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E&G Quaternary Science Journal (EGQSJ) was estab-
lished under the name Eiszeitalter & Gegenwart (i.e. “ice age
and present” in German) in 1951 and has since then covered
the broad range of Quaternary research. By linking insights
from the past (i.e. the ice age) with the present, our publica-
tions provide an interdisciplinary understanding and knowl-
edge that becomes even more important in the context of the
current challenges of global climate change. Unrestricted ac-
cess to such knowledge is key, and consequently the year
2019 marked the 10th anniversary of EGQSJ as a gold open-
access journal. During this last decade, the scientific publish-
ing sector has undergone a number of significant transforma-
tions. These include the final shift from analogue to digital
formats and the concentration of publications under the terms
of a few large scientific publishing houses, offering exclusive
paywall protected access to the published scientific work.
The most recent transformation is the shift towards open-
access publication. This trend has recently been enforced
(and supported by extra funding) through changes in the reg-
ulations of a number of European and national science fun-
ders (e.g. German Science Foundation, DFG; Austrian Sci-
ence Fund, FWF; European Research Council, ERC), who
explicitly demand publication of the results from funded re-
search projects as open access. In this respect, EGQSJ has
not only stood the test of time, but has been at the leading
edge of this development.

In contrast to the large majority of geoscientific and
Quaternary-related journals, EGQSJ has always been, and
will always stay, a non-profit, community-based effort: it is
run by Quaternary scientists, financed by Quaternary scien-
tists, and supports Quaternary scientists, because any revenue
generated is only used to support publications in the jour-
nal. In close cooperation with Copernicus Publications, the
journal offers an up-to-date publishing infrastructure guaran-
teeing high-quality, open-access, peer-reviewed publications
adhering to all quality standards and publication ethics. Not
least because of that, EGQSJ is a member of the Committee
on Publication Ethics (COPE) and was awarded the DAOJ
(Directory of Open Access Journals) seal in 2018, recogniz-
ing the journal’s exceptionally high level of publishing stan-
dards and best practice. All content of EGQSJ is distributed
under the Creative Commons Attribution 4.0 International
License (CC BY 4.0). Thus, the journal provides free im-
mediate access to and unrestricted reuse of all types of orig-
inal works by any user. Of course, authors do retain copy-
right. Apart from assigning each publication with a digital
object identifier (DOI), articles and bibliographic metadata
are also distributed to scientific databases and indices, long-
term preservation is guaranteed by external archives, and ar-
ticle alert service is offered. EGQSJ is listed in the Zoological
Record within the Web of Science, and the aim is to estab-
lish EGQSJ as a fully indexed journal in the Science Citation
Index Expanded (SCIE). However, our primary aim is to es-

tablish EGQSJ as a leading platform for the publication of
high-quality, open-access Quaternary-related papers.

We, the new editorial board established in January 2019,
fully support the course of the journal and aim to even push
EGQSJ to new levels. EGQSJ’s 2019 publication record
must be regarded as an excellent start in this respect, com-
prising the highest number of papers compared to the last
eight volumes, including full research papers but also ex-
press reports dealing with innovative aspects of Quaternary
research. All papers of course adhere to the exceptionally
high quality standards of EGQSJ. In 2019, two teams of guest
editors strongly supported the editorial team, which led to the
publication of two special issues introduced in separate ed-
itorials in this volume. Overall, the published papers cover
the whole range of subject areas of the journal, including
Quaternary geology, paleo-environments, paleo-ecology, soil
science, paleo-climatology, geomorphology, geochronology,
archaeology, geoarchaeology, and now also encompassing
methodological advances and aspects of the societal rele-
vance of Quaternary research. Beyond that, thesis abstracts
have become an essential part of EGQSJ, reflecting the ef-
fort in supporting in particular young researchers in making
their high-quality work visible and accessible to a broader
audience. To guarantee fair access to thesis abstracts, the
Quaternary scientific community, as represented by the host
institution of EGQSJ, the German Quaternary Association
(DEUQUA), always covers the article processing charges
(APCs) for the publication of thesis abstracts. This is in line
with the journal’s general guidance, to put scientific quality
first and not let money be a limiting factor in open-access
publication of high-quality research. However, all authors
who have third-party funding available to cover the APCs
themselves can thereby actively support the journal, and with
it the Quaternary scientific community.

Please take your chance to join us in shaping the fu-
ture of the journal by considering EGQSJ as a reputable,
worthwhile alternative for publication of scientific pa-
pers, innovative express reports, and thesis abstracts deal-
ing with Quaternary research. Submit now at https://www.
eg-quaternary-science-journal.net/.

Financial support. The article processing charge was funded
by the Quaternary scientific community, as represented by the
host institution of EGQSJ, the German Quaternary Association
(DEUQUA).
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1 Geoarchaeology: emerging fields and current
challenges

Geoarchaeology incorporates various research areas at the
interface between geosciences and archaeology. The disci-
pline had already evolved during the 19th century when con-
cepts of geology and stratigraphy were applied to archaeo-
logical contexts, but the use of the term geoarchaeology, and
its recognition as an independent discipline, only started in
the 1970s and 1980s (Cannell, 2012). However, several defi-
nitions of geoarchaeology have been proposed and discussed
during the last years, depending on the scientific background
of the authors (e.g., Butzer, 1982; Leach, 1992; Rapp and
Hill, 1998; Benedetti et al., 2011; Engel and Brückner, 2014).
Focusing on the equal role of both sciences, we follow the
definition of Tinapp (2013) and define geoarchaeology as the
application of geoscientific concepts in archaeology, and also
of archaeological concepts in geosciences, to investigate the
interactions between humans and geoecosystems during dif-
ferent periods. Geoarchaeology is an approach rather than a
technique, so any technique or method can be included as

it addresses the understanding of past human activities in a
landscape and their environmental context (Cannell, 2012).

Given that humans always lived in landscapes and ecosys-
tems and that those landscapes and ecosystems have been
influenced by humans since the beginning of human activ-
ity, integrative investigations using a geoarchaeological ap-
proach are a mandatory precondition to obtain a compre-
hensive understanding of past human–environmental inter-
actions. Furthermore, given its regional- to local-scale ap-
proach in documenting the often long and intricate his-
tory of human–environmental interactions, geoarchaeology
is well suited for anthroposphere research that looks at re-
gional landscape changes linked with human activity rather
than at global phenomena (Kluiving and Hamel, 2016). The
discipline strongly evolved during the last years, and dif-
ferent methods such as micromorphology, palynology, geo-
chemistry, isotopic studies, geographical information sys-
tems and geophysics were integrated, leading to very multi-
disciplinary approaches in which the discontinuities and lim-
itations of one proxy can be overcome by the evaluation of
another (Ghilardi and Desruelles, 2009; Cannell, 2012; Engel
and Brückner, 2014; Zielhofer et al., 2018; Schneider et al.,
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2019). Furthermore, geoarchaeology was even established as
a subject at different universities (Tinapp, 2013).

However, comprehensive and systematic multidisciplinary
geoarchaeological research often remains limited to well-
funded scientific research and larger commercial projects,
although it contributes to a better understanding of complex
human–environment interactions and could improve the sam-
pling strategies (Cannell, 2012). In Germany, for example,
most excavations are advance archaeological excavations in
the context of construction works that are carried out by state
departments of archaeology either on their own or by autho-
rized private excavation companies in agreement with the au-
thorities. The comprehensive and systematic application of
geoarchaeological approaches is now slowly being realized
at archaeological excavations, which also holds true for its
use in the context of other applied archaeological questions
such as creating databases for monument preservation (Ger-
lach et al., 2012; Tinapp, 2013; Beilharz and Krausse, 2015;
Nadler, 2019). In addition to the development and integra-
tion of innovative methods and the further development of
existing geoarchaeological concepts, the application of com-
prehensive and systematic geoarchaeological approaches in
the daily practice of archaeological excavations and monu-
ment conservation is therefore a current challenge that must
be addressed in the coming years in order to prevent further
research gaps and an irreversible loss of potential knowledge.

2 The contributions of this volume

This Special Issue includes studies that were presented at
the 15th annual meeting of the German Working Group for
Geoarchaeology (Deutscher Arbeitskreis für Geoarchäolo-
gie) that was held during May 2018 at the main seat of
the Bavarian State Department for Cultural Heritage in Mu-
nich. The working group was founded in 2004 and annu-
ally unites around 100 geoscientists and archaeologists from
different German-speaking universities and research institu-
tions as well as colleagues from state departments of archae-
ology, private excavation companies and geoarchaeological
freelancers. Besides presenting and discussing current geoar-
chaeological research projects and the integration of new
methods into geoarchaeological contexts, one goal of these
meetings is to connect geoscientific and archaeological sci-
entists from universities, research institutions and the daily
archaeological practice in order to also distribute geoarchae-
ological approaches within the latter field. According to the
broad-ranging interdisciplinary audience of the meeting, the
seven articles in this Special Issue report about current geoar-
chaeological research projects, the application of innovative
methods and approaches in geoarchaeological contexts, and
issues related to the daily practice of monument manage-
ment, mirroring the broad range of current developments and
challenges in geoarchaeology.

The study of Hensel et al. (2019) was carried out by sci-
entists at the University of Cologne in the framework of the
DFG-funded CRC806 project “Our way to Europe”. The au-
thors investigated the recent relations between hydrological
systems and the distribution of Palaeolithic sites and obsidian
raw material outcrops in southwestern Ethiopia by combin-
ing geomorphological–hydrological analyses with field sur-
veys and GIS mapping. Doing so, the authors aimed to trans-
fer these recent interrelations into the past to better under-
stand the factors that influenced prehistoric human settlement
activity. Although – due to intensive current morphodynam-
ics – a simple transfer of the recent situation into the past
seems rather complicated, this study demonstrates an inno-
vative way to deal with geoarchaeological questions such as
former raw material availability at larger regional scales.

The study of Miera et al. (2019) was carried out by sci-
entists at the University of Tübingen in the framework of
the DFG-funded CRC1070 project “Resource Cultures” and
aims to decipher the Neolithic settlement dynamics in sev-
eral landscapes of southwestern Germany. The authors com-
bined existing archaeological and new archaeopedological
data from colluvial deposits. The latter were dated using ra-
diocarbon and luminescence methods and are regarded as in-
dicators of former settlement activity. This study presents
an innovative geoarchaeological approach to complement
generally incomplete archaeological datasets of former set-
tlement activity, allowing researchers to derive better-based
conclusions about the former settlement dynamics.

The study of Tolksdorf et al. (2019) reports about
the results of the EU-funded bilateral German–Czech re-
search project “ArchaeoMontan – Mittelalterlicher Bergbau
in Sachsen und Böhmen” and was carried out under the lead-
ership of the Archaeological Heritage Office in Saxony. The
authors used palaeobotanical and geochemical methods as
well as radiocarbon and potsherd dating to reconstruct the
Medieval settlement and mining history as well as desertion
processes in a small catchment in the Saxon Ore Mountains
of eastern Germany. This study is a good example for how
geoarchaeological investigations can complement patchy ar-
chaeological and historical datasets, leading to a better un-
derstanding of historical processes that are not documented
elsewhere.

The study of Engel et al. (2020) reports the results of a
joint German–Qatari study that was carried out in the south-
ern Qatari peninsula and was led by scientists from the Uni-
versity of Cologne. The authors investigated the current ge-
omorphic setting and palaeoenvironmental changes recorded
in karstic depressions that were centers of prehistoric settle-
ment activity at least since the Neolithic period, focusing on
the former availability of water resources. By integrating ge-
omorphic mapping, geophysical prospection, sediment cor-
ing, sediment analyses and luminescence dating and relating
their results with the location of archaeological sites, the au-
thors aim to contribute to building up a palaeoenvironmental
framework of prehistoric settlement.

E&G Quaternary Sci. J., 68, 237–240, 2020 www.eg-quaternary-sci-j.net/68/237/2020/
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The study of Reichel et al. (2019) was carried out by sci-
entists from the University of Applied Sciences Berlin. It ad-
dresses soil erosion at archaeological sites that on the one
hand affects the site through destruction processes and on the
other hand builds up a record of former agricultural activity
in the form of colluvial layers. The authors investigated Late
Holocene colluvia in combination with the position of an ad-
jacent lake shoreline next to an archaeological site in east-
ern Germany by using sedimentological–pedological analy-
ses, tachymetric mapping and archaeological dating of ar-
chaeological finds, photogrammetric methods and GIS. The
study demonstrates that this combination of methods allows
for a more precise stratigraphical classification of archaeo-
logical finds in geoarchaeological trenches, leading to a bet-
ter chronological classification of colluvial layers.

The study of Teegen et al. (2019) is mostly based on field
courses for students that were carried out under the super-
vision of scientists from the Ludwig Maximilian University
in Munich. The authors report about archaeological prospec-
tions of a Celtic to Roman site in western Germany using
a combination of field and geophysical surveys, lidar scans,
aerial photographs, and GIS analyses that resulted in kernel
density maps of bricks and ceramics. The authors demon-
strate that such an integrated methodological approach leads
to a significant gain in knowledge about the location of for-
mer houses, the way of their destruction and former waste
management.

The study of Vogt and Kretschmer (2019) exemplifies
the use of a geoarchaeological approach for cultural her-
itage management. It emerged from the archaeological prac-
tice of the Archaeological Heritage Office in Saxony and
the State Office for Cultural Heritage Management Baden-
Württemberg. The authors address the conflicts between ar-
chaeology and agriculture linked with soil erosion and the
drainage of wetlands that endanger archaeological sites in
intensively used agrarian landscapes. To locate archaeolog-
ical sites that are affected by soil erosion, the authors use a
geoarchaeological approach that includes aerial photographs,
soil mapping and soil coring. The use of this knowledge, by
incorporating the interests of landowners and farmers, allows
researchers to develop individual conservation and protection
strategies for endangered archaeological sites.
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This special issue contains five scientific papers, which
were presented at the “Central European Conference on Ge-
omorphology and Quaternary Sciences”, held in Giessen
(Germany) in September 2018. The conference was orga-
nized by the German Association on Geomorphology (AKG
– Deutscher Arbeitskreis für Geomorphologie) and the Ger-
man Quaternary Association (DEUQUA – Deutsche Quar-
tärvereinigung) and was hosted by the Department of Geog-
raphy at the Justus Liebig University Giessen.

The aim of the conference was to bring together the closely
related fields of geomorphology and Quaternary sciences un-
der the guiding theme “Connecting Disciplines”. The neces-
sity of connecting the two disciplines arises from the fact
that Quaternary deposits, accumulated thousands or hundred
thousands of years ago, can only be understood if the geo-
morphological processes forming these deposits are known.
Vice versa, today’s geomorphological processes are often a
reorganization of Quaternary (or older) sediments. There-
fore, the Quaternary history of deposits and landforms needs
to be considered when studying recent morphodynamics.
Further sessions of the conference concentrated on geoar-
chaeology and on recent methodological advances.

Over 260 scientists from 19 different countries partici-
pated in the meeting, presenting cutting-edge research from
both disciplines as keynote lectures, talks and posters. Stu-
dent prizes for best oral presentations were awarded to Ste-
fanie Tofelde (Potsdam) for her talk on “Effects of deep-
seated versus shallow hillslope processes on cosmogenic
10Be concentrations in fluvial sand and gravel” and to Anna
Schoch (Bonn) for her talk on “Outsize fan evolution – in-
ternal structure and influence on the upper Rhone Valley,
Switzerland”. Two prizes for best poster presentations were
handed over to Sebastian Kreutzer (Bordeaux) for his poster
on “The Mousterian Loess Sequence La Combette (France):
Chronological Evidence of Rapid Environmental Changes in
the MIS 4/3 Transition” and to Janek Walk (Aachen) for his
poster on “The Guanillos fan complex – implications for the
morphogenesis of Atacama’s coastal alluvial fans”.

Following the guiding theme of the conference, this spe-
cial issue assembles papers from geomorphology, Quater-
nary sciences and geoarchaeology. Von Scheffer et al. (2019)
reconstruct palaeoenvironmental change and human impact
recorded in the Kleinwalser Valley (northern Central Alps,
Austria), using X-ray fluorescence (XRF), pollen analysis,
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and radiocarbon chronologies. They identify the first anthro-
pogenic impact at around 5700 to 6300 BP, large-scale de-
forestation during the mid to late Bronze Age, and the ar-
rival of the Walser people after around 1300 CE. Tinapp et
al. (2019) investigate sediments from the lower Pleiße river
in Saxony (Germany) using archaeological finds, plant re-
mains, micromorphological and geochemical analysis and
radiocarbon dating. They detect a prominent mid-Holocene
black clay horizon, underlain by a sedge peat of Boreal and
Preboreal age, as well as Weichselian sands. From 400 BCE
onwards, overbank fines dominate, testifying land clearance
activities, which intensified further during the Middle Ages.
Marr et al. (2019) present 10Be surface exposure ages of
bedrock and boulder samples from southern Norway. These
ages indicate an onset of deglaciation of the Scandinavian ice
sheet at around 13 ka in southwestern Norway. The paper of
Schellmann et al. (2019) focusses on electron spin resonance
(ESR) dating of small gastropod shells in order to establish a
chronology of Pleistocene gravel terraces from valleys in the
Bavarian Alpine Foreland. Their results match the stratigra-
phy very well and agree well with luminescence ages where
available, showing the high potential of ESR dating for con-
straining the age of Pleistocene fluvial deposits. Dietze and
Dietze (2019) use end-member modelling analysis (EMMA)
of grain size distributions in order to decipher grain size pop-
ulations and infer sedimentary histories. They provide R pro-
tocols for a robust EMMA and present tests of their model on
a synthetic data set of natural sediment types such as loess,
dunes and floodplain deposits.
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The investigation of fluvial archives in NE Morocco is
of high interest for unravelling palaeoenvironmental changes
linked to Quaternary climate fluctuations, long-term tectonic
activity and/or human influence in NW Africa. The prehis-
toric site of Ifri n’Ammar is situated in NE Morocco (Fig. 1)
and represents a key location for deciphering the history of
anatomically modern humans (AMHs) in northern Africa
because it reveals Middle and Late Palaeolithic occupation
phases since ∼ 170 ka (Moser, 2003; Nami and Moser, 2010,
Richter et al., 2010; Klasen et al., 2018; Fig. 2). This study
uses two fluvial systems of different nature – the ephemeral
stream Wadi Selloum and the perennial Moulouya River
(Fig. 1) – in order to reconstruct the varying environmental
conditions for the last ∼ 170 kyr, the time when AMH started
to disperse into the region.

Both fluvial systems provide valuable insights into the ge-
omorphic evolution of the region. It could be demonstrated
that both responded to different environmental triggers: the
small catchment of the Wadi Selloum (∼ 290 km2) is highly
affected by the sensitive ecosystem of the Mediterranean re-
gion. This ephemeral stream is characterised by a discon-
tinuous and heterogeneous sediment record (Fig. 1a) caused

by short-term climatic shifts and human influence (Bartz et
al., 2015, 2017). In contrast, the terrace record of the lower
Moulouya was considerably affected by tectonic processes
related to the collision between the African and Eurasian
plates. A W–E-striking thrust fault, associated with N–S
compressive shortening in this region, could be identified; it
strongly deformed the late Neogene sedimentary sequence
of the lowermost basin drained by the Moulouya (Fig. 1)
(Rixhon et al., 2017). While long-lasting aggradation led to
the formation of composite fill terraces several tens of me-
tres thick in the footwall reach (Triffa plain; Fig. 1b), a ter-
race staircase with at least three distinct terrace levels char-
acterises the hanging wall reach (Ouled Mansour plateau;
Fig. 1c). Tectonic activity appears thus to be the main driver
for the evolution of the lower Moulouya terraces (Rixhon et
al., 2017; Bartz et al., 2018).

Establishing chronostratigraphies of river sedimentary se-
quences always remains challenging. However, fluvial de-
posits of the Wadi Selloum could be well dated via optically
stimulated luminescence (OSL) of quartz and post-infrared
infrared stimulated luminescence of K feldspar. Although an
independent age control was not possible, inter-method com-
parisons with thermoluminescence (TL) dating of a pottery
shard (Bartz et al., 2015) and OSL and post-infrared infrared
dating of two samples from the same sedimentary unit (Bartz
et al., 2017) allowed the establishment of robust chronologies
of the ephemeral stream deposits. The ages range between
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Figure 1. Relief map (based on ASTER Global DEM) of the lower Moulouya catchment including the two study areas (greyish rectangles)
of the Wadi Selloum and the ∼ 20 km long investigated river reach of the Moulouya River. The red star denotes the prehistoric site of Ifri
n’Ammar. (a–c) Images of the study areas. (a) Ephemeral stream Wadi Selloum in the direct vicinity of Ifri n’Ammar with up to 5 m high
Holocene overbank fines (view towards the SE). (b) Footwall reach of the thrust zone showing stacked fluvial terraces of the Moulouya with
Early Pleistocene gravel deposits and Holocene overbank fines (view towards N). (c) Hanging wall reach characterised by a well-preserved
staircase of up to three Pleistocene Moulouya terraces above Holocene overbank fines and the modern floodplain. A clear unconformity
(dashed line) between Neogene marls and Pleistocene river gravel is illustrated. Person for scale (ellipse) (view towards the NE).

Figure 2. Chronological correlation between the on-site archive (occupation phases of the rock shelter Ifri n’Ammar) and the off-site archives
(ephemeral stream deposits of Wadi Selloum and fluvial terrace deposits of the lower Moulouya). Chronological data of the two fluvial
systems are based on optically stimulated luminescence (OSL), thermoluminescence (TL) (see Bartz et al., 2015), thermally transferred OSL
(TT OSL) (see Bartz et al., 2019), post-infrared infrared stimulated luminescence and electron spin resonance (ESR) dating (see Bartz et
al., 2017, 2018). From these results, phases of morphodynamic activity and stability can be deduced. The chronological framework of the
prehistoric site of Ifri n’Ammar is based on radiocarbon (Moser, 2003) and luminescence dating (Richter et al., 2010; Klasen et al., 2018).
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102 ± 8 and 1.3 ± 0.2 kyr; they highlight the discontinuous
fluvial deposition between MIS 5c and the Holocene (Fig. 2).

Due to the expected Early to Middle Pleistocene age of
the fluvial terraces of the lower Moulouya it was challeng-
ing to establish luminescence chronologies. Quartz and K
feldspar luminescence signals of the studied deposits had
reached saturation, suggesting fluvial deposition at least as
early as the Middle Pleistocene (Bartz et al., 2018; Fig. 2).
However, electron spin resonance (ESR) dating offered a
useful alternative way to gain further chronological informa-
tion. Based on the multiple-centre approach in fluvial envi-
ronments (Duval et al., 2015), aluminium (Al) and titanium
(Ti) centres were measured in quartz; this was cross-checked
with palaeomagnetic analyses (Bartz et al., 2018). Thus, a
robust geochronological framework was established for the
fluvial terraces, with numerical ages dating back to the Early
Pleistocene and ranging between ∼ 1.5 and ∼ 1.1 Ma (Bartz
et al., 2018) (Fig. 2). Recently, Bartz et al. (2019) addition-
ally applied thermally transferred (TT) OSL on the same
strata. The single-grain TT OSL results matched well with
the newly established ESR chronology and proved the lower
Quaternary (Calabrian) age of the fluvial terraces (Bartz et
al., 2018, 2019).

