its plunge mean registers 13.3°, while the
plunge variance is 11.6°. However, this data still indicates
a certain unevenness of the ground surface. Usually, a flat
surface shows a lower average plunge angle (Li et al. 2021).

Following our analysis of artefacts from outside the
features, we focused our fabric analysis on archaeologi-
cal material contained within the features. In terms of
horizontal bearing within the features, the Rayleigh test
reveals no non-uniform patterning from features 6 (GH
7) and 1 (GH 14). Instead, Kuiper’s test suggests that
all the features, except feature 1 (GH 14), reject the null
hypothesis. As for the analysis on artefacts outside of the
feature, the fabric analysis of artefacts from within the fea-
tures from GH 7, 7a and 7aa are not horizontally aligned
(McPherron 2005, 2018; Li et al. 2021) and not close to
a horizontal surface. The density histograms (Fig. 10) of
the bearing do not always show a bimodal distribution. We
observe bimodal distribution only in features GH 7 bef 6
and GH 7a bef 7. The bearing (Table 5) displays a slightly
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LAMINATED/TRAMPLED
GH 3b feature 3

." Thin section
4 production

Fig.7 Micromorphological characteristics of laminated/trampled feature from GH 3b feature 3 (HF-10-304). A Black groundmass showing
lamination and a massive microstructure (PPL and XPL). B Charred material (PPL and XPL)

preferred orientation dipping in features 6 (GH 7) and 1
(GH 14) with a dominant cluster at ~280° (west) and fea-
tures 7 (GH 7a) and 16 (GH 7aa) clusters at ~210° (south-
west). As we observed in the fabric analysis of artefacts
from outside the features, the analysis features 6, 7 and 16
from display an average plunge angle greater than 15° with
considerable variance. In contrast, feature 1 from GH 14
preserves an average plunge angle equal to 11° (Table 5)
and a plunge variance at 9°.

The Benn diagrams (Table 5) of the archaeological
material from the GH (7, 7a, 7aa and 14) and the features
(6,7, 16 and 1) do not plot close to the planar pole. Only
GH 14 and its feature (1) are relatively close to it. The
confidence intervals associated with the material from out-
side the features (Fig. 10) almost completely overlap with
orientation configurations associated with a debris flow.
In contrast, the material from the features plots in a differ-
ent position compared with the material from outside the
features. Features 6 (GH7) and 7 (GH7a) plot outside the
debris flow area, and feature 16 (GH 7aa) lies inside the
debris flow area but closer to solifluction. Feature 1 (GH
14) overlaps with the water runoff area.

Discussion

A geoarchaeological and microscopic analysis of combus-
tion features is important for understanding the role played
by the site in the life of the hunter-gatherer groups and
the activities that took place there (Goldberg et al. 2009;
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Aldeias et al. 2012; Miller et al. 2013; Karkanas et al. 2015;
Stahlschmidt et al. 2015; Leierer et al. 2019). At Hohle Fels,
our data allows us to reconstruct the formation history of
these features which in turn can provide information on
hominin behaviour and the location of the occupation.

Combustion features

Using micromorphology, we have identified three types of
microstratigraphic units. The first type appears as a relatively
thick layer with a strong anthropogenic input, a chaotic
arrangement of the components, showing different degrees
of heating, and no burned substrate. Thus, type 1 displays
typical characteristics of material that has been subjected
to dumping (Miller et al. 2010; Mallol et al. 2017) (Fig. 6).
Type 2 has similar properties to dumping. However, the
anthropogenic input is lower; thus, the geogenic part deter-
mines the patterning and texture of the thin section. The
anthropogenic material still shows clear signs of combustion
and a random orientation and distribution. We call this type
of microstratigraphic unit scatter (Fig. 6). The third type of
microstratigraphic unit (Fig. 7) exhibits a horizontal orien-
tation of the components and laminated bedding structures
reminiscent of deposits described by Banerjea et al. (2015)
as trampled occupation deposits. We referred to this type as
laminated deposit (Banerjea et al. 2015). Unfortunately, we
identified this last type in only one thin section from a thin
and small feature (GH 3b bef 3).