Bearing in mind that chronostratigraphies of the
ephemeral stream deposits and of the pre-Holocene
Moulouya fluvial terraces do not yet exist, the application of
different trapped charge dating techniques in combination
with palaeomagnetic research served as a valuable tool to
obtain chronological information about the deposition in the
different fluvial systems.

In addition to using numerical and relative dating tech-
niques, sedimentological, geochemical, mineralogical and
micromorphological analyses have been carried out to distin-
guish periods of enhanced flooding–aggradation from peri-
ods of relative stability favourable for pedogenesis. The Wadi
Selloum gives information about morphodynamic phases in
the time of the settling of AMH (Fig. 2): periods of enhanced
aggradation occurred around ∼ 100, ∼ 75 and ∼ 55 ka, af-
ter the Last Glacial Maximum, and during the Holocene,
whilst sedimentation ended after ∼ 1.3 ka. Pedogenesis may
be used as an environmental indicator for more humid cli-
mate conditions during MIS 3 (palaeo-Calcisol), the early
Holocene (Calcisol) and the late Holocene (Fluvisol) (Fig. 2).

Although palaeoenvironmental implications should be
taken with caution due to the discontinuity of the ephemeral
stream system, it appears that more humid and warmer cli-
mate conditions may have favoured human settling in this
area. This study thus provides the first insights into the
palaeoenvironmental changes around the prehistoric site of
Ifri n’Ammar during the last glacial–interglacial cycle. In
contrast, the absence of Middle and Late Pleistocene deposits
in the sedimentary record (Fig. 2) of the lower Moulouya
seems to rule out climate as the main driver for long-term
fluvial evolution in that region at least during the lower Qua-

ternary. However, it provides valuable information on the re-
gional tectonic history in NE Morocco (Bartz et al., 2018).

Data availability. The data are not deposited in data repositories,
but are published in the articles Bartz et al. (2015), (2017), (2018)
and (2019).
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Abstract: The Roman vicus Belginum and the associated Celtic–Roman cemetery have been the subject of
systematic archaeological research since 1954. Since 2004, archaeological prospections have been
carried out in and around Belginum. Participants included students from the universities of Leipzig,
Trier, and Munich as part of study-accompanying field work.

This paper deals with the prospections of 2004 and 2016, when nearly 2 ha of land south of the
federal road B327 (Hunsrückhöhenstraße) were surveyed. The study area is located on a NW-to-SE-
running hillside. All non-local objects present on the surface were collected and three-dimensionally
recorded. Previously in 2013, the area was geomagnetically prospected by Posselt & Zickgraf (Mar-
burg). Both surveys revealed a hitherto unknown extent of the vicus about 200 m to the southwest.
The findings date back to the late first to third centuries common era.

All finds (ceramic, bricks, roof slate, glass, and metal) were recorded and analysed in a QGIS
and ArcGIS environment together with lidar scans, the geomagnetic data, and other geographical
information. The overall distributions of bricks and pottery were studied in detail. The distribution of
bricks is in particular connected to the individual plots, while the pottery is mainly concentrated in the
backyards. Regarding surveys in other Roman vici, the brick distribution could be a helpful indicator
to identify plots, when no geophysical information is available.

Kurzfassung: Der römische vicus Belginum und das zugehörige keltisch-römische Gräberfeld sind seit 1954 Gegen-
stand systematischer archäologischer Forschungen. Seit 2004 werden archäologische Prospektionen
in und um Belginum durchgeführt. Beteiligt waren Studierende der Universitäten Leipzig, Trier und
München im Rahmen von Lehrveranstaltungen.

Diese Veröffentlichung stellt die Ergebnisse der Prospektionen von 2004 und 2016 vor. Prospek-
tiert wurden etwa 2 ha Fläche südlich der Hunsrückhöhenstraße B327. Das begangene Areal liegt auf

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.
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einem von NW zu SO verlaufenden Hang. Sämtliche auf der Geländeoberfläche beobachteten nicht-
lokalen Gegenstände wurden dreidimensional eingemessen und eingesammelt. Bereits 2013 war das
Gebiet von der Firma Posselt & Zickgraf (Marburg) geomagnetisch prospektiert worden. Beide Sur-
veys ergaben eine bis dahin unbekannte Ausdehnung des Vicus um 200 m nach Westen. Die datier-
baren Funde, überwiegend Keramik, gehören in den Zeitraum zwischen dem späten 1. Jh. und dem
3. Jh. n. Chr.

Sämtliche Funde (Keramik, Ziegel, Dachschiefer, Glas und Metall) wurden in einer Lehrver-
anstaltung aufgenommen. Die Daten wurden in einer QGIS- und ArcGIS-Umgebung zusammen mit
Lidar-Scans, den geomagnetischen Daten und anderen geographischen Informationen analysiert. Die
Gesamtverteilungen der Ziegel und Keramik wurden detailliert untersucht. Vor allem die Verteilung
der Ziegelfunde folgt den einzelnen, auf dem Magnetometerplot erkennbaren Parzellen. Die Keramik
ist dagegen überwiegend im Hinterhofbereich konzentriert. Bei zukünftigen Prospektionen in anderen
römischen vici kann die Verteilung der Ziegelfunde ein wichtiges Hilfsmittel zur Identifizierung von
Grundstücksparzellen darstellen, wenn keine geophysikalischen Daten vorliegen.

1 Introduction

Wederath-Belginum (Gde. Morbach, Kr. Bernkastel-
Wittlich; localization: Fig. 1, insert) is one of the remarkable
rural archaeological sites in Rhineland-Palatinate, Germany.
The archaeological ensemble consists of a Celtic and Roman
cemetery, the Roman vicus Belginum with at least three
sanctuaries and an early Roman military camp (Fig. 1). The
ancient name of the vicus is known from a Roman inscription
(. . . vicani belginates. . . ) and from the well-known Tabula
Peutingeriana (Haffner, 1989, inside back cover).

Belginum was located at the intersection of the an-
cient west–east road, linking the capitals of the Roman
provinces Gallia Belgica and Germania Superior, Trier-
Augusta Treverorum and Mainz-Mogontiacum, and the
north–south route connecting the rivers Moselle and Nahe
(Haffner, 1989).

The site Wederath-Belginum has been the subject of sys-
tematic archaeological research since 1954 (overview in
Haffner, 1989, and Cordie, 2007). The burial ground has been
comprehensively published in six volumes so far (details and
references in Cordie, 2007).

Excavations in the settlement area itself were carried out
in 1969–1973 and 2000–2014. The excavations showed that
strip houses were present at the Belginum. They are typical
for the Roman northwest provinces. The plots are about 10 m
wide and up to 80 m long. A (stone) cellar is located near to
the street and the building begins above the cellar. A porti-
cus is set in front of the house. The house with half-timbered
construction extends about 20–25 m into the rear part of the
property (Cordie et al., 2013). Such a plot organization can
also be seen on the images of the new geomagnetic prospec-
tions (see Figs. 2–3).

2 Material and methods

2.1 Prospection and data

Since 2004, prospections of various types have been carried
out at the Belginum site in the framework of course-related
university training with the aim to gain knowledge of the Iron
Age settlement (Lukas et al., 2012), the Roman land use, and
the extent of the vicus. Students participating came from the
universities of Leipzig (UL), Trier (UT), and Munich (LMU).
Within Belginum’s surroundings (Fig. 1), several villae rusti-
cae and at least one settlement of pre-Roman Iron Age could
be identified as reported by Teegen et al. (2014, with further
references).

2.1.1 Prospection 2004

Already in late autumn of 2004, an approximately 50 m
wide and 200 m long strip of ground had been prospected
by UL students and staff, along the road to Hintzerath
(EV2004,167) (Fig. 1 No. 1). A large number of finds were
discovered in 1670 spots. The Roman pottery and the glass
finds generally date back to the first to third centuries com-
mon era. The find distributions were analysed in a LMU
bachelor thesis by Mägdefessel (2018) using the geographic
information system QGIS (QGIS Development Team, 2018).

2.1.2 Geomagnetic prospection 2013

In advance of the construction work for the federal road
B50neu, large areas south of the federal road B327 (Hun-
srückhöhenstraße) were geomagnetically prospected in 2013
by the company Posselt & Zickgraf (Marburg) (see below
Figs. 2–3). Surprisingly, it turned out that the vicus extends
about 200 m further to the west.

E&G Quaternary Sci. J., 68, 5–11, 2019 www.eg-quaternary-sci-j.net/68/5/2019/
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Figure 1. The archaeological site Wederath-Belginum during the Iron Age (Eisenzeit) and the Roman times (Römerzeit). Localization of
archaeological features, and the survey areas from 2004 to 2008 (1–4, yellow) and 2016 (5, green). Archaeological features are as follows.
Vicus: Roman vicus; Lager: Roman military camp; Gräberfeld: Celtic and Roman cemetery; “StumpferTurm”: medieval tower. Legend is as
follows. Straße: road; Grabhügelgruppe: group of tumuli; Wagengrab: wagon burial; Grab: burial; Siedlungsstelle: villa rustica; Heiligtum:
sanctuary; Jupiter-Gigantensäule: column of Jupiter and the Giants (map: Marco Schrickel, Jan König, Wolf-Rüdiger Teegen). The insert
shows a localization of the site Belginum (red) in the Roman province Gallia Belgica (map: Archaeological Park Belginum).

2.1.3 Prospection 2016

In October 2016, a joint field exercise for 10–15 students
of (geo-)archaeology and geo-informatics organized by UT
and LMU was carried out in the vicinity of Belginum in
an agricultural field of approximately 1 ha in size located at
the southern side of the federal road B327 within the parish
Hundheim (Fig. 1 No. 5) (EV2016,205).

During the first couple of days, the students surveyed
the field on a 1 m density grid. All non-local finds (pot-
tery, bricks, glass, metal, etc.) were deposited into plastic
bags together with a unique identification code. These were
then three-dimensionally sited by means of a total station
(Leica) and a differential Global Navigation Satellite Sys-
tem (GNSS) (TopconPositioning Systems, Inc.). As collected
fragments in 2016 were abundant, the finds of the site’s
western part were sampled at 5m × 5m quadrants. All to-

gether 2856 find locations were sampled containing a total
of 9979 finds.

The aim of this prospection was to gather information
about dating and material culture in this newly discovered
western part of the settlement.

2.2 Data integration and analysis in GIS

The archaeological finds were inventoried and classified into
the general material groups pottery, bricks, roof slate, glass,
and metal during another course at LMU. They were later
recorded in an Excel spread sheet. In the consecutive GIS
exercise in 2017, these tables were integrated into an Ar-
cGIS geodatabase, which required reorganization of the stan-
dard archaeological table structure into an appropriate geo-
data format. The prospection areas of 2004 and 2016 partly
overlap at the north-northeastern region south of the federal

www.eg-quaternary-sci-j.net/68/5/2019/ E&G Quaternary Sci. J., 68, 5–11, 2019



8 W.-R. Teegen et al.: Archaeological prospections in the Roman vicus Belginum

Figure 2. Wederath-Belginum, archaeological survey 2004, 2016. (a) Total number of brick fragments (1 to 74) per search grid cell (5m ×

5 m) in the western part of the vicus (GIS map: Johannes Stoffels). (b) Close-up of the heat map of brick fragments (1 to 74) per search grid
cell (5m × 5m) in the western part of the vicus (GIS map: Johannes Stoffels).
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Figure 3. Wederath-Belginum, archaeological survey 2004, 2016. (a) Total number of pottery fragments (1 to 52) per search grid cell
(5 m × 5m) in the western part of the vicus (GIS map: Johannes Stoffels). (b) Close-up of the heat map of pottery fragments (1 to 52) per
search grid cell (5m × 5m) in the western part of the vicus (GIS map: Johannes Stoffels).
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road Hunsrückhöhenstraße B327 (see Fig. 1 No. 1 and 5).
The 3-D position data were projected to ETRS89/UTM32N
and archaeological attribute data were merged with the point
data for further find density analysis following Allen (2016),
exemplary for pottery and bricks. In concordance to the sam-
pling, a regular fishnet of 5 m cells was generated and ori-
ented to follow the study site orientation (SW–NE) as a
base for density mapping by summarizing finds for each re-
spective cell (Figs. 2a–3a). Finds were further described by
kernel density maps (heat maps) visualizing the number of
bricks or pottery fragments for a search grid cell of 5m×5m
(Figs. 2b–3b) (Silverman, 1986). Furthermore, the geomag-
netic prospection, Rhineland-Palatinate’s lidar scans, and to-
pographic raster maps were available. From the lidar eleva-
tion data, a multidirectional hillshade raster and contour lines
were derived at 5 m elevation intervals. The aim was (a) to
explore the data and (b) to map and analyse the occurrence of
material groups, which were also further analysed in a bach-
elor thesis at LMU (Over, 2018) using QGIS.

3 Results and interpretation

The classification and inventory of the finds during a course
in winter 2016/17 at LMU revealed a dating in a time span
from the late first to the third centuries common era. This
is consistent with the results of the 2004 prospection (see
above). During another course in winter 2018/19 at LMU,
handmade pottery of the late Latène or early Roman period
(second half of the first century before common era) was dis-
covered. This is the first indication for a late Latène (late pre-
Roman) to early Roman settlement at Belginum itself.

The data collected in the above-mentioned bachelor the-
ses (Over, 2018; Mägdefessel, 2018) were summarized in the
overall mapping using ArcGIS (see Figs. 2–3).

The geomagnetic prospection from 2013 (Posselt & Zick-
graf) revealed several cellars and some houses south of the
B327 (see Figs. 2–3). The width of the houses is mostly equal
to the plot widths. There is, however, sometimes a small
distance between the houses, as the excavations in the last
decades have shown (Cordie, 2007). Every house has a quad-
rangular or rectangular cellar in its front part. The width of
the cellars is sometimes equal to the house or plot widths. In
general, the cellars are smaller.

The number of fragments per search grid cell and the ker-
nel density map of the bricks (Figs. 2–3) show a clear relation
to the single plots. The bricks are distributed from the cellars
to the probable house extents up to the backyard area. This
means a distance of 30 to 40 m. The finds concentrate in the
longitudinal axis of the plots. There is a decreasing intensity
of finds to the lateral periphery of the plots. The same distri-
bution may be observed for the adjacent plots. We can, there-
fore, assume that the distribution of bricks mirrors the houses
on the single plots. This is quite an important result for fur-
ther archaeological prospections on Roman sites, where no

geophysical information is available. Here, a reconstruction
of the plots would be possible, using the density distributions
of bricks.

Focussing on the density or heat maps of bricks within
the houses (see Fig. 2), we can see a strong concentration of
bricks within the houses. This is probably due to the fact that
after leaving the houses at some point the roof truss collapsed
inwards (see Bentz, 2013, p. 78). As a result, the roof tiles
fell into the interior of the house. This is a quite different
mechanism compared to earthquakes, where walls generally
collapse to the outside (Stiros, 1995, p. 729, Fig. 4).

From the excavations of the years 1969–1973 and 2000–
2014 in the vicus Belginum, we know that the place was not
subject to a fire disaster, but had been abandoned. The de-
scriptions of the ruins of the vicus in the early 19th century
show that at that time some of the houses towered right up
to the first floor (Merten in Cordie, 2007). In the middle and
second half of the 19th century, stone and bricks were robbed
for modern road and house construction and thus completed
the destruction of the vicus. Today, not a single upright wall
is present. However, part of the vicus must have already been
demolished in late antiquity. The new burgus, discovered
during rescue excavations in 2015, clearly shows the walls
were constructed with secondary building materials.

The distribution of the ceramic sherds shows a different
pattern (Fig. 3). Here, the finds are concentrated in the rear
part of some houses and in the backyard area. The major con-
centration of pottery is present in the rear part and in the
backyard of three houses in the northern part of the survey
area (Fig. 3). From an archaeological perspective, this dis-
tribution makes sense. When a Roman strip house is exca-
vated, the major quantity of (storing) vessels, glass, and other
household items will be discovered in the backyard. Here, the
waste pits are usually localized. The waste pits were partly
destroyed due to agricultural work in the last 2 centuries, and
their contents came to light. The plowing activity might shift
ceramics and other finds downhill by about ≥ 5 m.

4 Prospect

This work has shown that curricular practical course prospec-
tions bring further insights into settlement archeology. This
can be achieved with systematic field surveys, geophysi-
cal surveys, lidar scans, and aerial photographs obtained by
plane, drone, or fixed-wing unmanned aerial vehicle.

The use of various archaeological and geophysical
prospection methods and the following GIS analyses brought
a significant gain in knowledge for the site Belginum regard-
ing size and type of development – without excavation.

Data availability. For the next years, there is an ongoing project
regarding the spatial distribution of pre-Roman and Roman findings
in the vicus Belginum. This will result in some theses at LMU and
UT. Furthermore, due to illegal activities of non-authorized detec-
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torists, find co-ordinates will not be published. They will be, how-
ever, stored in due course in the find archive of the Rheinisches
Landesmuseum Trier.
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Abstract: In this study, we combine erosion and anthropogenic proxies (Ti, Pb) from calibrated portable XRF
with pollen and radiocarbon chronologies in peat from mires of the Kleinwalser Valley (Kleinwalser-
tal, Vorarlberg, Austria) to reconstruct palaeoenvironmental change and human impact in the northern
central Alps. Favoured by a wetter climate, two analysed mires formed 6200 years ago in a densely
forested valley. Landscape opening suggests that the first anthropogenic impact emerged around 5700
to 5300 cal BP. Contemporaneously, lead enrichment factors (Pb EFs) indicate metallurgical activi-
ties, predating the earliest archaeological evidence in the region. Pollen and erosion proxies show that
large-scale deforestation and land use by agro-pastoralists took place from the mid- to late Bronze
Age (3500 to 2800 cal BP). This period was directly followed by a prominent peak in Pb EF, pointing
to metallurgical activities again. After 200 cal CE, a rising human impact was interrupted by climatic
deteriorations in the first half of the 6th century CE, probably linked to the Late Antique Little Ice
Age. The use of the characteristic Pb EF pattern of modern pollution as a time marker allows us
to draw conclusions about the last centuries. These saw the influence of the Walser people, arriving
in the valley after 1300 cal CE. Later, the beginning of tourism is reflected in increased erosion sig-
nals after 1950 cal CE. Our study demonstrates that prehistoric humans were intensively shaping the
Kleinwalser Valley’s landscape, well before the arrival of the Walser people. It also demonstrates the
importance of palaeoenvironmental multiproxy studies to fill knowledge gaps where archaeological
evidence is lacking.

Kurzfassung: In dieser Studie kombinieren wir Paläoproxies für Erosion und menschliche Aktivitäten (Ti, Pb) aus
Messungen eines mobilen RFA- bzw. XRF-Analysators mit Pollen und Radiokohlenstoffdatierun-
gen in Torfproben aus Mooren des Kleinwalsertals (Vorarlberg, Österreich). Auf diese Weise sollen
der Wandel der Paläoumweltbedingungen sowie der Einfluss des Menschen auf die Landschaft
der nördlichen Zentralalpen untersucht werden. Begünstigt durch feuchteres Klima, begann vor ca.
6200 Jahren im damals dicht bewaldeten Tal die Torfbildung in zwei der untersuchten Moore. Au-
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flichtungen des Waldes deuten auf den ersten menschlichen Einfluss zwischen cal B.P. 5700 und 5300
hin. Gleichzeitig suggerieren Bleianreicherungen (Pb EF) metallurgische Aktivitäten, die weit vor
jeglichen archäologischen Beweisen in der Region liegen. Pollen und Erosionsproxies bezeugen eine
weitläufige Entwaldung und Landnutzung durch Landwirtschaft und Beweidung in der mittleren und
späten Bronzezeit (3500 bis 2800 cal B.P.). Dieser Phase folgte ein vorläufiger Höchstwert des Pb
EF zum Beginn der Eisenzeit, der erneut auf Bergbau oder Metallurgie in der näheren Umgebung
hindeutet. Eine im cal A.D. 3. Jahrhundert einsetzende verstärkte Landnutzung wird im cal A.D. 6.
Jahrhundert unvermittelt durch klimatisch ungünstigere Bedingungen unterbrochen, welche der soge-
nannten spätantiken kleinen Eiszeit zugeschrieben werden können. Unter Zuhilfenahme des charak-
teristischen Verlaufs der modernen Bleiemissionen als Zeitmarker, konnten die Analyseergebnisse der
letzten Jahrhunderte eingeordnet werden. Diese waren von der Ansiedlung der Walser im cal A.D. 14.
Jahrhundert geprägt. Nach cal A.D. 1950 zeigt sich außerdem der erstarkende Tourismus anhand
höherer Erosionsspuren. Unsere Ergebnisse machen deutlich, dass die Landschaft des Kleinwalser-
tals schon weit vor Ankunft der Walser vom Menschen genutzt und verändert wurde. Unsere Studie
betont zudem die Wichtigkeit der Anwendung unterschiedlicher Paläoproxies, insbesondere, wenn
archäologische Anhaltspunkte zur Landnutzungsgeschichte fehlen.

1 Introduction

Humans have been recurringly present in Alpine environ-
ments since the last deglaciation (e.g. Cornelissen and Reit-
maier, 2016). These harsh landscapes are heterogeneous and
sensitive to climate (Barry, 2002), which requires specific hu-
man adaptation (Clegg et al., 1970). Half nomadic lifestyles
or transhumance have been strategies to survive, and are still
today the basis for seasonal livestock management practice
in mountainous regions (e.g. Reitmaier et al., 2018). There
is however no consensus on the human colonisation of Euro-
pean mountains during the Holocene. In the Alps, the onset
of human impact is still not fully understood because occu-
pation pulses were radiating from different regions and soci-
eties at different time periods (e.g. Bätzing, 2015; Carcail-
let, 1998; Dietre et al., 2017; Oeggl and Nicolussi, 2009;
Valese et al., 2014). It is therefore important to document
human occupation and its impact on mountain environments
to a certain level of detail, as each region or each valley re-
veals pieces of information on the complex spatial linkages
between humans and environmental and climatic conditions.

Another challenge in reconstructing past human impacts
in the Alps is the general scarcity of suitable palaeoenvi-
ronmental archives in high mountain areas. Archaeologi-
cal records and historical sources cannot provide continuous
information and may bias interpretations towards separate
findings. These gaps are generally closed by environmental
archives, such as trees, lakes, glaciers or mires, which po-
tentially provide uninterrupted records of past environmen-
tal changes (anthropogenic or natural). However, except for
pollen or dendrochronological studies, mountain mires are so
far rarely used as environmental archives.

In this paper, we present a multiproxy study of the Klein-
walser Valley (Kleinwalsertal) in the Austrian northern cen-
tral Alps, using small mountain mires as environmental

archives. The valley is historically known for its human oc-
cupation, animal husbandry and forestry only since the Late
Middle Ages (Fink and von Klenze, 1891; Wagner, 1950).
Before that, the human impact on this valley is unclear.
While Romans were present in the Alpine foreland (Mack-
ensen, 1995; Weber, 1995), there are no records of their
presence in the valley. Palaeovegetation information sug-
gests prehistoric land use (Dieffenbach-Fries, 1981; Grosse-
Brauckmann, 2002) but chronologies and data are limited.
Other evidence points to early activities at archaeological
sites in the valley (Bachnetzer, 2017; Gulisano, 1994, 1995;
Leitner, 2003), which are located close to our study sites
(Fig. 1). These spots may have acted as strategic points be-
tween Alpine foreland and the surrounding mountain ranges,
leading prehistoric humans to cross and occupy the Klein-
walser Valley.

By combining geochemical and palynological data to-
gether with radiocarbon chronologies, we aim at better un-
derstanding the points in time and impacts of human occu-
pation in the Kleinwalser Valley’s landscape and beyond. We
also aim at detecting early metallurgical activities, possibly
where archaeological evidence is lacking. By looking into the
past, using multiple proxies on chronologically constrained
peat sequences from a key area, we provide new insights into
the development and interaction of landscape, climate and
humans from mid-Holocene to modern times in the northern
central Alps.

2 Study sites

The Kleinwalser Valley belongs to the federal state of Vo-
rarlberg in the north-western part of Austria (Fig. 1) and is
located at the junction of the geological units of the North-
ern Calcareous Alps, Penninic flysch and Helvetic (Völk,
2001). The valley floor elevates around 1100 m a.s.l. and is
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surrounded by mountains ranging from 2000 to 2500 m a.s.l.
Geologically speaking, the watershed is composed of cal-
careous as well as silicate rocks. During the late Pleistocene,
the valley was glaciated (Völk, 2001) and several moraines
are still present. Iron (Fe), lead (Pb), zinc (Zn) and copper
(Cu) ores are present outside the valley. Within 20 km N-NE,
iron had been exploited since 1471 CE in Sonthofen (Mer-
beler, 1995). Pb–Zn deposits are known to the NE at Him-
melschrofen (Fig. 1) (von Gümbel, 1861) and in the Ostrach
Valley since 1620 cal CE (Oblinger, 1996). To the south, Zn–
Pb deposits exist at Zug, at St. Anton at Arlberg, and at St.
Christoph at Arlberg and Cu can be found at Bartholomäberg
(Weber, 1997) within 35 km off the lower Kleinwalser Valley.

A temperate climate in the Kleinwalser Valley is reflected
by a mean annual temperature of 5.7 ◦C and 1863 mm of
mean annual precipitation (HDÖ, 1994). In combination with
impermeable sediments of glacial or postglacial lacustrine
origin, these climate conditions foster the development of
many mires in the valley (Schrautzer et al., 2019; El Balti
et al., 2017; Völk, 2001).

The main study site, Hoefle Mire (HFL, GPS:
47◦21′52.5′′ N, 10◦10′37.2′′ E, Fig. 1), is at an eleva-
tion of 1020 m a.s.l. and in immediate proximity of the early
Mesolithic archaeological site “Egg” (Bachnetzer, 2017)
(Fig. 1a) on a small rise almost in the middle of the valley
bottom. Its sheltered position between the rivers Breitach
and Schwarzwasser protects it from both river erosion and
direct sediment input from the mountainsides. Therefore,
this mire is a suitable archive to record atmospheric signals,
undisturbed by small-scale processes. The current vegetation
consists of typical bog species such as Sphagnum spp.,
Eriophorum vaginatum and several species of the family
Ericaceae. Glacial ground moraine material and localised
lake clays form the underlying sediment (Zacher, 1990).
Mowing and a drainage ditch, accompanied by a gravelled
hiking road, affect the mire at present.

A second study site, the Ladstatt Mire (LAD, GPS:
47◦21′28.1′′ N, 10◦09′26.9′′ E), is situated at a distance of
1.7 km to the south-west of Hoefle Mire at 1140 m a.s.l.,
just at the foot of a forested slope (Küren Valley) to the
Gottesacker plateau and downhill of the archaeological site
“Schneiderkürenalpe” (Fig. 1b). This slope is characterised
by almost no surface runoff. All precipitation disappears into
the karstic underground (Goldscheider, 1998). LAD is com-
parable to HFL in terms of size and surface vegetation, al-
though Sphagnum is more dominant. A road with ditches
separates the mire from the valley’s slope.

A third peat profile at “Halden-Hochalpe” (HHA, GPS:
47◦20′18.3′′ N, 10◦03′49.2′′ E) (Fig. 1) was only surveyed in
2017. The HHA mire developed on a sediment-filled glacial
cirque form (de Graaff et al., 2003) at 1660 m a.s.l. The up-
permost Subersach River meanders through the peatland,
which allowed sampling of the bottom of the profile to date
the onset of peat formation.

Figure 1. The Kleinwalser Valley and surrounding areas. Archae-
ological sites (red dotted circles): Egg (a), Schneiderkürenalpe (b),
Neolithic flint mine (c). Sampled mire sites: Hoefle Mire (HFL),
Ladstatt Mire (LAD), Halden-Hochalpe (HHA). Mountains (white
triangles). Modified from data source: state of Vorarlberg – http:
//data.vorarlberg.gv.at (last access: 6 October 2018).

3 Methods

3.1 Coring and sampling

Field sampling was performed in early August 2016 in the
centre of HFL. A peat sequence of 240 cm was recovered in
three parallel, overlapping cores (B, C, D) using a Russian
peat corer with a chamber of 5 cm in diameter. Additionally,
a 10×10×30 cm monolith of the topmost part was sampled
with a serrated ceramic blade, to avoid compression in the
fibrous living part of the acrotelm. Similarly, we recovered
an 83 cm long sediment core and a 28 cm monolith at LAD.
All cores and monoliths were wrapped into cling film, trans-
ferred to PVC half-tubes in closed plastic hoses and stored
at 3 ◦C. At HHA, only a charred wood sample was collected
for 14C dating, just below the bottom peat layers.

After freezing the cores for 2 d at −18 ◦C, each of the sec-
tions was cut into 1 cm thick slices with a stainless-steel band
saw. Subsamples of every slice were cut with ceramic knives,
stored in ziplock bags and frozen again. Contamination was
minimised following cutting protocols by De Vleeschouwer
et al. (2010a) and Givelet et al. (2004). The dimensions of the
subsamples dedicated to geochemistry were measured with a
Vernier calliper. These were then freeze-dried and weighed
to obtain dry bulk density. To cover the gap between the first
two core sections in HFL, an overlapping part of core (C)
was subsampled and fitted to the main core (B) by using dry
bulk density and element concentration profiles.
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3.2 Radiocarbon dating and chronology

Sphagnum stems and leaves were selected for radiocarbon
dating from fresh samples in ultrapure water. When Sphag-
num was absent (in deeper/more decomposed peat layers),
other plant remains (Eriophorum spindles, seeds, Ericaceae
leaves, wood) as well as bulk peat were selected and sent
to Poznan AMS Radiocarbon Laboratory (Poland). The cal-
ibrated ages (Table 1) and age–depth models (Fig. 2) were
produced in R, version 3.4.2 (R Core Team, 2017), by us-
ing the packages clam version 2.3.2 (Blaauw, 2010) and rba-
con version 2.3.3 (Blaauw and Christen, 2011). Both pack-
ages work with the IntCal13 radiocarbon calibration curve
(Reimer et al., 2013). Unless denoted otherwise, ages are
given as calibrated before present (cal BP, i.e. years be-
fore 1950) for prehistoric times. For a more convenient
comparison to historical sources, interpretations for the last
2000 years are made in cal CE. The classification of cultural
periods was performed based on the study of Roepke and
Krause (2013).

3.3 Pollen analysis

A volume of 2 mL was taken from 14 peat samples of
cores HFL-B and HFL-C in the overlapping section and pre-
pared for pollen analysis, following the method described by
Moore et al. (1991). The material was pretreated in separate
steps in 10 % HCl and 10 % KOH to get rid of carbonates
and humic substances. Macro remains were removed with
a 200 µm mesh. The sample was first cooked for 4 min in
a 9 : 1 solution of acetic anhydride and concentrated sulfu-
ric acid and centrifuged. Particles below 6 µm were removed
with ultrasonic sieving. The absence of siliciclastic sediment
layers in the analysed samples made the use of HF obsolete.
Pollen were counted to a sum of 200 tree pollen (exclud-
ing Corylus). Fern spores without perine were counted as in-
determinate pteridophytes. The counts were compiled with
Tilia version 2.0.60 (Grimm, 2018).

3.4 Geochemistry

This study concentrated on calcium (Ca), lead (Pb) and tita-
nium (Ti) for interpretation. While Ca can yield information
on the trophic state of a mire, Ti can be used as an erosion
or human impact proxy (Hölzer and Hölzer, 1998). Pb often
originates from anthropogenic sources when it exceeds its
natural background (e.g. Weiss et al., 1999). Using portable
X-ray fluorescence spectrometry (pXRF) on peat samples in
palaeoenvironmental research has rarely been done so far and
is hence not well understood, despite some studies that were
assessing its general potential (Kalnicky and Singhvi, 2001;
Mejía-Piña et al., 2016; Shand and Wendler, 2014; Shuttle-
worth et al., 2014). Therefore, a regression analysis was con-
ducted to evaluate and calibrate the semi-quantitative pXRF
by several parallel quantitative measurements with induc-
tively coupled plasma mass spectrometry (ICP-MS). In HFL-

B and HFL-C, a total of 187 and 51 samples were selected
for pXRF scanning and ICP-MS analyses, respectively. A to-
tal of 62 samples were selected from the LAD core for pXRF
scanning. The samples were transferred into Falcon tubes to-
gether with eight glass beads (4 mm) and ground 3×20 s us-
ing a FastPrep-24® mixer at maximum speed.

Samples dedicated to pXRF were transferred into 12.5 mL
polypropylene vials, closed with Fluxana TF-240-255 film
and rubber band. All samples were measured using a Thermo
Fisher Niton XL3t pXRF equipped with an Au anode and a
50 kV X-ray tube. The predefined “soil mode” was used with
180 s of measurement time each for the main and low filter,
which is 60 s above the minimum duration recommended by
Shuttleworth et al. (2014). Every sample was measured at
least three times and shaken after each scan to control the re-
producibility of measurements (precision). In addition to the
Certified Reference Materials (CRM) used with ICP-MS (see
below), BCR-060 (aquatic plants), IAEA-336 (lichen), IPE-
176 (reed/Phragmites) and NIST-1575a (pine needles) were
scanned. Table 2 shows the quality control of pXRF. Esti-
mated standard sample deviations (SD) based on n repeated
measurements remained mostly below or around 10 %. Only
for Ti, did a higher SD of 18.8 % occur in NJV941. All three
elements were above the certified concentrations.

Samples dedicated to ICP-MS were digested using HNO3,
HF and H202 in a class 100 clean room following the proto-
col of Vanneste et al. (2015). Depending roughly on the dry
bulk density of the peat sediment sample, the final aliquots
were diluted to total factors between 2500 and 28 500. To
verify the analytical quality, precision and accuracy of the
ICP-MS results, the CRMs (GBW-07603 bush branches and
leaves, NIST-1515 apple leaves, NIST-1547a peach leaves,
NJV-941 Carex/sedge peat, NJV-942 Sphagnum peat) were
digested and measured along with the samples. Procedural
blanks were added to monitor possible contamination or sys-
tematic errors. Measurements were performed on an Agilent
7500 CE at Observatoire Midi-Pyrénées, Toulouse, France.
The internal ICP-MS calibration with a multi-element stan-
dard was run every 10th sample. Measured concentrations
were within 11 % of the certified values (Table 3). Only
NJV941 deviated more than 10 % for Ca and Pb.

4 Results

4.1 Age–depth model

Median ages were extracted from the age–depth model for
further interpretation. The accumulation rates for the model
of each core were calculated as the median of 1000 estimates
by rbacon for each depth. In the lowermost 60 cm of HFL,
an accumulation of almost 0.9 mm a−1 is observed (Fig. 2),
while rates of 0.3 to 0.6 mm a−1 prevailed up to 37 cm in
depth. The following section of 12 cm was characterised by
a very low accumulation of 0.2 to 0.1 mm a−1 and com-
prised almost 900 years. In contrast, accumulation or growth
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Table 1. List of radiocarbon samples including information about origin, depth, dated material, 14C ages and calibrated ages within a 95 %
confidence interval (probabilities < 1 % excluded).

Lab. no. Site Depth (cm) Material 14C age (BP) Cal age (BP) Comment

Poz-101727 HFL 21.3 Sphagnum stems 127± 0.35 pMC −32 to −29.9 (80.8 %)
and leaves, few −12.1 to −12 (4.2 %)
Eriophorum spindles −9.7 to −9.4 (10 %)

Poz-104865 HFL 29.9 Eriophorum spindles, 65± 30 31–138 (71.4 %) 0.5 mg C
Sphagnum stems 222–257 (23.5 %)
and leaves

Poz-92252 HFL 36.0 Eriophorum spindles 1110± 30 939–959 (1.4 %) 0.7 mg C
951–1071 (93.5 %)

Poz-101728 HFL 48.3 Sphagnum stems 1525± 30 1348–1424 (55.6 %)
and leaves, 1428–1444 (4.3 %)
Eriophorum spindles 1454–1522 (34.9 %)

Poz-92255 HFL 80.0 Sphagnum leaves 2410± 30 2351–2496 (81.2 %)
2596–2612 (2.9 %)
2637–2684 (10.9 %)

Poz-92251 HFL 120.3 Sphagnum stem, 3065± 35 3180–3200 (4.6 %)
Eriophorum remains 3206–3363 (90.4 %)

Poz-86728 HFL 152.0 Bulk peat 4105± 35 4453–4461 (1 %)
4521–4713 (70.5 %)
4753–4814 (22.7 %)

Poz-96113 HFL 176.7 Wood and Eriophorum 4710± 40 5322–5419 (46.4 %)
remains, 5439–5486 (20.8 %)

5507–5581 (27.6 %)

Poz-92253 HFL 202.0 Ligneous material, 2730± 35 2759–2883 (93.5 %) Excluded outlier,
wood 2911–2918 (1.5 %) 0.2 mg C

Poz-86726 HFL 235.0 Wood 5330± 40 5996–6208 (93.9 %)
5254–6260 (1 %)

Poz-86729 HFL 175.0 Bulk peat 4400± 35 4860–5054 (91 %) Core D
5190–5256 (3.3 %)

Poz-95963 HHA ∼ 145.0 Charred wood, tree age 3195± 35 3357–3479
outer age ring, (94.8 %)
> 50

Poz-99319 LAD 24.8 Sphagnum stems 127.74± 0.37 pMC −32 to −29.3 (81.9 %) 0.7 mg C
and leaves −12.1 to −12 (5.8 %)

−9.7 to −9.4 (7.3)

Poz-103202 LAD 31.2 Eriophorum 40± 30 −5 to 2 (6.9 %) 0.8 mg C
spindles 32–83 (52.1 %)

97–108 (3 %)
112–137 (13.8 %)
223–255 (19 %)

Poz-99198 LAD 63.5 Eriophorum spindles 3185± 35 2253–3475 (95 %)

Poz-86730 LAD 102.5 Bulk peat 5320± 40 5991–6210 (93.5 %)
6250–6262 (1.5 %)
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Table 2. Repeated pXRF measurements (n) of Ca, Pb and Ti versus certified (Cert.) concentrations in organic Certified Reference Materials
(CRM). Sample standard deviations (SDs) from certified values as a percentage.

Element Ca Pb Ti

Value Cert. pXRF SD n Cert. pXRF SD n Cert. pXRF SD n

Unit (mg kg−1) (mg kg−1) (%) (mg kg1) (mg kg−1) (%) (mg kg1) (mg kg−1) (%)

BCR060 – 54 013 2.0 8 64 92.5 4.3 8 – 280.5 11.6 8
GBW07603 16 800 42 761 0.4 5 47 73.7 3.0 5 95 214.4 4.1 5
IAEA336 – 8262 5.2 4 4.9 6.2 10.1 4 – 219.6 6.0 4
IPE176 4160 8736 6.1 5 8.24 13.4 8.7 5 – 1172.5 6.8 5
NIST1515 15 260 44 634 1.9 3 0.47 – – – – 15.9 – 1
NIST1547a 15 600 41 795 0.1 3 0.87 – – – – 18.7 0.1 2
NIST1575a 2500 8882 0.3 3 0.167 – – – – 15.3 12.4 2
fNJV941 10 200 33 937 4.4 8 2.4 2.3 10.8 8 – 64.1 18.8 8
NJV942 1200 4024 2.5 6 10.1 14.3 3.4 6 – 262.0 2.9 6

Table 3. Quality control of Ca, Ti and Pb. Measurements by ICP-MS of procedural blanks and in organic Certified Reference Materials
(CRM). Total deviations (Dev.) from certified values as a percentage.

Ca Ti Pb

CRM/blank Cert. ICP-MS Dev. Cert. ICP-MS Dev. Cert. ICP-MS Dev.

(mg kg−1) (mg kg−1) (%) (mg kg−1) (mg kg−1) (%) (mg kg−1) (mg kg−1) (%)

Blank 1 – 0.03 – – 0.000 – – 0.000 –
Blank 2 – 0.01 – – 0.000 – – 0.000 –
Blank 3 – 0.01 – – 0.000 – – 0.000 –
NIST1515 (a) 15 250 14 216 −6.8 – 13.3 – 0.47 0.44 −5.7
NIST1515 (b) 15 250 13 900 −8.8 – 12.4 – 0.47 0.49 3.7
GBW07603 (a) 16 800 16 143 −3.9 95 92.1 −3.0 47 47.32 0.7
GBW07603 (b) 16 800 16 696 −0.6 95 90.2 −5.1 47 48.60 3.4
NJV941 (a) 10 200 8766 −14.1 – 34.5 – 2.4 2.09 −13.1
NJV941 (b) 10 200 8743 −14.3 – 33.6 – 2.4 2.11 −11.9
NJV941 (c) 10 200 8689 −14.8 – 27.1 – 2.4 2.10 −12.6
NJV942 (a) 1200 1262 5.2 – 51.8 – 10.1 9.48 −6.1
NJV942 (b) 1200 1232 2.7 – 115.2 – 10.1 9.13 −9.6
NJV942 (c) 1200 1181 −1.6 – 49.6 – 10.1 9.48 −6.2
NIST1547a 15 600 14 652 −6.1 – 24.1 – 0.87 0.86 −1.1

rates of the topmost layers reached a maximum of more than
8 mm a−1. The age–depth model of LAD (Fig. 2) had a net
accumulation rate of only 0.15 mm a−1. However, the model
is less constrained than in HFL, with a modern age at 25 cm
in depth and 3450 cal BP at 62 cm in depth. Especially in the
uppermost 30 cm, peat growth took a development similar to
HFL, with accumulation or growth rates reaching 9 mm a−1.

4.2 Pollen profile

A detailed interpretation of the pollen record from HFL Mire
(Fig. 3) is provided in the discussion below. We can, how-
ever, point out major changes in the pollen profile. The deep-
est part was strongly characterised by Picea pollen. A sig-
nificant change is observed between 200 and 175 cm (5700
to 5300 cal BP) when deciduous forest pollen and herbs ap-

peared. After tree pollen were dominating again at 140 cm
(4000 cal BP), the sudden and strong signals of Poaceae,
herbs and cultural plants illustrate a diversification in the
spectrum between 125 and 115 cm (3450 to 3150 cal BP).
The opposite trend started above, although the overall pat-
tern did not return to a complete dominance of tree pollen.
Only in the uppermost 37 cm (1000 cal CE), did Poaceae,
herbs and cultural plants represent a larger proportion of the
spectrum once again. In order to facilitate the interpretation
of palynological data in the discussion, we have assembled
pollen into six groups (Fig. 3): 1 – cultural and pastoral; 2 –
open grassland; 3 – herbs and heather; 4 – forest border; 5 –
swamp/wetland; 6 – ferns.
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Figure 2. Age–depth models of Hoefle Mire (a) and Ladstatt Mire (b). The median is plotted as a red dotted line amidst the confidence range
of 95 % in grey.

Figure 3. Pollen diagram of HFL Mire. Fully coloured profiles represent pollen percentages, shaded areas enhanced by factor 12. Black:
trees; green: forest border (Corylus); yellow: open grassland (Poaceae); red: cultural and pastoral indicators; orange: herbs and heather;
light green: swamp/wetland; dark green: fern; brown: Sphagnum; white: total spores and pollen. Vertical lines depict calibrated sample ages.
Vertical dashed lines are boundaries of cultural periods.
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4.3 Geochemistry

The quantitative and validated ICP-MS results of HFL were
compared to the pXRF scans of the same sample, which al-
lowed us to constrain our calibration. The regression analy-
sis in the HFL peat samples showed high adjusted R2 val-
ues or coefficient of determination (R2), as a measure for
the fit of the model (R2

Ca = 0.95, R2
Ti = 0.97, R2

Pb = 0.99,
Fig. 2). As the two deepest samples (240–230 cm) were com-
posed of sediment and not peat, they plotted as outliers and
were excluded. In the range of measured ICP-MS concentra-
tions (Ca: 2000–14 000, Pb: 2–110 and Ti: 25–400 mg kg−1),
pXRF values were generally higher than the concentrations
obtained by ICP-MS. Transfer functions were therefore cal-
culated to calibrate the pXRF scans of all 187 samples
(Fig. 4).

The element-specific overestimation of the pXRF out-
put illustrates that this method cannot be used to quantify
element concentrations in peat without a cross-calibration
against quantitative methods. Specification and type of sam-
ple need to be considered during such a calibration. Shuttle-
worth et al. (2014) used a Niton XL3t with an Ag anode to
evaluate the applicability of pXRF for Pb contents in peat.
Their results suggested a linear relationship between pXRF
and ICP-OES (optical emission spectrometry), which was
confirmed in this study. However, their observed overesti-
mation by pXRF was much lower and was attributed to an
incomplete Pb extraction with aqua regia. As a complete di-
gestion was performed in this study, the overestimation by
pXRF for Pb cannot have a similar explanation. Addition-
ally, the high content of light organic matter in peat should
rather result in an underestimation of heavier elements in
XRF analysis (Löwemark et al., 2011). Nevertheless, the re-
gression analysis allowed us to generate quantitative results
of Ca, Pb and Ti in both minerotrophic and ombrotrophic
peat. The only exception was the measurement of mineral-
rich bottom layer samples with a high element load, which
plotted outside the linear regression.

The Pb enrichment factor (Pb EF) was calculated follow-
ing (Weiss et al., 1999) using Ti as a conservative element,
which is not affected by dissolution in acidic environments
(Nesbitt and Markovics, 1997).

Here we used the background Pb/Ti ratio of the bottom
sediment, measured by ICP-MS (0.0037), which is close
to the generally used upper continental crust (UCC) value
(0.004) from McLennan (2001). It is explained by the local
geology consisting of limestone, marl and sandstone, result-
ing in a mixed weathering product.

PbEF=
(Pb/Ti)sample

(Pb/Ti)background

Titanium originates from natural local erosion/sources and is
therefore used as a human-impact proxy. Following Shotyk et
al. (2002), we calculated a mineral accumulation rate (MAR)

on the mires’ surfaces in g m−2 a−1 with a Ti (UCC) of
0.41 %:

MAR= 100/0.41×Ti× δ× pa,

where δ is the dry bulk density and pa is the peat accumula-
tion rate.