At Hohle Fels, the features usually have a considerable
lateral extension. They often cover 1 or 2 square metres (up
to 20 square metres as in the case of the Gravettian 3cf).
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Gravettian (HF-527)

cps/eV
Na-Mg-Al-161-KIIIS-K&I-KA

Fig.8 (A.1) Scan of thin section HF-572 from the Gravettian layer
GH 3cf AH Ilcf. In (A.2) note the micro-X-ray fluorescence (XRF)
elemental maps showing the spatial distribution of phosphate (P) in
yellow, calcium (Ca) in light blue and iron (Fe) in red and in (A.3)
the spatial distribution of manganese (Mn) in green. (B.1) Scan of
thin section HF-15-1198 from the Aurignacian GH 7aa feature 16.
In (B.1) note the micro-XRF elemental maps showing the spatial

Several of our samples come from the same feature, and we
note that it is relatively common that features include micro-
stratigraphic units indicative of both dumping (type 1) and

Object_1

distribution of aluminium (Al) in dark blue, phosphate (P) in yellow-
orange and manganese (Mn) in green, while in (A.3), only manganese
(Mn) in green. Note the micro-XRF elemental maps A detail area of
thin section HF-15-1198. (B.4) shows the concentration of alumin-
ium (Al), manganese (Mn) and iron (Fe). (B.5) shows only the distri-
bution of Mn. In (B.6) the micro-XRF spectra of the area outlined as
Object_1 within the scan. See the high content of Mn

scatters (type 2). For this reason, it is not possible to ascribe
a single feature to a single type. The variation in microstrati-
graphic type within a single feature is likely impacted by the

@ Springer



178 Page 18 of 26

Archaeological and Anthropological Sciences (2022) 14: 178

Table4 Summary of

X J . GH N Bearing Plunge

archaeological orientation

(lithics and bones) at Hohle Fels Mean Var Meanres length P (Rayleigh) Mean Var Meanres length P (Rayleigh)

in the geological horizons (GH)
7 173 3079 52.8 0.08 0.34 251 21.6 0.93 <0.01
7a 679 201.8 409 0.29 <0.01 21.9 202 0.94 <0.01
Taa 474 2244 445 0.22 <0.01 195 182 0.95 <0.01
14 63 2984 40.7 0.29 0.01 133 11.6 0.98 <0.01
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Fig.9 Orientation analysis of the elongated archaeological material from the geological horizon 7, 7a, 7aa, and 14

position of the samples (Fig. 11). Moreover, the complexity
of the features showed that in the same thin section, we have
microunits recording a sequence of dumping and scatter.
Dumping and scatter appear as two facies genetically linked
to the same anthropogenic activity, but which exhibit lateral
variation and a repetitive occurrence. Thus, the dumping
process at Hohle Fels produce a set of depositional processes
(dumping and scatter) acting at the same time.

Burnt material and fuel strategies

Our micromorphological analysis also demonstrated that one
of the main discarded materials in these features is bone.
Bones appear in all thin sections as a mix of different sizes
and degrees of burning temperatures (Villagran et al. 2017),
from low to high temperatures. Results from the uXRF ele-
mental mapping suggest that some, but not all, of the colour
change observed in the bone fragments can be attributed to
manganese staining, suggesting that burning is the primary
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cause of the dark colour. Manganese oxides, when present,
do not penetrate into the bone but are only found on the
edges of the bone fragments in thin section (Fig. 8). Thus,
the material was first burnt and then underwent post-dep-
ositional oxide staining. Some degree of Mn staining is a
common feature in middens along with chemical weathering
and iron staining (Macphail and Goldberg 2010). Charcoal
is present, often in association with the bone fragments, but
in significantly smaller amounts. Charcoal dominates only
one feature, from the Aurignacian GH 6 Bef 1 (Miller 2015).
This feature is also the only feature that includes preserved
ash rhombs. We rarely found ash rhombs within the feature
of Hohle Fels. What we found in some features (GH7 Bef 1
and GH7 Bef 3 and 3cf) is a groundmass enriched in calcium
carbonate. It is possible that this calcareous ground mass
represents plant-derived ash that underwent some degree of
dissolution and recrystallization. Due to the high quantity
of bones, especially in 3 cf, the presence of this calcare-
ous groundmass could provide, in rare cases, one of the few
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Fig. 10 Orientation analysis of the elongated archaeological material from the features 6, 7, 16, and 1