The temporal variability of Ca, Pb EF and MAR shown
in Fig. 5 is based on the calibrated pXRF concentrations,
calibrated ages, densities and accumulation rates (tables in
Supplement). Ca concentrations in HFL constantly declined
towards the top. After a max. of 15 000 mg kg−1 in the
deepest peat layers (6000 cal BP), they fell permanently be-
low 6000 mg kg−1 after 122 cm (3250 cal BP). Above 62 cm
(1950 cal BP) they decreased to a level below 3000 mg kg−1.

The concentrations of Ti in HFL decreased from 1040
to around 50 mg kg−1 in the deepest 12 cm of the core
(6250 to 6000 cal BP) and remained low until an increasing
trend started above 133 cm (3700 cal BP), which culminated
at 122 cm (3250 cal BP) with over 385 mg kg−1. Although
higher than in the lower half of the profile, concentrations
returned to values between 40 and 110 mg kg−1 until an in-
creasing trend, which was shortly interrupted around 48 cm
(500 cal CE), started above 58 cm (200 cal CE). This trend
turned after reaching 360 mg kg−1 at 32 cm (1500 cal CE)
and ultimately came to a halt at the surface.

Excluding the deepest samples of HFL, Pb was below the
detection limit from 230 to 190 cm (6250 to 5600 cal BP)
and did not exceed 9 mg kg−1 until 98 cm in depth. From 97
to 91 cm (2800 to 2650 cal BP), concentrations rose to val-
ues around 25 mg kg−1. From then on, Pb oscillated around
15 mg kg−1 until it increased between 50 and 20 cm (500 to
1970 cal CE) to a maximum of 115 mg kg−1. Thereafter, the
profile sharply dropped to 6 mg kg−1 within the next 7 cm
and fell below the detection limit at the subsurface.

In the LAD core, Ti concentrations were above
1000 mg kg−1 until 85 cm in depth (4900 cal BP) and briefly
dropped to 200 mg kg−1 at 78 cm (4800 cal BP). A peak,
exceeding 1000 mg kg−1, appeared at 61 cm (3200 cal BP),
after which the profile stayed slightly below 600 mg kg−1.
The concentrations decreased from 34 cm to 20 cm in depth
(1700–1982 CE) and continued to less than 30 mg kg−1 at the
surface.

5 Discussion

5.1 Mire formation

Peat formation in HFL and LAD began around 6200 cal BP.
Pollen proportions suggest a Picea swamp in a densely
forested valley at 6000 cal BP, fitting well to the findings of
Dieffenbach-Fries (1981). For the same period, other studies
reported a wetter and colder climate in the central Alps (Haas
et al., 1998; Van der Knaap et al., 2004; Wurth et al., 2004).
The fine clayey sediment of a glacial till followed by gyttja
at the bottom of both HFL and LAD indicates standing water
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Figure 4. Cross-plots of measured concentrations of Ca, Ti and Pb with ICP-MS (mg kg−1) versus measured values with pXRF (raw) for
regression analyses.

conditions, which favoured peat formation. Land- or rock-
slides in the watershed (Schmidt-Thomé, 1960; Völk, 2001)
could have resulted from a wetter climate as well and may
have reorganised the valley’s hydrology, which is very com-
plex (Goldscheider, 1998). This could have further promoted
mire formation in certain places, as suggested by Grosse-
Brauckmann (2002).

5.2 5800 to 3500 cal BP: early human occupation

Only very little archaeological evidence suggests early hu-
man occupation in the area (Bachnetzer, 2017; Leitner,
2003). Similarly, little palaeoecological evidence exists on
early local land use. Regional studies showed evidence for
fire practices (Clark et al., 1989) and crop cultivation around
Lake Constance (Jacomet, 2009; Rösch, 1992) and at Ober-
stdorf, north of the valley (Fig. 1) (Dieffenbach-Fries, 1981).
In HFL, increasing Poaceae pollen and the presence of Plan-
tago as well as the emergence of Corylus suggest anthro-
pogenic landscape opening around 5550 cal BP. This inter-
pretation is further strengthened by a significantly elevated
erosion signal (MAR) in HFL. Prehistoric fire practices in
the valley can be inferred from the presence of Pteridium and
Calluna. While not dendrochronologically dated, a charred
tree trunk was pierced (horizontally) at parallel depth in the
parallel HFL-D core (not analysed in detail). Although the
cause of this fire (anthropogenic or natural) cannot be deci-
phered, it supports the other indicators in suggesting prehis-
toric patchy land clearances, possibly for livestock grazing.

Almost simultaneously to the observed pollen signals in
HFL, the Pb EF rose significantly to 50 at 5450 cal BP and
remained around an average value of 22 until 3500 cal BP.
While this elevated Pb EF period falls in the minerotrophic
part of the core, several authors showed that Pb, an immobile
element, could carefully be used as an anthropogenic indi-
cator in minerotrophic peat (e.g. Baron et al., 2005; Shotyk
et al., 2001). Archaeological evidence shows that metal tools
were circulating in the central Alps (e.g. Artioli et al., 2017).
Metallurgy was dominated by Cu at that time, but Pb can
be present as an impurity (Höppner et al., 2005; Lutz and

Figure 5. Chronological profile of Ca, Pb and Ti concentrations in
HFL, Pb EF in HFL, and mineral accumulation rates (g m−2 a−1)
in HFL and LAD. Pollen groups as a percentage of total pollen (%)
in HFL. Colours of shaded areas represent cultural periods in the
northern central Alps: grey – Neolithic; orange – Bronze Age; yel-
low – Iron Age; red – Roman period; green – Middle Ages.

Pernicka, 2013). Despite the existence of different ore de-
posits in the region (see Sect. 2), archaeological evidence
suggests that the closest and earliest copper mining emerged
in the Lower Inn Valley in the early to mid-Bronze Age
around 3600 cal BP (Breitenlechner et al., 2013; O’Brien,
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2015; Tomedi et al., 2013). Our HFL record strongly sug-
gests that metallurgical activities around the Kleinwalser Val-
ley could have already taken place around 5500 cal BP, which
would be almost 2000 years earlier. Our findings are, how-
ever, in agreement with other studies, which indicate that
Alpine metallurgy started well before 5000 cal BP (Bartel-
heim et al., 2002; Frank and Pernicka, 2012; Höppner et al.,
2005).

5.3 3500 to 2800 cal BP: Bronze Age

The start of this period saw the evolution from minerotrophic
to ombrotrophic conditions in HFL, characterised by the
occurrence of Sphagnum and a stabilisation of Ca values,
which suggests an independence from bottom sediment in-
fluence. The landscape opened, as shown by the emergence
of Poaceae, Cyperaceae and Corylus, while tree pollen sank
below 50 %. Moreover Calluna, Plantago, cereals and other
cultural indicators (Triticum/Hordeum, Humulus/Cannabis)
support the interpretation of a landscape opening with hu-
man presence. A drastic MAR peak in HFL and LAD (Fig. 5)
suggests that deforestation and openness strongly promoted
soil and slope erosion between 3500 and 3200 cal BP. A bot-
tom layer of partly charred wood debris at HHA was dated
to 3360–3480 cal BP, which points to deforestation by fire
and further supports land openness. Archaeological evidence
from Schneiderkürenalpe (Fig. 1) also suggests pastoral ac-
tivities in the valley (Leitner, 2003), which would have pro-
moted soil erosion on the karstic western slopes. On the same
slopes, a speleothem record from the Hölloch cave (Wurth et
al., 2004) showed a contemporary negative δ13C excursion,
which could have been caused by an enhanced input of soil-
derived carbon. Cultural pollen indicators and pastoral weeds
were observed locally by Dieffenbach-Fries (1981), while
Walde and Oeggl (2004) documented fire clearings in the
Tannberg area (Fig. 1) between 3600 and 3300 cal BP. Sev-
eral lake and mire records showed an increasing human im-
pact on the central Alp’s landscape during that period (Festi
et al., 2014; Schmidl and Oeggl, 2005; Vorren et al., 1993;
Wick and Tinner, 1997). Contemporaneously, settlement pat-
terns changed after 3500 cal BP as a result of climatic dete-
riorations and new sites appeared at higher elevations in the
central Alps (Della Casa, 2013). The same author saw techni-
cal and agricultural innovations as a driver of higher impact
during the middle to late Bronze Age. In terms of climate,
a trend to wetter and colder conditions began after approx-
imately 3300 cal BP (Hormes et al., 2001; Ivy-Ochs et al.,
2009; Magny et al., 2009; Vorren et al., 1993), which could
have promoted such erosive events by both descending the
timberline and bringing more precipitation on an open land-
scape. While some studies suggested that warmer conditions
can promote human activities (Tinner et al., 2003; Vorren et
al., 1993), our pollen record does not allow conclusions about
warmer or colder conditions. We can however argue that the
large erosive event observed in the Kleinwalser Valley and

the specific cultural pollen assemblage were a direct conse-
quence of a strong and deliberate human land use rather than
being the direct result of climate factors.

5.4 2800 cal BP to 600 cal CE: Iron Age and Roman
period

The pressure of agro-pastoralism progressively disappeared
from 2800 to 2500 cal BP as shown by the disappearance of
Artemisia, Fabacea, Cirsium and Plantago. Cerealia pollen
(Hordeum/Triticum and Secale) also go missing around
2500 cal BP. Forests progressively recovered in a stable land-
scape with minimum erosion, as also reflected in the low
MAR. The decreasing human impact in the Kleinwalser Val-
ley after the late Bronze Age may have been triggered by
a cold phase (Ivy-Ochs et al., 2009), making harsh moun-
tain environments less attractive. However, several studies
discussed or contested a climate-deterministic view on the
widespread decline of human activities around this period
(e.g. Armit et al., 2014; Röpke et al., 2011; Tinner et al.,
2003). Decreasing cultural indicators during this period were
also documented elsewhere in the central Alps (Vorren et
al., 1993). Yet, a general decline contrasts with human im-
pact in the neighbouring Tannberg area (Walde and Oeggl,
2003, 2004). Why human impact in the Kleinwalser Valley
decreased therefore remains unclear at this stage. We can
however hypothesise that humans never abandoned the val-
ley completely. The favourable warm and dry period start-
ing around 2000 cal BP (Büntgen et al., 2011) attracted peo-
ple again for hunting and pastoralism as suggested by pollen
(Artemisia, Plantago) and by archaeological evidence (Leit-
ner, 2003).

While anthropogenic impact in the Kleinwalser Valley de-
clined from 2800 to 2000 cal BP, Pb EF suggests that metal-
lurgical activities continued in the area. A Pb EF of up to
175 hints at intensive metallurgical activities not far from
HFL between 2800 and 2600 cal BP. The exact locations of
these activities remain unclear, but may be local to regional,
as metallurgy became widespread in the eastern Alps around
3500 cal BP (Höppner et al., 2005; Lutz and Pernicka, 2013).
The signal is in line with the technological introduction of
the first Pb alloys (Tomedi et al., 2013). Afterwards (2600–
2300 cal BP), short episodes of moderate Pb EF indicate on-
going metallurgy in the region. Part of it could have been
connected to Celtic cultures (e.g. La Tène), as metal artefacts
and metallurgy evidence were found in the northern central
Alps (Bächtiger, 1982; Mansel, 1989).

During early Roman times (ca. 2000 cal BP in this region)
HFL and LAD show a low MAR, indicating little erosion
and therefore decreased land use, as Walde and Oeggl (2003,
2004) already suggested. In contrast, Friedmann and Sto-
jakowits (2017) reported higher land use in the Alpine fore-
land. Later on, the study of Büntgen et al. (2011) suggested
warm summers with moderately low precipitation from 200
to 300 cal CE. Simultaneously, rising mineral input in HFL

E&G Quaternary Sci. J., 68, 13–28, 2019 www.eg-quaternary-sci-j.net/68/13/2019/



C. von Scheffer et al.: 6200 years of human impact (northern central Alps) 23

indicates increased land use in the Kleinwalser Valley. The
local and regional human activity and connectivity of the
valley can only be inferred by connecting historical sources
(Dertsch, 1974; Fink and von Klenze, 1891; von Raiser,
1830; Weber, 1995), archaeological finds (Gulisano, 1995)
and a Roman trade route completion (Via Decia) through
Sonthofen (20 km N) around 250 CE (Heuberger, 1955). We
therefore suggest that people may have used the valley’s
slopes, which led to the observed MAR rise in HFL and
LAD around the 3rd century cal CE. We also observe an el-
evated Pb EF around 100 cal CE, but in contrast to Mack-
ensen (1995), we cannot firmly connect that to local Roman
mining around Sonthofen. As strong Pb emissions of Roman
origin are recorded across Europe (e.g. De Vleeschouwer et
al., 2010b), we tend to attribute the enrichment in HFL to
diffuse distal sources.

After 400 cal CE, increased Abies alba pollen indicate for-
est expansion in cool and humid conditions. The absence of
herbs (e.g. Plantago) and Corylus suggests a low human in-
fluence in the Kleinwalser Valley. In parallel to the forest ex-
pansion and decreased anthropogenic pollen indicators, the
MAR dropped significantly in the first half of the 6th cen-
tury cal CE. Similar patterns were observed in the Klein-
walser Valley (Grosse-Brauckmann, 2002) as well as north of
it (Rösch, 1992; Stojakowits, 2014). A wetter climate around
400 cal CE was directly followed by colder summer temper-
atures from 536 to 660 cal CE (Büntgen et al., 2011, 2016),
called the Late Antique Little Ice Age (LALIA). Around this
period, Holzhauser et al. (2005) observed glacier advances
in the Swiss Alps. The comparison of our data with these
palaeoclimate records suggests that due to a climatic dete-
rioration between 500 and 600 cal CE, human activities in
the Kleinwalser Valley and its surroundings declined signifi-
cantly. Moreover, erosion decreased as a combined result of
forest expansion and soil stabilisation.

5.5 600 cal CE to 2016 CE: from early Middle Ages to
modern times

This period saw the expansion of the Frankish empire to
higher elevations, but little is known about it in this part
of the northern central Alps, as neither Roman nor Middle
Age historical sources exist (Babucke, 1995). We neverthe-
less observe a growing human impact in HFL, reflected in in-
creasing cultural pollen proportions (Juglans, Cerealia, Plan-
tago), which fits to deforestation and settlement expansion in
the Alpine foreland suggested by Friedmann and Stojakow-
its (2017). The MAR in HFL also increased sharply after
the LALIA to peak around 700 cal CE, which is in accor-
dance with observations in the Alps of Tinner et al. (2003).
However, a sharp drop at 770 cal CE was then followed by
a decreasing trend along with the Medieval climatic op-
timum (900 to 1300 CE) (Mann, 2002) until the onset of
the Little Ice Age glacier progressions (1300 to 1850 CE)
(Matthews and Briffa, 2005). The MAR decrease indicates a

landscape stabilisation. Historical sources indeed suggested
that the Kleinwalser Valley has been managed for cattle herd-
ing and hunting since at least the 11th century CE (Amann,
2013a). The Walser arrived in the early 14th century CE
and should have been responsible for most of the changes
since then (Wagner, 1950). The presence of macro-charcoal
(> 1 mm) in HFL after 1350 cal CE is in line with the onset
of Walser settlements and indicates intense use of fire across
the valley. The uppermost pollen sample in HFL shows the
highest proportion of cultural and open landscape indicators
(Fig. 3). However, our palynological resolution is coarse and
our age–depth model is limited for that period, placing this
uppermost sample in the early period of industrialisation (ca
1880 cal CE). We can therefore assume that the Walser in-
tensified deforestation until the mid-19th century, as shown
on a land cover map from 1857 CE (State of Vorarlberg,
2018). The MAR progressively increased from the 13th cen-
tury cal CE towards the industrial period, reflecting a grow-
ing population, increasing forestry and agro-pastoral activi-
ties (dairy and meat production). However, this accelerating
trend to landscape opening may have been buffered by early
land (forest) management regulations (Amann, 2014; Fink
and von Klenze, 1891), mitigating further destabilisation of
land cover.

In contrast to HFL, the MAR in LAD seems to have taken
another development between the Middle Ages and indus-
trialisation. Even if the accumulation rates in this part need
to be considered with caution, the MAR rose quite strongly
after around 1400 cal CE. Particularly this western side of
the valley started to be used for cattle grazing after 1450 CE
(Amann, 2013b). Consequently, the vulnerable slopes suf-
fered from erosion, induced by timber cutting and cattle
trampling.

Pb EF has also increased since around 1400 cal CE. Part
of this increase may be attributed to the Sonthofen min-
ing district, where exploitation was first documented for
1471 cal CE (Merbeler, 1995). However, the emergence of
widespread European mining activities in the Middle Ages
(e.g. Forel et al., 2010; Le Roux et al., 2005) could have con-
tributed to the signal in HFL. The interpretation of the late
Middle Ages in the LAD record is however limited by the
age constraint. A more detailed discussion would therefore
be speculative. We can however observe that the trends de-
scribed above for Pb EF, the MAR, and pollen in HFL con-
tinued towards the 19th century. We can moreover suggest
several interpretations from our geochemical data for the late
19th and 20th centuries. As a result of heavy industry and
the introduction of leaded gasoline in Europe, the Pb EF in
HFL strongly increased continuously from 1850 cal CE to a
maximum of 250 in the 1980s and a sharp decline thereafter,
perfectly fitting to the maximum use of leaded fuel and its
subsequent ban (Pacyna and Pacyna, 2001). The chronology
of the last centuries is however not well constrained. This
could have been caused partly by drainage of Hoefle Mire,
which temporarily reduced peat accumulation and enhanced
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decomposition at intermediate depth. However, our Pb EF
profile is strikingly similar to the well-dated Pb EF profile
of several Swiss mires (Shotyk et al., 1998; Weiss et al.,
1999) and, hence, provides another chronological reference
point for the topmost part of the Hoefle core. We can there-
fore say that, during the first half of the 20th century, the
MAR remained low in both mires. The tourism intensifica-
tion in the valley (Fritz, 1981) and the construction of related
infrastructure increased the MAR in both mires again after
1950 cal CE.

6 Conclusions

We present two peat records of the central Alps covering
the last 6200 years. By combining geochemical, palynolog-
ical and chronological tools, we are able to understand the
occupation and high human impact on the landscape in a
valley of the northern central Alps and beyond. Calibrat-
ing a portable geochemical tool with ICP-MS also allows
us to quantify geochemical elements in peat at a resolu-
tion that is rarely obtained and demonstrates its potential in
(palaeo)environmental studies.

A cooler and wetter climate around 6200 cal BP promoted
mire formation in the Kleinwalser Valley. Pollen spectra and
erosion suggest human presence in the valley as early as
around 5700 cal BP, lasting over several centuries, which is
in line with studies on regional occupation. Increased Pb EF
values around the same time suggest metallurgical activities
in the area, which predates regional archaeological evidence
by almost 2000 years. Large-scale deforestation and land use
(agro-pastoralism) took place between 3500 and 2800 cal BP
causing a drastic landscape opening and high initial erosion
rates at both low and high elevations. At the end of this pe-
riod, a prominent Pb EF points to metallurgical activities.
However, landscape stabilised and forests recovered there-
after until well into the Roman period. A second period of
increased erosion and land use started after 230 cal CE to
a climax at around 700 cal CE. This increased land use pe-
riod was interrupted by climatic deteriorations around 500 to
600 cal CE. Pb EF increased during the Roman period. It is
however challenging to identify an origin as Roman Pb pollu-
tion was widespread. The Middle Ages saw progressive land
management and the arrival of the Walser people. While his-
torical sources point to a strong Walser influence on the area,
our data only allow us to suggest that deforestation, agricul-
ture and pastoralism continued during that period. The extent
of those activities remains unclear however. The Pb EF in-
creased during Late Middle Ages. It then rose faster during
the industrial revolution and peaked before leaded gasoline
was banned, allowing us to use it as a chronological marker
to constrain the last century, which saw increasing tourism
and its consequences taking place in the Kleinwalser Valley.

Although several archaeological findings and sites gave
evidence for three prehistoric hotspots of human activity be-

fore, our pollen and geochemical data allow us to detail the
evolution of the local and regional landscape and its use
in the northern central Alps. The combination of histori-
cal sources with erosion indicators and pollen points to lo-
cal land use and human presence in the valley thousands of
years before the Walser arrival. Because the landscape had
already undergone strong anthropogenic changes before, the
recorded impact of the Walser was ultimately less prominent
than could be expected.
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Abstract: The analysis of grain-size distributions has a long tradition in Quaternary Science and disci-
plines studying Earth surface and subsurface deposits. The decomposition of multi-modal grain-
size distributions into inherent subpopulations, commonly termed end-member modelling analysis
(EMMA), is increasingly recognised as a tool to infer the underlying sediment sources, transport and
(post-)depositional processes. Most of the existing deterministic EMMA approaches are only able
to deliver one out of many possible solutions, thereby shortcutting uncertainty in model parameters.
Here, we provide user-friendly computational protocols that support deterministic as well as robust
(i.e. explicitly accounting for incomplete knowledge about input parameters in a probabilistic ap-
proach) EMMA, in the free and open software framework of R.

In addition, and going beyond previous validation tests, we compare the performance of available
grain-size EMMA algorithms using four real-world sediment types, covering a wide range of grain-
size distribution shapes (alluvial fan, dune, loess and floodplain deposits). These were randomly mixed
in the lab to produce a synthetic data set. Across all algorithms, the original data set was modelled
with mean R2 values of 0.868 to 0.995 and mean absolute deviation (MAD) values of 0.06 % vol to
0.34 % vol. The original grain-size distribution shapes were modelled as end-member loadings with
mean R2 values of 0.89 to 0.99 and MAD of 0.04 % vol to 0.17 % vol. End-member scores reproduced
the original mixing ratios in the synthetic data set with mean R2 values of 0.68 to 0.93 and MAD of
0.1 % vol to 1.6 % vol. Depending on the validation criteria, all models provided reliable estimates
of the input data, and each of the models exhibits individual strengths and weaknesses. Only robust
EMMA allowed uncertainties of the end-members to be objectively estimated and expert knowledge
to be included in the end-member definition. Yet, end-member interpretation should carefully consider
the geological and sedimentological meaningfulness in terms of sediment sources, transport and de-
position as well as post-depositional alteration of grain sizes. EMMA might also be powerful in other
geoscientific contexts where the goal is to unmix sources and processes from compositional data sets.

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.



30 E. Dietze and M. Dietze: Grain-size distribution unmixing using the R package EMMAgeo

1 Introduction

1.1 Mixing of grain-size subpopulations in sedimentary
deposits

Many studies in Quaternary Science aim to reconstruct past
Earth surface dynamics using sedimentary proxies. Earth
surface dynamics include a variety of processes that mix
process-related components (Buccianti et al., 2006). Sedi-
ment from different sources can be transported and deposited
by a multitude of sedimentological processes that have been
linked to climate, vegetation, geological and geomorpho-
logical dynamics (Bartholdy et al., 2007; Folk and Ward,
1957; Macumber et al., 2018; Stuut et al., 2002; Tjallingii et
al., 2008; Vandenberghe, 2013; Vandenberghe et al., 2004,
2018). During transport, grain-size subpopulations are af-
fected by different transport energies, and, thus, distinct
grain-size distributions are created upon deposition. Accord-
ingly, it is possible to infer source areas, transport pathways
and transport processes as well as the related sedimentary en-
vironment from measured grain-size distributions. This basic
concept has been exploited for more than 60 years (Flem-
ming, 2007; Folk and Ward, 1957; Hartmann, 2007; Visher,
1969). However, the approach is limited when sediments are
transported by more than one process and become mixed
during and after deposition (Bagnold and Barndorff-Nielsen,
1980; Vandenberghe et al., 2018).