Table 5 Summary of archaeological orientation (lithics and bones) at Hohle Fels in the features (Bef)

GH feature N Bearing Plunge

Mean Var Mean res length P (Rayleigh) Mean Var Mean res length P (Rayleigh)
7_Bef6 74 278.1 49.7 0.13 0.28 272 24.3 0.91 <0.01
7a_Bef7 132 204 34 0.41 <0.01 25.6 22 0.93 <0.01
7aa_Befl6 286 230.7 44.3 0.23 <0.01 20.5 18.8 0.95 <0.01
14_Befl 41 279.5 46.4 0.19 0.23 11 9 0.99 <0.01

pieces of evidence that plant material was also burnt along
with the bones (Schiegl et al. 2003; Miller 2015).

One hypothesis attempting to explain the dominance
of charred bone over charcoal in the features at Hohle
Fels (Schiegl et al. 2003; Miller 2015) is that this reflects
choices in the type of fuel used for domestic hearths
(Théry-Parisot 2002; Costamagno et al. 2005; Théry-
Parisot et al. 2005). Both Miller (2015) and Schiegl et al.
(2003) associated this assumption with environmental
conditions (Riehl et al. 2015), arguing that glacial con-
ditions would have reduced the availability of wood as
a fuel, forcing occupants to rely on bone (Schiegl et al.
2003; Miller 2015). However, we observe no significant
diachronic change in the proportion of charred bone found
within the features that could be correlated with changing
environmental conditions (Miller 2015). Other possible
explanations for the high number of charred bones is the
function of the fireplaces themselves (Théry-Parisot 2002),

bone marrow procurement (Binford 1981) or the burning
of food refuse for site maintenance and the consequential
waste removal (Costamagno et al. 2005; Bosch et al. 2012;
Starkovich et al. 2020). More detailed taphonomic analysis
of the faunal assemblages at Hohle Fels is needed to test
these various possibilities.

Degree of slope reworking

Fabric analysis assumes that in situ assemblages share two
determining characteristics: a randomly distributed bear-
ing and a constrained dip arrangement (McPherron 2018).
This assumption is true when the surfaces are flat and have
a uniform relief (Li et al. 2021). If the surface is already
a slope, the material would likely exhibit a non-uniform
bearing arrangement in relation to its inclination, without
the involvement of post-depositional alterations (McPher-
ron 2005). A deeper analysis of the orientation of artefacts
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Fig. 11 Lateral and vertical 5
variation model. The varia-

tion in microstratigraphic type
within a single feature is likely
impacted by the position of the
samples. Thin sections preserv-
ing dumping (D) evidence come
from the central area of the
features and include the middle
part of the feature section. On
the other hand, samples with
scattering (S) remains are either
from very small features or
from a more peripheral area of
a larger feature, or they include
the upper or the lower interfaces

from GHs and related features at Hohle Fels exhibit a dif-
ferent plunge and bearing configuration, particularly inside
the features. While the material from each GH (7, 7a, 7aa)
lies in the Benn diagram within the debris flow area, by
analysing only the features the situation changes. In general,
for features 6 (GH 7) and 7 (GH 7a), the orientations show
higher values for both isotropy ratio and elongation (espe-
cially Bef 7), bringing the interval of confidence outside the
area of the debris flow. Instead, features 16 (GH 7aa) and 1
(GH 14) appear more affected by other processes. Feature 16
(GH7aa) remains in the debris flow area, but it is closer to
the solifluction area. Feature 1 (GH 14) overlaps more with
the shallow runoff area.

The main processes of sediment accumulation within Hohle
Fels are directly tied to the slope of the deposits which has a
NW orientation and approximately 15° of inclination (Gold-
berg et al. 2003; Schiegl et al. 2003; Miller 2015). For this
reason, we must consider several factors if we want to define
whether these features are the result of slope movement or
not. Micromorphological analysis suggests that these fea-
tures are the outcome of dumping, an action that occurred on
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Plan view

Stratigraphic
view

Thin sections

an irregular and inclined surface. However, on a micro- and
macro-scale, dumping and slope movements exhibit similar
characteristics (Bertran et al. 1995; Bertran and Texier 1995,
1999), a similarity that in our case might be higher since the
previous surface has a strong impact on the orientation of the
clasts (McPherron 2005, 2018; Li et al. 2021). In only two GHs
(7 and 14), the material has a bearing mean (~300) following
the slope orientation (NW), towards the entrance of the cave.
The other two GH (7a and 7aa) maintain a lower bearing mean
with a south-west orientation. By analysing the feature only,
we see the bearing mean decreasing. It decreases towards the
west in GH 7 and 14 and towards the south-west direction
in GH 7a and 7aa. The impression is that the material in the
features is less affected by the orientation of the slope. On the
plunge, both GH and features show an average angle greater
than 10°. The plunge keeps a very high plunge mean for GH
7, 7a and 7aa (Table 3) and their features (Table 4), with high
plunge variation. This high plunge variance is probably linked
to a greater irregularity of the initial surface morphology (Li
et al. 2021). Thus, we have a higher plunge compared to the
plunge of the slope and high variability.
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GH 14 and its feature 1 differ from the others. They
have a lower plunge mean (~ 11°), which most resembles
the slope inclination at Hohle Fels and a lower plunge vari-
ance (~9°). Both GH and feature seem to be more affected
by the slope conformation and natural processes (Bertran
et al. 1997; Lenoble and Bertran 2004). Their intervals of
confidence lie within the water runoff area in the Benn dia-
gram. Observation that is consistent with what we see in
thin section. In thin section, GH 14 Bef 1 shows three dif-
ferent microunits. In particular, the middle microunit, rich
in anthropogenic material both charred and unburnt, and the
upper microunit, characterized by a geogenic input, show
a clear imbrication of the coarse fraction. Burnt material
and limestone fragments have a parallel distribution and a
slightly oblique orientation.

In general, Benn diagrams and bearing-plunge analysis
suggest a certain degree of reworking by the slope for the
GHs. They all lie within the debris flow area, and the bearing
tends to be NW oriented. Only the plunge shows a shift away
from the characteristics of the slope. For the features, the
situation is different. For example, the confidence interval
of features 7 (GH 7a) and 6 (GH 7) plots outside the debris
flow area. Additionally, bearing and plunge do not match
with the slope properties from Hohle Fels. Apart from fea-
ture 1 (GH14), they have a more random and chaotic bearing
and plunge, which is reminiscent of micro- and macroscale
characteristics of dumping (Karkanas et al. 2012), especially
if the material has accumulated on an already uneven and
sloping surface. Therefore, we can assume that, at least for
the Upper Palaeolithic features, the main depositional agent
is human and argue that the features are close to their pri-
mary position of dumping.