The advent of fast, high-resolution grain-size measure-
ments through laser diffraction allows the assessment of
grain-size distributions of large sample sets in a short time
and reveals the sediment mixing effects in multiple modes
or distinct shoulders in the grain-size distribution curves. Al-
though widely used, classic measures of bulk distributions
such as sand, silt and clay contents or mean grain size, D50,
sorting, skewness or kurtosis (Folk and Ward, 1957) are non-
informative in non-Gaussian, multi-modal distributions and
allow only a qualitative interpretation and comparison of sed-
imentary processes that contributed to sediment formation.

To overcome these limitations and to improve process in-
terpretation and attribution of associated drivers from sedi-
mentary archives (Dietze et al., 2014), two ways have been
proposed to decompose multi-modal grain-size distributions
and to quantify the dominant grain-size subpopulation: para-
metric and non-parametric approaches. Among the former,
commonly used curve fitting approaches describe a sedi-
ment sample as a combination of a finite number of paramet-
ric distribution functions such as (skewed) log-normal, log-
hyperbolic or Weibull distributions (Bagnold and Barndorff-
Nielsen, 1980; Gan and Scholz, 2017; Sun et al., 2002).
However, curve fitting solutions are non-unique, and subpop-
ulations might not be detected if a fixed number of func-
tions are fitted to individual samples (Paterson and Heslop,
2015; Weltje and Prins, 2003), whereas other parametric ap-
proaches such as non- and semi-parametric mixture models
(Hunter et al., 2011; Lindsay and Lesperance, 1995) are still

very poorly explored in the field of grain-size distribution
analyses.

Non-parametric end-member modelling or mixing analy-
sis (EMMA) aims to describe a whole data set as a combina-
tion of discrete subpopulations, based on eigenspace analysis
and compositional data constraints (Aitchison, 1986). A mul-
tidimensional grain-size data set X (i.e. m samples, each rep-
resented by n grain-size classes) can be described as a linear
combination of transposed end-member loadings (VT, rep-
resenting individual grain-size subpopulations), end-member
scores (M, the relative contribution of the end-member sub-
populations to each sample) and an error matrix E using the
function

X=M ·VT
+E. (1)

Hence, it is possible to identify (using end-member loadings)
and quantify (using end-member scores) sediment sources,
transport and depositional regimes from mixed grain-size
data sets. EMMA has been successfully applied to interpret
and quantify past sedimentary processes from sediment de-
posits, beyond classical measures, for example in marine,
lacustrine, aeolian, fluvial, alluvial and periglacial environ-
ments, across multiple spatial and temporal scales (Borchers
et al., 2015; Dietze et al., 2013, 2016; Schillereff et al., 2016;
Strauss et al., 2012; Toonen et al., 2015; Varga et al., 2019;
Vriend and Prins, 2005; Wündsch et al., 2016).

1.2 Non-parametric grain-size unmixing approaches

Five approaches of non-parametric EMMA have been pro-
posed: Weltje (1997) has developed a FORTRAN algorithm
based on simplex expansion, which has been translated to
a set of scripts for R (R Core Team, 2017) called RECA
(R-based Endmember Composition Algorithm), including
a fuzzy c-means clustering approach (Seidel and Hlaw-
itschka, 2015). Available as MATLAB scripts, the algorithm
by Dietze et al. (2012) has included eigenvector rotation,
whereas Yu et al. (2015) have introduced a Bayesian EMMA
(BEMMA) and Paterson and Heslop (2015) have used ap-
proaches from hyperspectral image processing (AnalySize).
Based on the MATLAB algorithm by Dietze et al. (2012),
Dietze and Dietze (2016) compiled a prototype R package
(EMMAgeo v. 0.9.4).

Most EMMA approaches are deterministic (i.e. one sin-
gle model solution without any uncertainty estimates) and
require the user to set a fixed number of end-members q and
further model parameters. In natural systems, however, q is
rarely known and, thus, often one of the reasons to employ
EMMA. Different approaches have been proposed to esti-
mate q, such as the inflection point in a q–R2 plot (Paterson
and Heslop, 2015; Prins and Weltje, 1999) or the iterative
adjustment of model parameters such as the weight transfor-
mation limit (Dietze et al., 2012), maximum convexity error,
number of iterations and weighting exponent (Weltje, 1997;
Seidel and Hlawitschka, 2015).
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Previous studies of EMMA performance (Weltje and
Prins, 2007; Seidel and Hlawitschka, 2015; Paterson and
Heslop, 2015) either used measured data without informa-
tion on the true loadings and scores or were based on ide-
ally designed synthetic data. However, natural process end-
members can overlap substantially and may have a varying
or multi-modal grain-size distribution shape due to unstable
transport conditions (e.g. gradual fining of aeolian dust with
transport distance) and deposition (e.g. reworking by soil for-
mation; Dietze et al., 2016; Vandenberghe et al., 2018).

Recently, van Hateren et al. (2018) compared the concepts
and performances of AnalySize, RECA, BEMMA, EMMA-
geo and a diffuse reflectance spectroscopy (DRS) unmixing
approach (Heslop et al., 2007). They used numerically mixed
real-world grain-size samples and compared the modelled
end-member loadings with the real-world distributions and
modelled scores with randomised mixing ratios, as suggested
by Schulte et al. (2014). Van Hateren and others confirmed
former studies and highlighted that geological background
knowledge is crucial for end-member interpretation, but they
also pointed to strong differences in model performance.
However, the descriptions of van Hateren et al. (2018) are
mainly based on verbal comparisons of graphic data repre-
sentations, and the validation data are not available for future
comparative studies.

Here, we introduce new operational modes and protocols
for the comprehensive open-source R package EMMAgeo
as a tool for quantifying process-related grain-size subpop-
ulations in mixed sediments. We aim to clarify information
provided by the reference documentation of the first version
of the package (v. 0.9.4; Dietze and Dietze, 2016) and by
Dietze et al. (2014), regarding parameter estimation and op-
timisation, and we add a new approach of uncertainty estima-
tion of the end-member scores. We evaluate the performance
and validity of EMMAgeo using a real-world grain-size data
set with fully known end-member compositions and unbi-
ased quantitative measures. For comparison, the same data
set is modelled with other available grain-size end-member
algorithms. An evaluation and validation of both process
end-member distribution shapes and mixing ratios are pro-
vided. Finally, general constraints for the interpretation of
end-members are discussed. The detailed Supplement shall
help users to apply the EMMAgeo protocols and to repro-
duce the results, making use of the raw data published along
with this study.

2 The R package EMMAgeo

2.1 Background

EMMAgeo in its current version 0.9.6 (Dietze and Dietze,
2019) contains 22 functions (Table S1 in the Supplement),
the example data set for this study and full documentation of
these items. EMMAgeo provides a systematic chain of data

pre-processing, parameter estimation and optimisation, the
actual modelling and the inference of model uncertainties.

EMMAgeo is based on the EMMA MATLAB code by Di-
etze et al. (2012), which was slightly modified, i.e. vectorisa-
tion of looped calculations to increase computation speed, a
new coding of the scaling procedure (Miesch, 1976) and ad-
ditional measures of model performance. Following Dietze et
al. (2012), the core function EMMA() rescales the grain-size
data matrix X to constant row sums (i.e. m rows of samples,
n columns of grain-size classes). Then, a weight transforma-
tion (Klovan and Imbrie, 1971) is performed using a weight
constant l to yield a weight matrix W that is not biased by
variables with large standard deviations (Weltje, 1997). The
similarity matrix A is returned as the minor product of W.
From the similarity matrix, the eigenspace is computed, and
eigenvalues (L) and their cumulative sums are calculated.
Eigenvectors are inferred and sorted by decreasing explained
variance (Vf ). These eigenvectors are then rotated, by de-
fault using the Varimax rotation (Dietze et al., 2012), in R us-
ing the package GPArotation (Bernaards and Jennrich, 2005).
Their order is inverted to yield unscaled end-member load-
ings (Vq ). Then, normalised end-member loadings (Vqn) are
computed by row-wise data normalisation of Vq or are user-
defined; i.e. a known Vqn can be used. A factor score matrix
(Mq ) is calculated as a non-negative least squares estimate of
Vqn and W. Then, the data set can be described as a minor
product of Mq and VT to yield the modelled weight matrix
Wm. These values are back-transformed and yield rescaled
end-member loadings (Vqsn) and quantitative scores (Mqs).
A linear combination of Mqs and VT yields X′, the mod-
elled data set (see the mathematical formulation in Dietze
et al., 2012). Model evaluation measures are calculated by
comparing X and X′: row-wise (sample) and column-wise
(grain-size class) absolute model deviation, data variance and
root mean square errors (MADm and MADn, R2

m and R2
n

and RMSEm and RMSEn), explained variance of each end-
member (Mqsvar) and total mean MADt and R2

t of the model,
as well as the number of overlapping end-member loadings
(ol), defined as one end-member having its main mode within
the area of another end-member.

2.2 Theory of operational modes and protocols

A deterministic and a robust operational EMMA mode can
be run by a function and two protocols, respectively. First,
EMMA can be performed with a user-based decision on all
parameters, which is comparable to existing algorithms. This
deterministic EMMA is mainly useful for exploratory stud-
ies, such as investigating the effect of different numbers of
end-members q, weight transformation limits l or factor ro-
tation types. The function call EM_det<−EMMA(X =X,
q = 4, plot=TRUE), with X being the data set and q
the number of suggested end-members, returns the final end-
member loadings and scores, the modelled data set and sev-
eral quality criteria. Additional function arguments can be
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provided, such as l, other factor rotation methods, predefined
unscaled end-member loadings, the grain-size class limits of
the input data set or a series of plot arguments in standard R
language.

The second and third protocol of robust EMMA account
for the real mixing conditions being generally unknown. In
such cases, it is reasonable to evaluate different model reali-
sations within meaningful parameter ranges; i.e. q and l can
be varied to infer the range of uncertainty associated with the
set of model scenarios in a probabilistic framework. The cen-
tral goal of robust EMMA is to set the boundary conditions
for these two parameters q and l, which allows all resulting
scenarios to be modelled to identify emergent robust end-
members and to describe these by statistical measures. There
are two ways to run robust EMMA (Fig. 1). An extended
protocol is suitable for more exploratory studies, in which
parameter settings can be explored and manipulated in detail
(Fig. 1a). A compact protocol allows calculation of all im-
portant input and output parameters in five steps (Fig. 1b).
Both protocols follow the same workflow but with different
requirements and possibilities to interact.

The extended protocol of robust EMMA (Fig. 1a) starts
with defining lmin, a lower limit for l (step 1). By de-
fault, lmin is set to zero (according to Miesch, 1976). The
upper limit lmax (step 2) represents the maximum possible
value that still allows eigenspace calculation and is either
found by testing the possibility of eigenspace computation
for a sequence of possible l values (function test.l())
or by iteratively approximating the highest possible l value
(function test.l.max()). When l approaches lmax,
EMMA generates increasingly unreliable output (e.g. nega-
tive loadings), which is why lmax should be set to a lower
value, for example, the default value 95 % of lmax. Based on
lmin and lmax, a sequence of likely values for l is created
(step 3). The number of these values (here n= 20) should
balance sufficient q scenarios and reasonable computational
time.

The range of the number of end-members q is then mod-
elled for each element of this sequence of l. Step 4 sets
qmin by testing how much of the data variance can be ex-
plained with a given q prior to eigenspace rotation. Dietze
et al. (2012) suggested a minimum R2 of 0.95. A reason-
able estimate of the highest meaningful value qmax (step 5)
can be the first local maximum of total mean R2

t after all
end-members were modelled. In EMMA (Dietze et al. 2012),
R2

t rises as more end-members are included until, after a lo-
cal maximum, it drops again, which is related to the forced
constant-sum constraints (Paterson and Heslop, 2015). Al-
ternative criteria can be a fixed upper threshold of R2

t or
a fixed user-defined value for qmax (step 5). Note that this
approach differs from the way that other models identify q.
While Weltje (1997) and Prins and Weltje (1999) use the in-
flection point of the q–R2 relationship to set one fixed q,
robust EMMA provides a range of q that include this inflec-
tion point. In step 6, the ranges of q and l are combined to

a parameter matrix P, used to model all likely end-member
scenarios. In P, qmin must be at least 2, qmax must be at least
as high as the corresponding qmin and there must be no NA
(not available) values (see Supplement).

End-member loadings from different model parameter set-
tings tend to cluster at similar main mode positions, which
Dietze et al. (2012, 2014) used to manually identify robust
end-members. To identify these mode clusters within EM-
MAgeo (step 7), EMMA() is evaluated for each combination
of q between qmin and qmax for each element of l. Step 8 gen-
erates the limits around the mode clusters of the robust end-
member loadings. The limits are a two-column matrix with
the lower and upper limit class for each robust end-member.
With these class limits, all robust end-member loadings can
be extracted (step 9), and their class-wise means and standard
deviations are calculated.

With the mean robust loadings, i.e. the unweighted mean
of all similarly likely loadings of step 9, it is possible to op-
timise the model with respect to different quality criteria by
changing l to yield an optimal EM solution (lopt, step 10).
The default quality criterion is R2

t . Other possible criteria are
thresholds in mean sample- and class-wise R2 and E and
the number of overlapping end-members. With the uncer-
tainty ranges of robust loadings and lopt (or any other user-
defined l values), it is possible to quantify the uncertainties of
end-member scores using Monte Carlo simulations (step 11).
The simulations generate many sets of unscaled end-member
loadings, by default 100 times q. EMMA() is performed with
each subset of loadings, and the scores are extracted. Their
overall scatter is described by the sample-wise standard devi-
ation. The Monte Carlo approach cannot propagate a specific
l to the scores calculation because loadings are randomly
sampled with no information about the initial l with which
they have been created. Hence, the Monte Carlo approach
only delivers an estimate of the standard deviation of the
scores (default) or asymmetric confidence intervals, whereas
the mean derives from the optimal EM model.

The compact protocol of robust EMMA (Fig. 1b) com-
bines steps of the extended protocol and automates the iden-
tification of plausible grain-size class limits for robust end-
member extraction. After data input checks, the ranges of l

(step 1) and q (step 2) are determined. These boundary condi-
tions are used to evaluate multiple EMMA scenarios (step 3).
Cluster limits can be identified by a kernel density estimate
for all available grain-size modes (step 4) that are used to de-
fine robust end-members. Kernel density estimates are curves
that depict the continuous empiric distribution of data, in this
case grain-size mode classes, by sliding a window (the ker-
nel) over the data and counting the number of values within
it for each sliding step. The window size (or kernel band-
width) is the parameter controlling the shape of the resulting
curve. Here, a default kernel bandwidth of 1 % of the number
of grain-size classes of the input data set is used. To identify
mode cluster limits, the density curve needs to be cut off at a
given threshold. Above that threshold, the limits bracketing
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Figure 1. Flow chart of the two robust EMMA protocols. (a) Extended protocol with code for the entire modelling chain. (b) Compact
protocol with minimal user input.

the modes can be derived. By default, the cut-off threshold
is defined as the 0.7 quantile of the density values. These
empirical default values were found to be appropriate during
extensive tests with synthetic data sets during package de-
velopment. However, they are not universal and may be ad-
justed when needed. With all modelled end-member loadings
(from step 3) and the class limits (from step 4), the robust
end-member loadings and scores can be extracted (step 5;
Fig. 1).

3 Practical application: material and methods

3.1 Example data set

Sediment outcrops of four depositional environments were
sampled near the city of Dresden, Germany (Fig. 2). These
represent natural sedimentological end-members (EMnat) of
a floodplain section (EMnat1, with main grain-size mode at
19 µm) of an Elbe River tributary, a loess deposit (EMnat2,
mode at 36 µm) of the Ostrau profile described by Meszner
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Figure 2. (a) Sample locations and sedimentological setting
(according to the geological map, section Dresden, Sächsisches
Landesamt für Umwelt, Landwirtschaft und Geologie; http://
www.geologie.sachsen.de/geologische-karten-14041.html, last ac-
cess: 10 May 2019); see kmz file in the Supplement. (b) Grain-size
distributions of the four natural grain-size end-members (EMnat )
and the 100 resulting mixed samples (Xnat), i.e. the example data
set of the EMMAgeo R package (Dietze and Dietze, 2019).

et al. (2013), a sandur dune (EMnat3, mode at 330 µm) and
a Weichselian alluvial fan (EMnat4, mode at 406 µm; Fig. 2).
These natural environments were selected to cover a broad
range of transport regimes, grain-size distribution shapes, de-
grees of mode overlapping (EMnat4 and EMnat3) and number
of modes (EMnat1). Note that these samples are potentially
composed of multiple grain-size populations themselves and
are far from “ideal” for synthetic unmixing. We decisively
chose this approach not only to compare the performance of
different EMMA methods but also to explore drawbacks in
the modelling procedure under such conditions.

Three parallel samples (0.3–2.0 g) per outcrop were chem-
ically treated with 10 % NaCl, 15 % H2O2 and 1.25 mL
Na4P2O7, each for 48 h, and measured with a Beckman Coul-
ter LS 13 320 Laser Diffraction Particle Size Analyzer at
RWTH Aachen, delivering 116 classes (0.04–2000 µm). Be-
tween 7 and 16 aliquots per sample were investigated in trip-
licates. Grain-size distributions were derived applying the
Mie theory with the following parameters: fluid refraction
index: 1.33; sample refraction index: 1.55; imaginary refrac-
tion index: 0.1. The resulting median grain-size distributions
(Fig. 2) were manually mixed in the lab to generate 100 sam-
ples with randomly assigned individual contributions. Within
this data set Xnat, 50 samples contained all four EMnat, 25

were prepared without EMnat4 material and a further 25 were
prepared without EMnat1. Hence, in contrast to other studies,
we fully know the grain-size distributions of the underlying
natural process end-members and their mixing ratios, which
allows a detailed evaluation of performance and comparison
of all available EMMA algorithms.

3.2 Model performance of different EM analyses

The example data set Xnat was decomposed with determin-
istic EMMA of EMMAgeo using q=4 and l=0. Robust
EMMA was run with both the extended and the compact pro-
tocol. To be as conservative and as unbiased as possible, both
protocols were executed with the default parameterisations as
suggested above and were only modified when results obvi-
ously prompted manual parameter adjustments.

To run the FORTRAN-based approach by Weltje (1997),
provided by Jan-Berendt Stuut (personal communication,
2017), the grain-size classes of Xnat needed to be aggregated;
i.e. the resolution decreased by a factor of 2. For consistent
comparisons with the other approaches, the resulting end-
member loadings were interpolated back to the initial grain-
size resolutions (see Supplement). The down-sampling and
subsequent up-sampling of all EMnat values resulted in neg-
ligible artefacts with an average R2 > 0.999. The modelled
data set X′ was computed by combining loadings and scores
according to Eq. (1), excluding the error matrix E.

Running the collection of the five RECA R scripts (Sei-
del and Hlawitschka, 2015) required manual installation of
the additional package compositions (Van den Boogaart et
al., 2014), e1071 (Meyer et al., 2017) and nnls (Mullen and
van Stokkum, 2012), loading all scripts and manual screen
input of the model parameters. RECA needs to be run com-
pletely to the end until consequences of parameter changes
can be inspected. The decision on q is based on a q–R2

n plot
(e.g. using the inflection point). Here, RECA was run with
four end-members, a maximum convexity error of −6, con-
firmation of the first start model, 100 iterations and a weight-
ing exponent of 1, as suggested by Seidel and Hlawitschka
(2015).

AnalySize by Paterson and Heslop (2015) provides a
MATLAB GUI, in which q is set manually. The numeric
MATLAB output, end-member loadings and scores, was im-
ported to R using the package R.matlab (Bengtsson, 2018).

Bayesian EMMA (BEMMA) in MATLAB (Yu et al.,
2015) does not allow a predefined q to be specified. With
repeated model runs, the number of output end-members
changed unsystematically between two and four. Depending
on q, the shape and mode positions of the unmixed distribu-
tions fluctuated, which prevented the output from different
model runs from being grouped. Hence, we did not include
BEMMA in this comparison.
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3.3 Evaluation and validation criteria

The performance of all approaches was evaluated in two
steps. First, we compared the original data set Xnat and
the modelled data sets X′ using (i) coefficients of deter-
mination (mean total R2

t , sample-wise R2
m, class-wise R2

n)
and (ii) the absolute differences between Xnat and X′ (total
MADt, sample-wise MADm, class-wise MADn). This com-
parison resembles the classical evaluation step when the true
natural end-member composition is unknown.

Second, knowing which natural end-members have been
mixed to create the example data set Xnat, we compare (i) R2

and MAD for EMnat distributions and loadings (R2
n1 to R2

n4
and MADn1 to MADn4), (ii) R2 and MAD for mixing ratios
and scores (R2

m1 to R2
m4 and MADm1 to MADm4) and (iii) the

absolute deviations of the mode positions of EMnat distribu-
tions and loadings. For comparisons of EMnat distributions
with modelled loadings, all results were truncated to grain-
size classes of EMnat higher than 0.1 % vol and rescaled to
100 %. There are two reasons for this: first, due to the gen-
erally narrow grain-size distributions, EMnat contained many
grain-size classes of only zeros, which biases the resulting
measures (Ciemer et al., 2018). This bias is severe: correlat-
ing, for example, two sequences of random values (e.g. 3.1,
5.2, 4.0 and 9.2, 8.3, 3.5) typically yields a very low corre-
lation coefficient (e.g. r =−0.065). However, padding these
sequences with zeros strongly increases the correlation co-
efficient (e.g. r = 0.87, including five zeros). Second, it is
known that EMMA (Dietze et al., 2012), but also other ap-
proaches, causes spurious secondary modes directly below
the mode positions of other end-members (Paterson and Hes-
lop, 2015). The spurious modes are obviously not related to
the underlying sedimentation regime and are not intended to
be interpreted genetically (Dietze et al., 2014). As they would
also bias the model comparison measures, we excluded them
from model evaluation.

4 Results: the different model performances

4.1 Evaluation of model performance

4.1.1 Deterministic EMMA

Figure 3 shows the default graphical output after the EMMA
algorithm has modelled the data set with four end-members.
Panels a and b depict R2 values (squared Pearson correlation
coefficients) organised by grain-size class and sample. Over-
all, the data set was reproduced with a mean R2

t of 0.969
and MADt of 0.2 % vol (Table 1). Panels c and d show mod-
elled end-member loadings and scores. End-member load-
ings (EM1-4) had modes at 16, 40, 310 and 450 µm. Spuri-
ous secondary modes of less than 2.5 % vol are visible below
primary modes of other end-members. Apart from the multi-
modal EM4, all end-members have a log-normal shape. Fig-
ure 3a shows that grain-size class-wise R2

n decreases between
946 and 1830 and 117 and 177 µm, both grain-size class in-

tervals that contribute less than 0.9 % vol to X (Fig. 2). Mean
sample- and class-wise absolute deviations are shown in Ta-
ble 1.

The scores of EM1 to EM4 accounted for 20 %, 20 %,
31 % and 29 % of the variance of X′, respectively. Sample-
wise R2

m is 0.98 on average (Table 1). Four outliers had
R2

m < 0.95 (samples 16, 57, 64, 75; Fig. 3b). However, nei-
ther removing these samples nor changing the rotation type
from Varimax to Quartimax or the oblique rotation Promax
improved the modelling of loadings and scores (not shown).

4.1.2 Robust EMMA – extended and compact protocol

In the extended protocol, an lmin of zero was used accord-
ing to Miesch (1976), and lmax was set to 0.37, i.e. 95 % of
the modelled absolute lmax of 0.39 (see methods in Sect. 3).
However, when using this value, negative loadings occurred.
Therefore, the value was set to 80 %, yielding a more realis-
tic and valid lmax of 0.31. With 20 values between lmin and
lmax, qmin varied between 2 and 3 (Fig. 4a), and qmax showed
a trend of decreasing R2

t with increasing l (Fig. 4c, d), until
even NA values were produced for some parameter combi-
nations (blue graph, Fig. 4b). Accordingly, after a local opti-
mum at qmax between 4 and 9 (open circles, Fig. 4b), adding
more end-members leads to numerical instabilities.

Figure 5a shows all 223 end-member loadings from 96
EMMA runs that agree with the parameter space of P. Note
that the protocol can be run with user-defined grain-size units
(function argument classunits) or simply the raw grain-size
class numbers (default, and used in the following sections
for simplicity). Several end-members have main mode posi-
tion clusters between grain-size class numbers 63 and 66, 74
and 77, 94 and 97 and 99 and 102 (orange polygons). These
class limits were used to model the robust end-member load-
ings, excluding the negative loadings that were modelled due
to lmax values that are too high. A fifth cluster at classes 71–
73 exists (not marked), although the distribution of this end-
member is rather broad and overlaps with the distribution
shapes of the two other clusters in this range. It was rejected
as a robust end-member (see below).

The resulting robust EM3 and EM4 loadings show high
class-wise standard deviations (SDs) around the mode posi-
tions (Fig. 6a). EM1 has a continuously narrow uncertainty
envelope (i.e. mean± 1 SD), and EM2 shows the largest and
most variable envelope. Mean class-wise SDs range from
0.06 (EM4) to 0.38 % vol (EM2). The main mode positions
of the robust loadings are identical with those of determinis-
tic EMMA; only the EM2 mode is one class off. Using the
mean robust loadings, lopt was 0.0163 when maximising R2

t .
Based on this, mean robust scores were modelled (Fig. 6b)
with an average SD of 9.9 % vol, 7.8 % vol, 11.3 % vol and
9.5 % vol for EM1 to EM4.

With the compact protocol, the same parameter space
(lmin, lmax, qmin and qmax) was calculated as with the ex-
tended protocol. Robust end-member definition is supported
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Figure 3. Default graphical output of the R function EMMA(). (a, b) Measures of model performance (i.e. class- and sample-wise R2),
(c) end-member loadings and (d) end-member scores. The legend presents the main mode positions (µm) and explained variance of each
end-member (%).

Table 1. Comparison of model performance (total, sample-wise and grain-size class-wise coefficients of variation (R2
t , R2

m, R2
n) and absolute

deviation (MADt, MADm, MADn) of Xnat versus X′). EMMAdet, EMMArob_ext and EMMArob_cmp refer to EMMAgeo deterministic,
extended and compact robust models (see text). EMMAweltje, RECA and AnalySize refer to end-member approaches in FORTRAN (Weltje,
1997), R (Seidel and Hlawitschka, 2015) and MATLAB (Paterson and Heslop, 2015), respectively.

Model R2
t R2

m R2
n MADt MADm MADn

EMMAdet 0.969 0.98 0.925 0.15 0.155 0.145
EMMArob_ext 0.964 0.974 0.92 0.171 0.186 0.156
EMMArob_cmp 0.966 0.975 0.927 0.168 0.183 0.153
EMMAweltje 0.978 0.981 0.837 0.17 0.186 0.155
RECA 0.868 0.886 0.684 0.302 0.338 0.266
AnalySize 0.995 0.995 0.916 0.065 0.072 0.058

by the plot output of the function robust.EM(). Figure 5b
shows five clusters with mode positions at 13–16, 27–33, 38–
47, 250–320 and 390–500 µm (i.e. class numbers 63–66, 71–
74, 75–77, 95–97 and 100–102). The colour scheme reveals
that the cluster at 27–33 µm (grey bar, Fig. 5b) systematically
occurs when EMMA was run with three end-members (red
curves, Fig. 5a). Clusters at 13–20 and 38–47 µm emerge es-
pecially when four end-members were included in a model
run (green curves). A similar case exists for the two coarse
end-members, at 250–320 and 390–500 µm. Hence, models
with a value for q that is too small systematically merge dis-
tinct grain-size distributions into spurious, broad curves. Val-
ues for q that are too high instead caused spikey loadings
(blueish, pink curves, Fig. 5b).

Defining the limits by the automatic kernel density es-
timate approach suggested only three out of four natural
end-members as robust ones, combining all loadings around
class 100 (Fig. 5b, black line). Setting the kernel bandwidth
arbitrarily to 0.5 would allow separation of the two overlap-
ping modes around EMnat2 while missing EMnat1 and misin-
terpreting the cluster around the two coarsest end-members
(not shown). Thus, for strongly overlapping mode clusters,
automatic class limit detection was not appropriate. Hence,
we set the mode limits similar to the extended protocol to
class numbers 63–66, 75–77, 94–97 and 99–102, chang-
ing the definition of EM2 by just one grain-size class (ex-
tended protocol: 74–77) to better exclude the cluster at 27–
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Figure 4. Parameter optimisation steps in the extended protocol of robust EMMA. (a) Model performance (coefficient of determina-
tion) with increasing number of factors prior to rotation (examples of weight transformation limits l; default output of the function
test.factors()). (b) Mean total R2

t of all likely q and l, default output of test.parameter(), 19 different q (2 to 20). (c) Exam-
ples of total R2

t of EMMA-scenarios as a function of the number of end-members q (along the x axis) and three different l values. (d) Mean
sample-wise model error En of all likely q and l values, optional output of test.parameters(), 20 different l values (0 to 0.1).

Figure 5. (a) Potential end-member loadings resulting from multiple EMMA runs with similarly likely parameter combinations. Distinct
clusters of main mode positions define the grain-size class limits (orange bars) and allow calculation of the range of robust end-members by
averaging the loadings with main modes that fall within the defined class limits. Note that there is no straightforward impression of the four
input EMnat values and the few, spikey loadings resulting from values of l that are too high. A stem-and-leaf plot of the mode clusters can
be used to judge the appropriateness of the identified limits. (b) Default graphical output of the R function model.EM() assigns potential
end-member loadings to the EMMA runs of (a). Coloured lines show end-member loadings from EMMA models with different q (dots at
respective main mode positions) and varying l values. The black line is a kernel density estimate of the main mode positions of all loadings,
with a default bandwidth of 1.16, i.e. 1 % of the number of grain-size classes of the input data set and a default threshold to identify mode
clusters (i.e. 0.016) that define three robust end-members (not shown). Manual setting of the limits avoids overlapping of the two coarse
end-members and excludes the loadings of the grey bar.
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Figure 6. (a) Robust end-member loadings and (b) scores of the extended protocol. (c) Default graphical output of robust.EM() as part
of the compact protocol, including class- and sample-wise explained variances (a, b) and a legend with main mode position and explained
variance of each end-member. Mean robust loadings as line graphs, mean robust scores as panels of points. Polygons around loadings and
bars around scores represent 1 standard deviation.

33 µm (red curves, Fig. 5b) and to assess varying robust end-
member definitions.

The resulting end-members are shown in Fig. 6b. They
are similar to the plotted output of the deterministic version
(Fig. 3) but extended by uncertainty polygons, the different
representation of scores and slightly different mode posi-
tions, grain-size class-wise R2

n (0.93) and sample-wise R2
m

(0.98). Mean end-member contributions to the variance of
the data set (20 %, 19 %, 29 % and 32 %) are almost identical
to the deterministic version.

4.1.3 Comparison to other end-member unmixing
algorithms

The full benchmark reveals that all approaches successfully
model the data sets. The output of RECA shows difficulties in
reaching the minimum convexity error of −6 with the initial
100 iterations, but by increasing the value to 200 iterations
the issue was solved.

The average R2
t values were higher than 0.868 in all cases,

up to 0.995 (Table 1). Sample-wise R2
m values were always

higher than the grain-size class-wise R2
n values. Determin-

istic EMMA yielded slightly better results than the two ro-
bust EMMA protocols, which in turn were very similar. The
lowest (highest) and highest (lowest) R2

t (MADt) values are
related to RECA and AnalySize, respectively.
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The main absolute deviations of X′ from Xnat are associ-
ated with grain-size classes between 100 and 1000 µm, re-
gardless of the model (Fig. 7). Except for AnalySize, all
approaches show systematic underestimation of these grain-
size classes of up to −2.5 % vol per class. Vice versa, finer
grain-size classes between 1 and 100 µm are slightly over-
estimated by ca. 1 % vol per class. The effects of the applied
sample mixing scheme of Xnat are clearly visible in all model
results (Fig. 7). Samples 51 to 75 (without coarse EMnat4)
show an overestimation of coarse and underestimation of fine
classes. Samples 76 to 100 (without fine EMnat1) show the
opposite picture. AnalySize yielded the overall best unmix-
ing, with average deviations of ca. ±1 % vol.

4.2 Validation against known data set composition

The above criteria quantify how well the approaches mod-
elled the data set (Eq. 1), whereas their ability to reproduce
the true “mixed ingredients” is addressed here. The R2 val-
ues between loadings and input EMnat grain-size distribu-
tions (Table 2a) were on average between 0.4 and 0.99 and,
thus, systematically larger than R2 values linking scores and
mixing ratios (0.77 to > 0.99; Table 2b). Both EMMAgeo
and AnalySize performed less well in modelling one out of
three EMnat distributions (EM1 for EMMAgeo and EM4 for
AnalySize). The MAD was below 0.8 % vol for all models
and end-members, except for EM4 scores (AnalySize).

A graphical comparison of the grain-size class-wise devi-
ations of input end-member distributions and modelled load-
ings (Fig. 8) shows that all EMMAgeo-based models un-
derestimate the main mode grain-size classes (i.e. curves
are below the 1 : 1 line). This is the result of the emer-
gence of spurious modes that shift class-wise percentages
(up to −3.2 % vol) from the main modes to classes around
the spurious modes (up to 1.3 % vol) that actually contain no
grains (vertically aligned points at zero x values). The other
EMMA approaches also show mismatches between natural
end-members and modelled loadings. Especially the alluvial
fan EMnat4 is affected, most severely in AnalySize. Percent
volume (% vol) shifts due to spurious secondary modes also
occur for the algorithm of Weltje (1997) and RECA. Overall,
the latter approach yields the most accurate representations
of the input distributions.

Concerning the reproduction of the initial mixing ratios
(Fig. 9, Table 2b), variability among the models is higher,
and all approaches show some unsystematic over- and un-
derestimation, especially for EM in samples in which real
mixing ratios were zero (vertical point clusters along the 0 %
x axis; Fig. 9). Except for RECA and AnalySize, the oppo-
site effect is also visible: the models suggest zero contribu-
tion from end-members that are actually present in a sample
with up to ca. 20 % (horizontal points along the 0 % y axis;
Fig. 9).

The modal grain-size classes of the four EMnat were mod-
elled with different levels of success (Fig. 8, legends). The

main modes of the coarse end-members were detected with
only one or two grain-size classes’ difference, whereas finer
end-members differed by up to three classes. Modal classes
of EMnat2 and EMnat3 were correctly depicted by EMMA of
Weltje (1997), RECA and AnalySize. Most models yielded a
value of EMnat1 that is slightly too coarse, deviating by one
or two grain-size classes. EMnat4 caused the largest scatter
among the models.

5 Discussion

5.1 Operational modes of EMMAgeo

The functionality of EMMA has improved significantly since
the introduction of the MATLAB algorithm of Dietze et
al. (2012). Not only an increase in computation speed, which
was already 1 to 3 orders of magnitude faster than for other
algorithms (Paterson and Heslop, 2015), but also many new
and detailed ways to explore end-members (with determin-
istic EMMA) and to estimate and describe associated uncer-
tainties of all end-member components (with robust EMMA)
were implemented. The plot output of both EMMA modes is
a comprehensive visualisation of all relevant information. It
allows direct process interpretation in terms of plausibility of
loadings and scores, model performance and identification of
outliers.

Both EMMA modes, deterministic and robust, result in
consistently similar outputs. Deviations of individual modes
of robust loadings from known EMnat distributions by one
or two grain-size classes are within the model uncertainty
of robust EMMA. Therefore, a key step is the definition
of robust end-members by setting the grain-size class lim-
its that bracket robust, parameter-independent main modes,
which overcomes the problem of relying on statistical mea-
sures like the inflection point of a q–R2 graph (van Hateren
et al., 2018). The workflow of robust EMMA offers ways to
explore the ability of different kernel bandwidths and density
thresholds, but in complicated cases, like the one provided in
this study, expert knowledge-based limit definition might be
the most practicable option. Hence, each data set should be
considered individually, and deviations from common pat-
terns may be significant in their own right (see discussion by
van Hateren et al., 2018).

5.2 Performance test and validation

Unmixing quality is very high regardless of the model used,
suggesting that all approaches in this benchmark are able to
reproduce the input grain-size data set with unmixed end-
member subpopulations. There is no model with an outstand-
ing performance. Model deviations of < 1 % (especially for
grain-size classes with > 0.1 % vol) are low in the light of
uncertainties related to process interpretation (see below).

The validation against known input end-member composi-
tion showed that all EMMA approaches are equally applica-
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Figure 7. Model performance to unmix and reproduce the example data set Xnat. For each end-member model approach, the absolute
difference MAD between modelled and original data set is shown.

ble. When comparing end-member loadings with the EMnat
distributions, R2 mainly represents shifts in mode positions,
whereas MAD reacts to both shifts in the modes of individ-
ual grain-size distributions and differences in the volume per-
centages per class. Yet, each algorithm has certain strengths
depending on the specific dimension of the investigation: if
the main goal is to identify the most likely q that builds an
empirical data set, robust EMMA provides a set of tools that
go beyond classical approaches (e.g. the inflection point of
the q–R2 plot) – allowing the inclusion of expert knowledge
in the quantification and interpretation of grain-size subpop-
ulations.

If the correct grain-size distribution shape of underly-
ing process end-members is targeted, RECA of Seidel and
Hlawitschka (2015) and EMMA by Weltje (1997) are most
suitable from our benchmark study (Table 2a). RECA had
problems with reaching the convexity error threshold, which
could result from our data set with largely overlapping natu-
ral process end-members.

When quantifying the contribution of end-members to a
given sample, robust EMMA, EMMA according to Weltje
(1997) and AnalySize performed best (Table 2b). Robustly
estimated scores using EMMAgeo reproduced original mix-
ing proportions very well and in a range comparable to
the other available end-member algorithms. However, as all
approaches and earlier EMMA evaluations showed, very
low and high scores (< 20 % and > 80 %) of one end-
member might be under- or overestimated within the compo-
sitional mixture (McGee et al., 2013). Hence, extremely high
(e.g. 100 %) contributions of one end-member to a sample
should not be interpreted as complete absence of the other
end-members but rather as the dominance of this one end-
member (and vice versa).

If uncertainty estimates for both loadings and scores are
considered important, then only robust EMMA is suitable.
The inclusion of uncertainties for loadings and scores is a key
precondition for propagating model results to further data
analysis, for example to interpret grain-size end-members

E&G Quaternary Sci. J., 68, 29–46, 2019 www.eg-quaternary-sci-j.net/68/29/2019/



E. Dietze and M. Dietze: Grain-size distribution unmixing using the R package EMMAgeo 41

Table 2. (a) Grain size class-wise coefficients of variation (R2
n) and absolute deviation (MADn) of modelled end-member loadings compared

to natural end-member distributions. (b) Sample-wise coefficients of variation (R2
m) and absolute deviation (MADm) of modelled end-

member scores compared to natural end-member mixing ratios.

(a)

Model R2
n1 R2

n2 R2
n3 R2

n4 MADn1 MADn2 MADn3 MADn4

EMMAdet 0.765 0.811 0.922 0.872 0.094 0.082 0.076 0.084
EMMArob_ext 0.752 0.807 0.941 0.884 0.096 0.081 0.068 0.097
EMMArob_cmp 0.744 0.821 0.901 0.867 0.096 0.078 0.082 0.095
EMMAweltje 0.988 0.975 0.723 0.702 0.04 0.051 0.096 0.095
RECA 0.745 0.403 0.595 0.837 0.116 0.165 0.125 0.072
AnalySize 0.98 0.974 0.761 0.701 0.045 0.049 0.088 0.091

(b)

Model R2
m1 R2

m2 R2
m3 R2

m4 MADm1 MADm2 MADm3 MADm4

EMMAdet 0.773 0.93 0.989 0.999 0.5 0.827 0.303 0.097
EMMArob_ext 0.778 0.925 0.97 0.978 0.477 0.83 0.499 0.531
EMMArob_cmp 0.772 0.925 0.979 0.98 0.485 0.831 0.416 0.513
EMMAweltje 0.975 0.993 0.988 0.92 0.166 0.133 0.478 0.906
RECA 0.917 0.966 0.978 0.947 0.272 0.284 0.427 0.686
AnalySize 0.985 0.999 0.97 0.787 0.116 0.037 0.625 1.633

Figure 8. Natural versus modelled end-member grain-size distributions for all evaluated models. Deviation of main mode (in number of
classes). x axes show Xnat and y axes modelled X′ values.

as proxies for sediment sources (loadings) in environmental
archives as they evolve with time (scores). As van Hateren
et al. (2018) emphasise, changes in the model results will
inevitably result in diverging interpretations of the assumed
sedimentary processes. Also, the interpretations of the scores
in their spatial (samples across a landscape) or temporal

(samples downcore) context will be affected. Thus, it is ex-
tremely important to provide some estimate of the inherent
uncertainty in both the proxy definition and in the sample
domain. So far only robust EMMA can deliver such informa-
tion. Yet, necessary parameter estimates and diverging start
conditions evidently exist in the other models too.
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Figure 9. Natural versus modelled end-member mixing ratios for all evaluated models. x axes show Xnat and y axes modelled X′ values.

If the distribution shape of an inherent natural grain-size
end-member is known, EMMAgeo allows quantification of
its contribution to the data set by including it as unscaled
loadings in both deterministic and robust EMMA or by as-
signing the known main mode class limits when selecting ro-
bust end-members (step 4; Fig. 1b). Finally, if free and open-
source software is a criterion – which is increasingly the case
for journals and funding agencies (David et al., 2016; Mu-
nafò et al., 2017) – RECA and EMMAgeo remain the only
options.

5.3 Comparison with other benchmark studies

In previous benchmark studies, EMMAgeo performed less
well, which Paterson and Heslop (2015) attributed to the
implementation of the non-negativity and sum-to-one con-
straints. van Hateren et al. (2018) pointed to the secondary
modes as cause of the deviations of scores from the mixing
ratios. We cannot confirm the poor performance of EMMA-
geo in our study, as it is not fully clear how van Hateren et
al. (2018) determined the EMMAgeo loading curves, which
they evaluate graphically. They note that in EMMAgeo the
q is not set by the inflection point of the q–R2 relationship,
but robust EMMA would lead to one q, and not a sequence
of 2 to 5, as discussed in their study. Additionally, it is un-
clear which realisation from within the robust EMMA un-
certainty range was evaluated by van Hateren et al. (2018).
Accordingly, detailed introduction of the EMMA protocols
is essential to avoid future misinterpretations.

Yet, the occurrence of artificial secondary modes below
the main modes of the end-members is more pronounced

in EMMAgeo compared to other unmixing algorithms. The
inherent compositional data constraints lead to an intimate
linkage of the distribution shape of one end-member with the
distribution shapes of other loadings. However, when exclud-
ing hardly interpretable secondary modes from global mea-
sures of model quality, the performance of EMMA is well
within the range of other available algorithms. As repeatedly
noted in articles applying EMMAgeo (Dietze et al., 2012,
2014) but also highlighted for other approaches in the bench-
mark study of Paterson and Heslop (2015), secondary modes
are model artefacts and should not be interpreted genetically.

However, to test the impact of artificial secondary modes
on model performance, we modelled the EMnat data set with
user-defined end-members. We manually set the unscaled
loadings outside the known primary end-member modes to
zero and used these updated loadings for the modelling pro-
cess (see Supplement for R code). Although the resulting
end-member loadings are now free of secondary modes, the
mixing ratios are only marginally better modelled (−1 % to
4 % deviation). Thus, such a truncation may help in tuning
the shape of the modelled end-members but cannot improve
deviations of the scores from mixing ratios. Still, the un-
certainty ranges of the robust scores included the expected
EMnat mixing ratios (66.5 % of the samples are within the
modelled 1 standard deviation range).

5.4 Constraints on end-member interpretation

Going beyond classical measures of grain-size properties,
EMMA is well suited to quantify sedimentary processes
from mixed sediment sequences in space and time. How-
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ever, interpretation of grain-size end-members requires ex-
pert knowledge about the investigated sedimentary system.
Hence, when applying EMMA to any set of grain-size data,
the interpretability of the resulting end-members needs to be
checked. For this, both end-member components should be
considered: the shape and position of the main modes of the
loadings and the spatio-temporal or stratigraphic context of
the scores. For example, the effectiveness of a process in sort-
ing sediment could be interpreted in the classical sense from
the shape of the end-member loadings (excluding artificial
modes), with broader peaks being more poorly sorted than
narrow peaks (Friedman, 1961).

As any other statistical method, EMMA is a tool, and in-
terpretation of grain-size end-members relies on contextual
knowledge. There may be processes that contribute to the
overall sediment composition and that are not size-selective
or sort sediment of various grain-size classes in a typical
way. For example, event-triggered turbidity currents in lakes
caused problems in attributing a single sedimentary process
to end-members in the study by Dietze et al. (2014) because
the typical fining-upwards trend was also reflected by several
end-members that contributed to samples of “normal” depo-
sition.

Closely related is the constraint of stationarity in pro-
cesses, which implies that through space and time each trans-
port process must create an identical grain-size distribution.
For example, fining of aeolian material from one distinct
source area with downwind transport distance (Pye, 1995)
might rather be explored by a gradual approach, e.g. by run-
ning EMMA in a moving window over a data set to detect
shifts in stationarity.