Occupation pattern and mobility

A long history of investigation at Hohle Fels (Fraas 1872;
Hahn 1977; Conard et al. 2001, 2002, 2003; Conard and
Bolus 2008; Conard and Uerpmann 2000; Conard et al.
2021; Miller 2015), but also the nearby sites of Sirgenstein
(Schmidt 1912) and Geilenklosterle (Hahn et al. 1978;
Conard et al. 2019), demonstrate a significant difference in
artefact densities between the Middle and Upper Palaeolithic
of the Ach Valley and the Swabian Jura in general (Conard
2011; Conard and Bolus 2003; Conard et al. 2006, 2012,
2021). Conard (2011) reports artefact densities an order
or two of magnitude lower for the Middle Palaeolithic at
Hohle Fels, compared to the Upper Palaeolithic. Even for
the recently excavated layer AH XI, GH14—which contains
Blattspitzen and combustion features (Conard et al. 2021)—
the artefact densities still remain significantly lower than
what is found in the Aurignacian occupations. This pattern
of the Middle to Upper Palaeolithic transition in Swabia led
Conard and others (Conard 2011; Conard and Bolus 2003;

Conard et al. 2006, 2012, 2021; Miller 2015 as well) to sug-
gest that the occupational intensity and use of the cave sites
varied between Neanderthals and the first modern humans,
with Neanderthals repeatedly visiting the sites, but for
relatively short periods and as small groups (Conard et al.
2006, 2012, 2021), when compared to the Upper Palaeo-
lithic occupations. Additionally, the stratigraphic separation
of the Middle from the Upper Palaeolithic implied that there
was relatively little interaction between these two forms of
humans in southern Germany, prompting the formulation of
the Kulturpumpemodel (Conard et al. 2006) and the Dan-
ube Corridor Hypothesis, which argued that Neanderthals
were either absent or present in significantly low population
numbers, thereby facilitating the rapid and early movement
of modern humans into the area.

The concept of occupational intensity, which is often
linked with settlement and mobility patterns within hunter-
gatherer groups (Wadley 2001; Munro 2004; Henshilwood
2005; Conard 2011, and Conard 2004 for a complete
review), generally employs artefact densities as an index
for population size and length of occupation (Varis et al.
in review, Varien and Mills 1997, Henshilwood et al. 2001,
Wurz 2002, Will et al. 2014; Reynard et al. 2016). How-
ever, estimating occupational intensity of a site solely on
the basis of artefact densities can be difficult, since density
of finds can be influenced by a number of factors, such as
changing sedimentation rates (Jerardino 2016), changes in
lithic technological practices (Hiscock 1981) and varying
spatial distributions of activities across a site (Dominguez-
Rodrigo and Cobo-Sanchez 2017), among others (Haaland
et al. 2021, Varis et al. in review). Furthermore, the con-
cept of occupational intensity itself, particularly for mobile
hunter-gatherer groups, covers a range of different variables,
such as the length of occupation, the frequency of occupa-
tion and group size (Munro 2004; Conard 2011).

Another means of investigating occupational intensity
besides artefact density is through site-structure analy-
sis (Haaland et al. 2021, Kelly 1992, Koetje 1994). These
types of studies generally tend to rely on ethnographic
and ethnoarchaeological data that suggest that the place-
ment of features such as hearths, the spatial separation of
activities and the distance of waste disposal locations from
the centre of the camp reflect group size and the length of
occupation (Yellen 1977; Brooks and Yellen 1987; Murray
1980; Hardy-Smith and Edwards 2004) and can therefore
potentially be used to assess residential mobility (Kelly
1992). Micromorphological analysis of anthropogenic
features has also recently contributed to our understand-
ing of the relationship between site structure, occupational
intensity and hunter-gatherer mobility in the archaeological
record (Goldberg et al. 2009; Miller 2015; Miller et al. 2013;
Haaland et al. 2021; Marcazzan et al. 2022; Leierer et al.
2019; Aldeias et al. 2012). By providing a high-resolution
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view of the formation history of an anthropogenic feature,
micromorphology can help determine if features represent
intact hearths, ash dumps (Schiegl et al. 2003), trampled
surfaces (Marcazzan et al. 2022) or single- or multiple use
hearths (Leierer et al. 2019; Haaland et al. 2021).

At Hohle Fels, previous micromorphological analyses
of several features from the Upper Palaeolithic occupations
suggest that they formed largely through anthropogenic
dumping (Schiegl et al. 2003; Miller 2015). The current
study, which significantly expanded the number of features
analysed and assessed their formation history using micro-
morphology in combination with fabric analysis, generally
confirms this interpretation. Overall, the area of Hohle Fels
currently under excavation seems to have been used for the
dumping of waste associated with combustion residues, at
least largely during the Upper Palaeolithic. The attribution of
this area as a waste disposal zone (Schiegl et al. 2003; Miller
2015) would suggest that the area of occupation was likely
elsewhere within the cave, probably closer to the entrance
(Schiegl et al. 2003). These observations would suggest that
Upper Palaeolithic occupation of Hohle Fels had clearly
defined division of space and may imply longer periods of
occupation (Yellen 1977; Brooks and Yellen 1987) or pos-
sibly higher population densities (Wilson 1994; Kent 1999),
a pattern that fits with previous interpretations of changes
in occupation intensity across the Middle to Upper Palaeo-
lithic transition at Hohle Fels (Conard et al. 2006; Conard
2011; Conard et al. 2012). Below the Aurignacian layers,
dumped features, and combustion features in general, are
generally absent from the Middle Palaeolithic (GH13 to
GH9). This observation generally mirrors the low density of
finds in Hohle Fels (Conard et al. 2021) and in Swabian Jura
(Conard et al. 2006; Conard 2011) during the later phases
of the Middle Palaeolithic. The recent excavation of GH 15
and GH 14 document a higher density of finds, together with
Blattspitzen and a combustion feature, suggesting that there
may have been phases of more intensive occupation of the
site by Neanderthals as well (Conard et al. 2021).

Conclusions

Research at Hohle Fels allows us to examine a large num-
ber of combustion features within an archaeologically
rich Pleistocene deposit. Through micromorphological
analysis, we identify three different types of features: (1)
dumped features, (2) scattered residues from combustion
features and (3) laminated and trampled features. However,
while establishing a difference between dumped and scat-
tered materials, we noted that both were closely related to
each other. Both vertically and laterally, we found that the
features often preserved both, sometimes even in the same
thin section. This observation underlines their belonging
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to the same depositional process. Among the 16 studied fea-
tures, one preserves evidence of a laminated trampled surface
(GH 3b Bef 3), while the other 15 are the result of dumping.
We found a similar uniformity in the burnt material. The 15
dumped features studied here exhibit similar composition
over the entire stratigraphic sequence. Charred bones, result-
ing from combustion at low to high temperatures, imply the
systematic use of bones for fuel. The only exception is GH
6a Bef 1 (thin section HF-76-1246B, scan in supplementary
information), where charcoal and ash are dominant.

The orientation analysis of bones and lithic artefacts
shows that the archaeological material from outside the
features (the Aurignacian GH 7, 7a, 7aa and the Middle
Palaeolithic GH 14) underwent a certain degree of slope
reworking. This observation is also true for the Middle
Palaeolithic feature 1 in GH 14, which appears to have
been subjected to some relocation caused by slope wash.
In contrast, the Aurignacian features (6 in GH 7, 7 in GH
7a and 16 in GH 7aa) generally preserve the original fab-
ric of dumped deposits without reworking from the slope.
Thus, the effects of post-depositional processes on the
features are generally limited, at least for those from the
Upper Palaeolithic occupations. Our results here suggest
that throughout the Upper Palaeolithic, and also Middle
Palaeolithic, people repeatedly disposed of their waste
within a particular part of Hohle Fels and despite the high
density of combustion residues, most of the burning, and
thus occupation, took place elsewhere within the cave.
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