Post-depositional processes that change grain-sizes,
e.g. due to permafrost conditions or soil formation, could
strongly disturb the original grain-size characteristics. In the
worst case, a lacustrine sediment archive composed of dif-
ferent aeolian and fluvial sediment end-members (Dietze et
al., 2013) can be affected by ongoing cryogenic and active-
layer dynamics in a way that all modelled end-members were
overlapping and peaking in similar grain-size classes – “eras-
ing” primary signals related to sediment deposition. If post-
depositional activity overprints the original depositional pro-
cesses, EMMA can detect them as single end-members and
would allow quantification of the intensity of the overprint,
e.g. soil formation (Dietze et al., 2016) or weathering (Sun et
al., 2002; Xiao et al., 2012).

Sediments affected by the processes mentioned above can
affect end-member modelling in manifold ways. For exam-
ple, EMMA could result in rather low explained variances,
and the modes of affected end-member loadings would be-
come broader and/or may even be better represented by ad-
ditional but nevertheless spurious end-members. In the worst
case, modes of end-member loadings overlap strongly or can-
not be unmixed at all.

6 Conclusions

EMMAgeo allows the characterisation of multi-modal grain-
size distributions by end-member subpopulations. New pro-
tocols allow a quick analysis, including modelling of associ-
ated uncertainties for both end-member loadings and scores.
Using four known natural end-members, which represent
typical sediment types found in terrestrial systems, the per-
formance of EMMAgeo in unmixing the correct end-member
distribution shapes and mixing ratios is within the same order
as the performance of other available end-member modelling
algorithms, which all perform very well. Hence, all of these
algorithms are powerful tools for characterisation of differ-
ent sediment source, transport, depositional and even post-
depositional processes. In comparison to other algorithms,
EMMAgeo is the only available open-source grain-size un-
mixing approach that includes uncertainty estimates. An in-
herent strength of the fully free R package is a large flexibil-
ity for users to modify the parameter settings and workflows
with the new protocols, reproduce results and continue data
evaluation.

Once genetically interpretable grain-size end-members are
derived, their loadings can be described by classical descrip-
tive measures (Folk and Ward, 1957; Blott and Pye, 2001).
This allows a statistically robust determination and compar-
ison of mean, sorting and shape measures across sites and
data sets by describing and quantifying processes that sort
sediment better or poorer than other processes.

Many future applications in the fields of Quaternary Sci-
ence, sedimentology, geology, geomorphology and hydrol-
ogy could gain new insights from applying EMMAgeo to
compositional data sets that represent mixtures. In contrast
to classical linear decomposition methods such as principle
component analysis, EMMA has the potential to quantify
(and not just qualify) different sources or processes of mod-
ern and past sedimentary environments that contribute to a
sample set, including associated model uncertainties.

Code and data availability. The Supplement contains the exam-
ple data set, end-member measurement data, mixing ratios and out-
put of the other approaches included in the comparison. The R pack-
age EMMAgeo in its latest release version 0.9.6 (Dietze and Dietze,
2019; https://doi.org/10.5880/GFZ.4.6.2019.002) is available on the
Comprehensive R Archive Network (R Core Team, 2017) and on
GitHub. Please report any bugs and improvements to the maintain-
ers of the package.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/egqsj-68-29-2019-supplement.
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1 Introduction

The archaeological soil archive that has been preserving in-
formation on human activities over thousands of years is
extremely endangered by increasing land use and intensive
agriculture in highly frequented regions.

Many archaeological cultural monuments are located in
regions which have been settled since prehistory because of
various positive location factors, such as fertile soils and suf-
ficient water supply. In these areas modern agriculture pro-
duces high yields also today, and the arable land is therefore
affected by intensive farming practices. This, in turn, puts the
preservation of cultural heritage and soil archives at risk and
could result in their irreversible destruction.

This paper reports common problems and approaches for
problem-solving strategies that derive from daily practice
and experience in cultural heritage management, as a con-
tribution to further discussion in an international context.

The industrialization and intensification of agriculture
since the 19th century has resulted in increasing losses of
archaeological soil archives. Moreover, intensive soil cultiva-
tion leads to erosion in many regions, which has had a strong
impact on soil conservation and on remaining archaeolog-
ical structures. Land consolidation, removing boundaries of
fields and terraces, has facilitated the use of large agricultural
machines and enhanced erosion processes.

As a result, above-ground archaeological monuments such
as tumuli fields, ramparts and ditches, which are better pre-

served in grassland or in the forest, will be completely flat-
tened and disappear in agricultural landscapes (Fig. 1). Mod-
ern ploughs dig deeply into the ground and destroy any re-
maining structures. Large farming machines remove or shred
stones and bricks including archaeological stone structures
and walls. Ploughing also leads to the removal of soil and
artefacts outside of the context of archaeological features and
sites. Machinery use, fertilization and usage of chemical pes-
ticides damage finds, which is particularly evident in heav-
ily corroded metal objects. Also drainage of moorland for
peat extraction and land reclamation is a substantial danger
to the preservation of wetland sites with their wooden and or-
ganic objects that can be thousands of years old (Kretschmer,
2014).

2 Prospection and evaluation

One method to detect erosion as well as archaeological fea-
tures is the evaluation of aerial photographs. Variances in
height and vegetation colour can display archaeological fea-
tures like ramparts, pits or burials. However, the clearer ar-
chaeological remains are visible in aerial photographs; the
closer these remains are to the surface, the more vulnerable
they are to total destruction (Fig. 2). A large number of ar-
chaeological remains picked up during field prospections in-
dicate exposure and translocation of archaeological sites.

Soil mapping by soil coring is an appropriate method for
the evaluation of archaeological site conditions. The devel-
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Figure 1. The rampart of the Celtic oppidum Finsterlohr (Creglin-
gen, Baden-Württemberg) was partially flattened by ploughing
(Landesamt für Denkmalpflege im Regierungspräsidium Stuttgart,
LAD, Baden-Württemberg/I. Kretschmer).

opment of a soil profile helps to estimate the amounts of
erosion and accumulation, especially in landscapes where
Luvisols are widespread, e.g. in the German loess regions.
These Luvisols are characterized by clay transfer processes
from upper (elluvial) to lower (illuvial) horizons. This is very
important for archaeological research questions because of
their nearly constant thickness. The average thickness usu-
ally reaches around 40–50 cm for the elluvial and 50–70 cm
for the illuvial horizon. Depending on the morphological sit-
uation the original soil profiles have changed due to forest
clearing and the use of hills and other exposed terrain for
agriculture, where erosion processes start. The large variation
of current soil types in hilly areas is a result of human influ-
ence through agricultural activity over the last 6000 years. In
some cases no remains of the original soil profiles were pre-
served, which means that more than 1 m of soil was lost by
erosion. Eroded material will be deposited in depressions and
at slope foots. A pedological survey can result in a soil map
that shows the present distribution of these different kinds of
soils. Assignment and depth of soil horizons and type and
the determination of soil colour, content of organic material
and carbonates and the moisture level are the most important
parameters to be gathered by fieldwork (Behm et al., 2011).
Areas of archaeological sites and their surroundings, which
are strongly influenced by erosion, can be detected by soil
mapping, as well as the accumulation zones, where sites are
protected by a cover of colluvial deposits. Specific protec-
tion strategies can be developed in connection with land own-
ers and the farmers by delineating erosion zones and erosion
amounts.

Two case studies from the loess-covered hilly area north-
west of Dresden in the surroundings of the small town Lom-

Figure 2. Aerial photograph of the remains of the Gothic church
and abandoned medieval monastery in Remchingen-Wilferdingen
(Baden-Württemberg) (LAD, Baden-Württemberg/O. Braasch).

matzsch in Saxony will be presented in the following to ex-
emplify our approach and the research method.

2.1 Case study Piskowitz-Tanzberg

Piskowitz-Tanzberg is a large area situated on a hill and at-
tached ridge with pits and ditches of the Linear and Stroke-
Ornamented Pottery Culture, as well as with burials of the
late Bronze Age, early Iron Age and Roman Iron Age. The
site is situated to the west of the hamlet Piskowitz. It was
discovered during arable farming and was partly excavated
by Johannes Deichmüller between the years 1905 and 1909.
Since that time more than 100 years of agricultural land use
has occurred there, and the question arose as to where it is
still possible to find preserved burial remains (Behm et al.,
2011).

Based on hand drillings and mapping, the analysis showed
a compartmentalized mosaic of different areas of soil preser-
vation. Promising areas with less erosion and hence poten-
tial for archaeological features could be identified. These are
distributed at the nearly flat crest, where less (Le′) or a lit-
tle more eroded Luvisols (Le+) occur (Fig. 3). There, east of
the top, a later excavation was successful and revealed some
burial remains. To the north and west, we found calcaric
Regosols (pararendzinas) and calcaric Cambisols (coloured
in lilac and brown) that mark areas with a nearly complete
erosional loss of the original soil profiles (Ender et al., 2012).
In the east, larger parts of the area were covered with collu-
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vial deposits (coloured in orange). In the north-eastern sec-
tion, a small area with total profile loss can be recognized
(coloured in lilac). From there to the south, a thin cover of
colluvial deposits lies above brown soil. That brown soil in-
dicates a former phase of erosion.

Soil profiles are not the only way to obtain information
about the extent of erosion. The depth of the calcareous lay-
ers can also indicate it because the loess has high lime con-
tent. But calcaric components are leached and transported to
lower parts of the profile during soil development. Therefore,
the line of decalcification in developed Luvisols could usu-
ally be observed at a depth of about 1.20 m or more. In areas
where profiles are shortened by erosion, the calcareous parts
are closer to the surface, depending on the amount of eroded
soil. In the case of pararendzinas and calcaric Cambisols, the
substrate on top includes lots of calcaric components.

The evaluation of this site showed that a complete loss of
the original soil profile can be observed and that the preser-
vation at the central ridge and hilltop is rather endangered in
some areas. Widespread ceramic findings in the plough hori-
zon are also a sign for the ongoing destruction of archaeolog-
ical remains. Therefore, a negative prediction for the future
development needs to be given for most parts of the site. Our
recommendation to protect the archaeological remains is that
farmers should cultivate crops with a high degree of soil cov-
ering and implement consequent mulch tillage (Strobel et al.,
2009).

2.2 Case study Burgberg Zschaitz

The site Burgberg Zschaitz, well known for its ramparts and
ditches, is situated on a wide plateau of a hill spur and ad-
joins directly to the small village Zschaitz. Several remains
and findings date to Middle and Late Neolithic, Late Bronze
and early Iron Age. The two impressive great ramparts were
constructed in Early to High Middle Ages. The rampart and
ditch system separates the spur from the plateau and divides
the area into an inner and outer bailey (Bromme et al., 2010).
Soil mapping of the inner bailey showed that the soil pro-
files are completely destroyed. Only parts of the formerly
very deeply buried archaeological remains are still preserved.
This is due to soil erosion as a consequence of intensive agri-
cultural land use on the one hand and man-made plantations
during the Middle Ages on the other hand. Shifted soil mate-
rial was deposited around the inner bailey in the north-west
and south to build a rampart. The height of the main ram-
part in the east of the inner bailey was measured exactly dur-
ing the 1950s. The comparison with a current measurement
showed that during the last 60 years the rampart has levelled
by about 60 cm due to agricultural use and ploughing (Bens
et al., 2012). Moreover, the large number of archaeological
findings in the plough horizon indicates rampart destruction.

The preservation state of the inner bailey and the main
rampart is very poor. Fortunately it was possible to take this
area out of agricultural land use and to convert it to grassland.

To obtain this result, the land had to be purchased on be-
half of the preservation of sites of historic interest and nature
protection. An intensive cooperation between the administra-
tion, NGOs and private landowners was necessary to realize
this preservation concept.

3 Protecting sites in farm- and wetland

3.1 Solutions to protect sites in farmland

Land use such as grassland delivers the best site preservation
because barely any soil erosion occurs, and no farming ma-
chines disturb deeper soil layers. Several possibilities exist
to take an area with archaeological remains out of agricul-
tural farming and ploughing, such as (i) the land purchase
of archaeological cultural monument sites, (ii) the swapping
of areas with field areas without archaeological remains or
(iii) the financial support of pasture management. In cooper-
ation with the departments of nature conservation, soil pro-
tection, land consolidation or road construction, archaeolog-
ical sites can be used as compensation areas. Compensation
measures, such as the growing of green spaces to preserve na-
ture and landscape, are demanded when construction projects
use space. Such extensification solutions are not often re-
alisable; however it is important to test all possible options
to convert farmland with archaeological sites into grassland
(Kretschmer, 2016).

Another protection measure is to apply no-till methods
with specific and commonly available machines. These ma-
chines reduce the risk of soil erosion by leaving plant re-
mains on the soil surface after harvesting and covering the
top. Sowing new crops can be done by mulch tillage or di-
rect seeding without tillage. The costs for purchasing such
machines could be reduced by governmental incentives.

Both pasture management and conservation soil tillage are
the only measures that protect the archaeological record as
a permanent solution by excluding deep ploughing after any
change of agricultural management.

Invisible archaeological monuments that are at risk from
ploughing could also be covered, or the terrain could be filled
with additional sediments or soil material, depending on soil
conservation requirements.

Last but not least, technical equipment for arable farming
has developed very fast during recent years, e.g. precision
agriculture with GPS and newly constructed field machines
for special functional requirements. Precision farming allows
the protection of archaeological sites to be managed by treat-
ing these areas differently from other parts of the same field.
Shapes of archaeological monuments can be seen on com-
puter screens on board the machine. If the tractor reaches
the site the cultivator may automatically lift to continue with
more shallow tillage, preventing artefacts from being pulled
out of deeper layers (Kretschmer, 2014).
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Figure 3. Detailed soil map of the surroundings of the site Piskowitz-Tanzberg (Saxony) (LfA Sachsen, T. Römer/R. Vogt).

3.2 Endangered wetland sites

Archaeological sites are not only threatened by agricultural
use on farmland. Numerous bogs were meliorated in the
past to obtain more and better grassland. Ditches or pipes
were constructed to drain such areas. Descending ground-
water levels resulted in humification and mineralization of
peats, which often includes organic archaeological remains
(Fig. 4). Thus, important information and archaeological re-
mains could be destroyed, like famous sites of pile dwellings
as well as wooden plank roads or outstanding findings like
the 5000-year-old wooden disc wheels from the sites Alle-
shausen and Olzreute in Baden-Württemberg.

Organic material can survive thousands of years due
to special preservation conditions under water and in an
oxygen-free environment. The information content about pile
dwellers’ lives in the past and their related environment is in-
estimable (Aichele et al., 1999). This is why pile dwellings
of six countries received UNESCO world heritage status in
2011. Most German sites are found in the south-west around
Lake Constance and the Federsee region in Upper Swabia.

An area of nearly 400 ha of bog in the Federsee region was
bought by the government of Baden-Württemberg to pre-
serve archaeological cultural monuments for the future and
to generate better conditions in this nature reserve. Owner-
ship allowed the possibility to raise the groundwater level in
this zone by building weirs and closing ditches. The original
bog water supply could be restored, and preservation condi-
tions of the archaeological sites were enhanced (Möllenberg
and Schlichtherle, 2013).

Figure 4. Wooden disc wheel in the wetland site Olzreute-
Enzisholz (Baden-Württemberg) beside wooden house construction
elements (LAD, Baden-Württemberg/W. Hohl).

Yet, bog melioration remains a problem in other places.
The Bodnegg site in the Allgäu region, discovered in 2014,
serves as a good example. A fireplace with stony and loamy
material was excavated beneath the dry soil surface. Set-
tlement structures on this site were built on peat around
3900 BCE. This peat today has been totally transformed by
the influence of oxygen in its upper parts because of the lower
groundwater level. Thus, wooden parts of the houses and
non-carbonized organic remains of the cultural layers have
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only survived in the lower parts (Ebersbach et al., 2017). Spe-
cial protection strategies for such places need to be developed
in every region.

4 Conclusions

The preservation of archaeological sites is endangered by
many different effects of agricultural use, such as the deep
ploughing of soils during cultivation, soil migration by ma-
chines, soil erosion by rainfall, drying wetlands by decreas-
ing water levels or by the use of pesticides and fertilizers.

It can be shown that every site is different from another
and inhomogeneous in itself. Therefore, an individual
evaluation and development of solutions is needed for every
single archaeological site. A joint concept for solutions
and for protection strategies is necessary, incorporating the
interests of landowners and farmers (Strobel et al., 2009).
To obtain good results, many stakeholders from different
departments need to be involved: agriculture, forestry,
heritage management, nature conservation, sustainable
soil protection and land consolidation (for more infor-
mation, see, for example, https://www.denkmalpflege-bw.
de/fileadmin/media/denkmalpflege-bw/publikationen/
infobroschueren/informationen-praktische-denkmalpflege/
10_archaeologie-landwirtschaft-forstwirtschaft/
Broschuere_Archaeologie-Landwirtschaft-Forstwirtschaft.
pdf (last access:14 December 2018).

Every single method helps to preserve the archaeological
heritage, yet maximum protection is usually not achievable.
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Abstract: Deposits of the Reuss Glacier in the central northern Alpine foreland of Switzerland are dated using
luminescence methodology. Methodological considerations on partial bleaching and fading correction
of different signals imply the robustness of the results. An age of ca. 25 ka for sediment directly overly-
ing basal lodgement till corresponds well with existing age constraints for the last maximal position of
glaciers of the northern Swiss Alpine Foreland. Luminescence ages imply an earlier advance of Reuss
Glacier into the lowlands during Marine Isotope Stage 4. The presented data are compared to findings
from other parts of the Alps regarding glacier dynamics and palaeoclimatological implications, such
as the source of precipitation during the Late Pleistocene.

Kurzfassung: Ablagerungen des Reuss-Gletschers im zentralen Teil des nördlichen Alpenvorlandes der Schweiz
wurden mit Lumineszenzmethodik datiert. Methodische Überlegungen bezüglich unvollständiger Ble-
ichung und Fadingkorrektur verschiedener Signale bekräftigen die Robustheit der Ergebnisse. Ein
Alter von ca. 25 ka für Sedimente oberhalb eines basalen Tills stimmt gut mit der existierenden
Chronologie für den letzten Maximalstand der Gletscher im nördlichen Alpenvorland der Schweiz
überein. Die Lumineszenzalter weisen zudem auf einen früheren Gletschervorstoß während des mari-
nen Isotopenstadiums 4 hin. Die hier präsentierten Daten werden mit Befunden aus anderen Gebieten
der Alpen verglichen, mit Bezug auf Gletscherdynamik und paläoklimatologische Implikationen, wie
z.B. die Herkunft von Niederschlägen während des späten Pleistozäns.
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1 Introduction

Investigating the extent, geometry and timing of past ice
sheets and glacier networks allows for the detection of at-
mospheric circulation patterns during the Late Pleistocene,
as an important contribution for a better understanding of
natural climate dynamics (Stokes et al., 2015). For exam-
ple, Florineth and Schlüchter (2000) as well as Kuhlemann
et al. (2008) deduce a more southward position of the polar
front over the North Atlantic during the Last Glacial Max-
imum (LGM) from glacial records. However, it has to be
noted that the term LGM is ambiguous: it is either used to re-
fer to the maximum of global cooling during Marine Isotope
Stage (MIS) 2 (ca. 29–14 ka ago; Lisiecki and Raymo, 2005)
or the last maximum of global ice volume (ca. 22–19 ka
on a global scale; Yokoyama et al., 2000), both of which
are inferred from deep marine sediment records. Continen-
tal records indicate that most ice sheets and glaciers reached
their last most extensive position between 26.5 and 19 ka ago,
with the onset of deglaciation mainly just after 20 ka (Clark
et al., 2009). Interestingly, it appears that in some regions the
maximum extent of glaciers after the Last Interglacial was
not synchronous with the peak of MIS 2 (cf. Hughes et al.,
2013), with important and not yet entirely deciphered indi-
cations for past circulation. For example, Jimenez-Sanchez
et al. (2013) suggest that the last local glacial maximum in
the Pyrenees occurred during MIS 4 and that glaciers during
MIS 2 were of substantially smaller extent.

Besides the timing it is also of interest to reconstruct the
nature of past glaciations, i.e. the rate of ice advance and
the related question of if these were temperate or cold-based
glaciers. Answering these questions will be of importance
when modelling glaciations (e.g. Haeberli and Schlüchter,
1987; Becker et al., 2016; Seguinot et al., 2018) and their po-
tential to deeply erode into bedrock (e.g. Headly and Ehlers,
2015). Beside pure scientific interests, the question of possi-
bly future glacial erosion is of high interest for the siting of
nuclear waste disposal sites (Haeberli, 2010; McEvoy et al.,
2016).

For the Alps, the timing of the last maximum extent
of glaciers (Fig. 1) at first appears fairly well constrained
(e.g. Ivy-Ochs et al., 2008). However, direct dating is actu-
ally limited to a few sites and the available data do, when
analysed closely, reveal several discrepancies with regard to
the exact timing. For the Lyonnais lobe of the French Alps
(Fig. 1), the largest extension of glaciers since the Last Inter-
glacial appears to be older than 40 ka, with a less extensive,
polyphase terminal moraine radiocarbon dated to around 23
and 19 ka (Mandier, 2003; Mandier et al., 2003). In the SW
Italian Alps, at Ponte Murato (Fig. 1), 10Be dated boulders
on terminal moraines have a mean age of 20± 2 ka (Fed-
erici et al., 2012), apparently in concert with the global iso-
topic signal. According to Ravazzi et al. (2014), glacier col-
lapse in the Lake Garda area (Fig. 1) occurred soon after
17.5± 0.2 kacalBP. For the Tagliamento end-moraine sys-

tem (Fig. 1), a two-fold glacial advance is recorded with the
larger extent between 26.5 and 23 ka and the second, slightly
smaller extent to 24–21 ka by radiocarbon dating (Monegato
et al., 2007). A similar pattern is found in the former Salzach
Glacier of the NE Alps, at Duttendorf (Fig. 1), with contin-
uous loess accumulation dated to ca. 30 to 21 ka by lumi-
nescence dating (Starnberger et al., 2011). The inner Alpine
position of Baumkirchen (Fig. 1) was reached by ice 33–
32 ka ago according to both radiocarbon (Spötl et al., 2013)
and luminescence dating (Klasen et al., 2007). 10Be expo-
sure dating of terminal moraines of the type locality of the
Würmian glaciation at Starnberg (Fig. 1) gives only a mini-
mum age ca. 18 ka due to post-depositional instability of the
dated boulders (Reuther et al., 2011). Luminescence dating
of glaciofluvial sediments of the last Würmian ice advance in
the Würm Valley reveals ages of ca. 29 ka, constraining the
maximum age for this ice advance (Klasen et al., 2007). An
early phase of ice decay inside the Alps is recorded by kame
deposits at Rahmstätt (Fig. 1), with a mean luminescence age
of ca. 19 ka (Klasen et al., 2007).

For the NW Alps, Keller and Krayss (2005a, b) established
a model of the last advance and decay of the Rhine Glacier
lobe into the foreland (Fig. 1) based on previously published
radiocarbon data. However, this study lacks information on
the dating uncertainties and is not up to date with regard to
calibration. For the present study, the uncalibrated 14C data
were collected from the original sources and calibrated us-
ing OxCal 4.2 (Bronk Ramsey, 2009), applying the IntCal13
calibration curve (Reimer et al., 2013; Table 1). According
to these data (Fig. 2), ice build-up of the LGM Rhine Glacier
started around 29 ka and reached its maximum between 26
and 22 ka ago, with the decaying ice front reaching the in-
ner Alpine valleys before 17 ka. The radiocarbon chronology
is confirmed by quartz luminescence ages for an outcrop at
Hüntwangen (Fig. 1), ca. 4 km downstream of the maximum
terminal moraine of the last glacier advance (Preusser et al.,
2007). Outwash gravel in an ice proximal position has an age
of 25.0±2.0 ka and overbank deposits attributed to a melting
phase date between 22.2± 1.6 and 17.1± 1.3 ka.

For the Reuss Glacier lobe (Fig. 1), several radiocarbon
ages of large mammal finds from glaciofluvial gravels con-
strain the last ice advance (Graf, 2009). Their calibrated (Int-
Cal13) ages range between 26.9 and 21.6 kaBP but their po-
sition with regard to glacier advance or retreat is not known
precisely. Glaciofluvial gravel from Gebenstorf (Fig. 3 GE)
has luminescence ages of 32.9± 4.6 and 26.1± 3.4 ka (Gaar
et al., 2014). According to 10Be and 36Cl dating, the mini-
mum age of ice decay is 22.2± 1.0 ka at the frontal position
and 20.4±1.0 ka at the lateral position. By latest 18.6±0.9 ka
Reuss Glacier was approximately 12 km behind the maximal
extent position (Reber et al., 2014). Gravel aggradation of the
Low Terrace in the Hochrhein Valley dates to ca. 30 to 15 ka
(quartz luminescence) and a second phase between 13 and
11 ka (Kock et al., 2009a, b).
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Figure 1. Overview of the Alps with the ice extent ca. 24 ka ago according to Ehlers and Gibbard (2004) with sites mentioned in the text.
Elevation data from Jarvis et al. (2008). References for the sites are as follows: Lyon – Mandier et al. (2003); Ponte Murato – Federici et
al. (2012); Udine – Monegato et al. (2007); Duttendorf – Starnberger et al. (2011); Baumkirchen – Klasen et al. (2007) and Spötl et al. (2013);
Starnberg – Reuther et al. (2011); Steinhof – Ivy-Ochs et al. (2004); Ingolstadt – Fiebig and Preusser (2003); Gossau – Preusser et al. (2003);
Kempten – Link and Preusser (2005); Hüntwangen, Aarwangen, and Finsterhennen – Preusser et al. (2007); Unterangerberg – Starnberger et
al. (2013); Rahmstätt – Klasen et al. (2007).

For the Swiss lobe of the Valais Glacier, the terminal
moraine near Steinhof (Fig. 1) was dated by 10Be, 26Al and
36Cl (Ivy-Ochs et al., 2004). The original data are recalcu-
lated here by applying the NE North America production
rate (Balco et al., 2009), no snow correction and an erosion
rate to 1 mmka−1, using the CRONUS Earth calculator 2.2
(Balco et al., 2008). This yields an age of 24.1±1.9 ka for the
maximum terminal position and 22.8± 1.8 ka for the onset
of deglaciation. In the same region (Aarwangen gravel pit,
Fig. 1), luminescence dating suffers from partial bleaching
and the resulting ages of 27.4±2.8 and 25.7±4.2 ka are inter-
preted as maximum estimates for the ice advance (Preusser
et al., 2007). At Finsterhennen (Fig. 1), radiocarbon (mam-
moth tusk) and quartz luminescence ages for the basal part of
LGM glaciofluvial accumulation are between 30 and 25 ka
(Preusser et al., 2007).

Already Köppen and Wegener (1924) discuss an exten-
sive glaciation during the Würmian prior to the LGM, based
on the astronomical parameters calculated by Milanković
(1941). The same authors later referred to these expected
glacier advances as Würm I (ca. 115 ka) and Würm II
(ca. 70 ka) (Köppen and Wegener, 1940). This concept
was originally entirely based on theoretical considerations
and not supported by evidence from the geological record.

Based on pollen records and correlations with marine iso-
tope stratigraphy, Welten (1981) designates an early Wür-
mian cold stage and supposes a substantial glacial advance
(called Turicum 1a) shortly after the Last Interglacial, fol-
lowed by mild climatic conditions and another glacial ad-
vance between 70 and 55 ka. Schlüchter (1986) discusses
the possibility that the MIS 4 glacier extent is larger than
MIS 2, and Frenzel (1991) postulates a large advance of
the Rhine Glacier shortly after the Eemian Interglacial based
on pollen records. Keller and Krayss (1998) compile lithos-
tratigraphic indications for a Middle Würmian glacier ad-
vance and reconstruct its dimensions, tentatively placed into
MIS 4. Luminescence dating of (glacio?)-fluvial sediments
in the area of Ingolstadt (Fig. 1) indicates that parts of
the deposits, originally interpreted as the distal part of out-
wash plains of the penultimate glacial cycle (Rissian), might
actually be younger than the Last Interglacial (Fiebig and
Preusser, 2003). Link and Preusser (2005) describe evidence
for a possible MIS 4 glaciation in SW Germany (Kempten,
Fig. 1), based on luminescence dating of proglacial lake de-
posits. Preusser et al. (2003) luminescence dated sediments
at the gravel pit of Gossau (Fig. 1), which were interpreted
as MIS 4 (glacial) delta sediments. However, the dating re-
sults rather point towards a deposition during MIS 5d, i.e. the
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Figure 2. Chronology of the last glacial advance of the Rhine–Linth Glacier (Birrfeld/Würm) complemented with recalibrated radiocarbon
ages (white boxes) using IntCal13; figure taken from Preusser et al. (2011) and redrawn after Keller and Krayss (2005a, b). Ice marginal
positions: DE – Domat/Ems, W/O – Obersee, W/M1 – outer maximum, W/M2 – inner maximum, W/F – Feuerthalen, W/S – Stein am Rhein,
W/K – Konstanz, W/W – Weissbad.

Figure 3. Map of the Birrfeld area during the LGM with sampling
sites of this study and samples of earlier studies (WLG: Gaar and
Preusser, 2012, and GE: Gaar et al., 2014). Background map by Bini
et al. (2009). Source: Swiss Federal Office of Topography.

Turicum 1a of Welten (1981). Gravel attributed to an advanc-
ing glacier in the Reuss Valley close to Mülligen (Fig. 3) has
a mean luminescence age of 66± 9 ka (Preusser and Graf,
2002). Probably the most compelling evidence for the Valais
Glacier, reaching the lowlands of Switzerland during MIS 4,

is given by Preusser et al. (2007). In the Finsterhennen gravel
pit (Fig. 1), the age of a lower till is older than 30 ka accord-
ing to radiocarbon and luminescence dating. Glaciofluvial
deposits from just below the till have a quartz luminescence
age of ca. 70 ka.

In this article, we present a new set of luminescence ages
further constraining the timing of glacial advances in the
Reuss Glacier system, situated in between the areas occupied
by the main lobes of the Rhine Glacier and Valais Glacier
during the Late Pleistocene (Figs. 1, 3). For this area, a re-
vised system of Quaternary glaciations was developed by
Graf (2009; summarised in Preusser et al., 2011), as the
scheme by Penck and Brückner (1901–1909) does not fully
reflect the complex pattern observed in sediment sequences
of northern Switzerland. The type location of the last glacial
advance (Würm sensu stricto), the Birrfeld Glacial of Graf
(2009), is investigated in this article. Furthermore, recent de-
velopments in luminescence methodology led us to redate
the Mülligen outcrop previously investigated by Preusser and
Graf (2002). Besides the implications for the chronology of
Late Pleistocene glacier advances in northern Switzerland,
and in comparison to other parts of the Alps, a detailed dis-
cussion of methodological aspects is provided. This aims to,
firstly, corroborate the reliability of the presented results and,
secondly, add connotations to the performance of different
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luminescence techniques for the dating of proglacial sedi-
ments in general.

2 Context and sampling sites

2.1 Regional setting

Birrfeld, i.e. the mainly flat area between the rivers Aare and
Reuss (with the village of Birr), is situated between the two
most easterly surface fold structures of the Jura Mountains.
The oldest Quaternary sediments of the region are scarce oc-
currences of Early Pleistocene gravel sheet (Deckenschotter)
deposits (Graf, 1993). As the result of subglacial erosion,
overdeepened valleys formed during the Middle Pleistocene
(cf. Preusser et al., 2010), which often contain complex
sequences of multiphase sediment successions (e.g. Graf,
2009; Dehnert et al., 2012). At the base, the valley fillings
comprise coarse-grained subglacial gravel and till intercalat-
ing with or overlain by water-lain till or thick post-glacial
lacustrine sediments. The geometrical and chronological re-
lationship between the different types of deposit is yet poorly
understood due to the limited data available, as the sedimen-
tary records are only accessible via coring and have seen a
limited application of modern sedimentological approaches
and dating methods (e.g. luminescence). However, there ap-
pears to be evidence for four superimposed glacial succes-
sions in the area, at least two of which are older than the Last
Interglacial, as indicated by palaeosols (Graf, 2009; Preusser
et al., 2011). Exposed in outcrops are mainly deposits of the
younger glaciations that are the focus of the present study.

2.2 Gravel pit Joriacher (BIR)

The gravel pit Joriacher (47◦25′50′′ N, 8◦12′59′′ E), near the
village Birr, is located at the SW end of Birrfeld (Fig. 3).
The basal unit is composed of sandy, mainly coarse and
partly open-worked gravel intercalated by cobbles and blocks
(Fig. 4). The petrographic composition represents an alpine
spectrum with crystalline components (e.g. granodiorites),
strongly weathered into loose aggregates of detritus. Due
to its rather coarse components and petrographic compo-
sition the gravel is interpreted to be of glaciofluvial ori-
gin. The gravel is topped by a yellow-brownish decalcified
silty gravel of about 2 m thickness, interpreted as fBt hori-
zon (Graf, 2009; Fig. 4). Locally, black precipitation occurs
and deeper parts of this palaeosol reach about 1 m into the
underlying unweathered gravel in a cone-shaped pattern. A
clayey–silty fine sediment of about 1 m thickness is found
above the palaeosol without a change of colour. Whether this
continuity in colour indicates a deposition of the fine sedi-
ment synchronous with soil formation or whether there is a
hiatus remains unclear. The fine-sediment layer is interpreted
as low-energy fluvial (overbank?) deposits and sample BIR-
1 was taken from it. Another coarse-grained gravel interca-
lated by blocks (up to > 1.5 m in diameter) and sand layers
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Figure 4. Schematic logs of the sections at the gravel pit Joriacher
in Birr (BIR), outcrop by the bridge over river Reuss close to Mül-
ligen (MÜB) and outcrop close to Schinznach-Bad (SZB).

tops the brown palaeosol with a sharp contact. It has the same
petrographic composition as the lower gravel unit but with-
out indication of weathering. Sample BIR-2 was taken from
a 40 cm thick, massive sand layer found within this gravel.
Other sand layers in this gravel show cross-bedding struc-
tures. The succession of gravel is interrupted by a ca. 80 cm
thick diamicton with angular components, interpreted as a
basal lodgement till, directly indicating a past glacier pres-
ence at this position. The top of this diamicton bears locally
fine silty-clayey sediment of ca. 40 cm thickness. This fine
sediment likely represents the infill of a pond in front of a
retreating glacier. The age of sample BIR-3 from this fine-
grained sediment will mark the retreat of ice from its maxi-
mum position in this part of Birrfeld, as no other till is found
above.

2.3 Low Terrace in the Aare Valley (SZB)

In the valley of the River Aare, just to the west of Birrfeld,
a succession of gravel builds up the Low Terrace, which
is attributed to the last glacial advance. At Schinznach-Bad
(47◦26′22′′ N, 8◦10′4′′ E; Fig. 3 SZB) it is composed of silty,
sandy gravel with cobbles and scarce boulders (< 50 cm)
directly overlying the bedrock (Fig. 4). Two samples were
taken, one (SZB-1) from a 30 cm thick sand layer at the base

of the gravel, 80 cm above the bedrock, and one (SZB-2)
from a 20 cm thick sand layer about 2 m above the bedrock.
To account for the possible inhomogeneity in the radiation
field in this thin sand layer, a second sample from the sur-
rounding sandy gravel was taken 10 cm below the sand layer
for determination of dose-rate-relevant elements.

2.4 Outcrop Mülligen (MÜB)

This outcrop is located close to the bridge between the vil-
lages of Mülligen and Birmenstorf, on the left-hand side of
River Reuss (47◦27′29′′ N, 8◦14′46′′ E; Fig. 3). The outcrop
shows a coarsening upwards succession of medium-sized
sand towards gravel (Fig. 4). The sequence is interpreted
to be of fluvial origin with a decreasing transport distance;
thus it most likely represents an advancing glacier. Consid-
ering the rather fine sediment and good sorting, the sediment
source has to be assumed a few kilometres upstream for the
sampled sandy units (MÜB-5 and 6). About 4 m below the
present surface, a brown layer is interpreted as the remains
of a palaeosol (Preusser and Graf, 2002) and sample MÜB-7
has been taken from a sandy layer just above. In a neighbour-
ing gravel pit (Niderhard, Birmenstorf), the molar of a mam-
moth found at a similar depth to the palaeosol was dated to
ca. 36 kacalBP (ETH-17251, Graf, 2009).

2.5 Reuss Valley (RÜT and REU)

Sample RÜT-1 was taken from a natural outcrop situated in
a small valley (Fig. 5), west of the sewage plant of Rütihof
(47◦26′33′′ N, 8◦15′26′′ E; Fig. 3). The lower part of the out-
crop is classified as diamicton, consisting of clayey, sandy silt
interbedded with clayey silty sand (alternating in the decime-
tre range), both containing calcite. Coarse-gravel layers oc-
cur as a frequent accessory in both types of deposit. The peb-
bles are subangular to subrounded and partly show weak stri-
ations; large boulders (> 1 m) are scarce. The lithology of
the components reflects both alpine and local origin. Bed-
ding is inclined by 25–30◦ towards 280◦ west, steepening in
the westernmost part. Based on these observations, the sed-
iment is interpreted as melt-out till (Graf, 2009) and sample
RÜT-1 was taken from a sandy bed. The diamicton is topped
by sandy coarse gravel with subrounded cobbles, interpreted
as outwash deposited in proximity to a glacier.

The two samples REU-1 and REU-2 were taken on the
left-hand side of the River Reuss, close to the village of Bir-
rhard (47◦26′15′′ N, 8◦14′53′′ E, Fig. 3). The sampled unit is
mica-rich and composed of clayey to silty fine sand, which is
horizontally bedded with wave or climbing ripples. Calcitic
concretions are abundant in parallel strata, which are tilted
locally. Graf (2009) interprets this sand as deposit of a shal-
low lake with strong currents. Accordingly, occasional des-
iccation led to the calcitic concretions and cementation. The
tilting of the concretions is interpreted to be caused by later
glaciotectonical processes. The total thickness of this sand
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Figure 5. The melt-out till close to Rütihof with position of sample RÜT-1.

is probably exceeding 20 m (borehole data). This outcrop is
interpreted to represent the basal and more distal part of the
coarsening upward sequence already sampled at Müllingen
(MÜB-5 and 6).

3 Methodology

3.1 Sampling and sample preparation

Most samples were taken from homogeneous layers of sev-
eral decimetres thickness composed of either sand or silt.
Sampling faces were cleaned by removing some decimetres
of sediment. A metal cylinder, closed at one end, was forced
into the sediment immediately, minimising exposition to day-
light. The cylinders were then emptied into opaque plastic
bags by avoiding daylight exposition.

All sample preparation was performed in the laboratory
under subdued red-light (peak emission at 660 nm) condi-
tions. Samples were chemically cleaned with HCl (32 %)
and H2O2 (30 %) to remove carbonates and organic mate-
rial. From the fine-grain samples, the 4–11 µm fraction was
obtained by applying the settling technique using Stokes’
law. A part of the polymineral fraction was subsequently
etched for 10 days in H2SiF6 (34 %) to remove feldspars
and HCl (32 %) was used to dissolve fluorite precipitates
that formed during etching. The coarse-grain samples were
separated for their 200–250 µm fraction by dry sieving. The
chemical cleaning with HCl and H2O2 was followed by den-
sity separation using an aqueous sodium polytungstate solu-
tion at two densities (ρ = 2.70 and 2.58 gcm−3) to remove
heavy minerals and to obtain a quartz-rich and a K-feldspar-
rich fraction. The quartz fraction was etched for 60 min in HF
(40 %) to remove remaining feldspar and the outer rim of the
quartz grains, followed by HCl treatment to dissolve fluoride
precipitates formed during the HF treatment. Final sieving of

the etched quartz was carried out to remove feldspar grains
that will have substantially reduced in size during etching.

3.2 Dose rate determination

The concentrations of dose-rate-relevant elements (U, K, Th)
were determined using high-resolution gamma spectrome-
try (Preusser and Kasper, 2001) on bulk sediment samples
of ca. 450 g; results are shown in Table 2. Indications of ra-
dioactive disequilibria in the uranium decay chain have been
observed for samples RÜT-1 and SZB-1 when comparing the
activity of 238U and 226Ra (Preusser and Degering, 2007).
For these two samples a polyphase U depletion model was
applied using ADELE software (Kulig, 2005) to account for
the loss of U over time. In this model, we assume a deple-
tion of water soluble U since the beginning of the Holocene,
when climate is known to be changing towards warmer con-
ditions and hence water is mobilised. The difference in ef-
fective dose rate between a conservative approach with no U
depletion and modelled dose rates is minor for the feldspar
fractions of SZB-1 (less than 0.3 %) and moderate for RÜT-1
(5.7 %). For the coarse-grain quartz fraction, the difference is
negligible because the influence of U on the total dose rate is
low, as the rim affected by the alpha radiation is removed
during HF etching. Sample SZB-2 has been taken from a
thin sand layer and an influence on the radiation field of the
sample from the surrounding sediment has to be assumed. A
second sample taken 10 cm below the sampled sand layer al-
lowed the calculation of the effective radiation field using a
model with several layers of different content of dose-rate-
relevant elements (using ADELE software).

The cosmogenic dose rate was assessed by ADELE soft-
ware, following Prescott and Hutton (1994) for cosmic dose
estimation, using modern burial depth and a density of
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Table 2. Results of high-resolution gamma spectrometry and resulting dose rates during burial. (Weff is effective water content relative to
dry mass, Q is quartz and F is feldspar).

Sample Site Grain size K Th U Weff Overburden Dose rate F Dose rate Q
(µm) (%) (ppm) (ppm) (%) (m) (Gyka−1) (Gyka−1)

BIR-1 Birr Joriacher 4–11 1.73± 0.05 11.59± 0.25 2.74± 0.09 20± 4 14 3.27± 0.26 3.02± 0.24
BIR-2 Birr Joriacher 200–250 1.10± 0.02 3.48± 0.28 1.23± 0.01 6± 4 8 2.37± 0.16 1.54± 0.09
BIR-3 Birr Joriacher 4–11 1.18± 0.03 6.77± 0.48 2.27± 0.06 20± 5 6 2.33± 0.20 2.15± 0.20
MÜB-5 Mülligen Brücke 200–250 1.36± 0.04 3.16± 0.14 0.95± 0.05 6± 4 9 2.51± 0.17 1.68± 0.10
MÜB-6 Mülligen Brücke 200–250 1.20± 0.04 2.61± 0.12 0.80± 0.01 10± 5 8 2.24± 0.16 1.42± 0.09
MÜB-7 Mülligen Brücke 200–250 1.45± 0.05 9.22± 0.23 2.60± 0.08 10± 5 5 3.31± 0.23 2.47± 0.17
REU-2 Reusstal Birrhard 200–250 1.01± 0.02 5.09± 0.09 1.65± 0.03 7± 4 15 2.44± 0.15 1.62± 0.09
RÜT-1 Reusstal Rütihof 200–250 1.06± 0.01 7.61± 0.30 1.76± 0.38a 10± 5 8 2.69± 0.25a 2.01± 0.15a

SZB-1 Schinznach-Bad 200–250 1.17± 0.02 2.66± 0.14 0.45± 0.12a 15± 5 5 2.19± 0.13a 1.38± 0.07a

SZB-2 Schinznach-Bad 200–250 1.17± 0.01 2.85± 0.09 0.90± 0.04 15± 5 4 2.21± 0.15b 1.39± 0.09b

a U disequilibrium detected and time-dependent depletion modelled. b Possible inhomogeneous radiation field modelled using a second sample from surrounding sediment.

2 gcm−3. The calculated contribution from cosmic radiation
is taken into account with a relative uncertainty of 10 %.

Potassium content of feldspar and polymineral samples
was assumed to be 12.5± 1.0 % following the estimates of
Huntley and Baril (1997) and our own measurements (Gaar
et al., 2014). This was cross-checked for one sample (RÜT-1)
by analysing randomly selected grains of the feldspar sepa-
rate by electron microprobe analysis (see Gaar et al., 2014,
for technical details). Of the 200 grains, 35 grains were iden-
tified as quartz; the rest was identified as feldspar. Backscat-
tered electron microscopy imagery reveals scarce perthitic
grains, but the vast majority of grains are homogeneous.
While 16 grains have an albite (Na-feldspar) or intermedi-
ate composition, the large majority of 167 grains are ortho-
clase (K-feldspar). The average K content of the measured
feldspars is 12.77± 0.25 % (standard error). The mean mea-
sured for the orthoclase only is 13.57± 0.09 %.

The efficiency of alpha particles in causing radiation dam-
age (alpha efficiency, a-value) is assumed based on literature
values. For coarse feldspar and polymineral fine grains an
a-value of 0.05± 0.01 was used following Preusser (1999)
and Preusser et al. (2001), representing the geographically
closest a-value assessments. For fine-grain quartz an a-value
of 0.03± 0.01 was used (Mauz et al., 2006). Since the outer
rim is removed by HF etching for coarse-grain quartz, the a-
value is not considered for palaeodose estimates on this frac-
tion. Modern sediment water content was assessed by drying
the sample the laboratory at 50 ◦C until a constant mass was
reached. In order to account for varying water contents, large
uncertainty was given to the assessed water content values.

3.3 Equipment and equivalent dose determination

Luminescence measurements were made on automated Risø
TL/OSL DA-20 readers equipped with 9235QA photomul-
tiplier tubes. For single-grain measurements a Risø single-
grain laser attachment with dual lasers was used (Bøtter-
Jensen et al., 2003). The β source of the reader has been

checked for inhomogeneity using a β radiation sensitive self-
developing film (Lapp et al., 2012). As non-uniformity of the
β source is minor, no correction on the single-grains mea-
surements was applied. Optically stimulated luminescence
(OSL) from quartz multigrain aliquots was stimulated with
blue LEDs and single grains with a green laser. Signal detec-
tion was in the near-UV emission spectrum (Hoya U-340 fil-
ter). Infrared stimulated luminescence (IRSL) from feldspars
was stimulated in the near infrared (LEDs for multigrain
aliquots, laser for single grains) and signal detection was
in the blue emission band (Schott BG-39 with 410 nm in-
terference filter). Palaeodoses were determined using mod-
ified single-aliquot regenerative-dose (SAR) protocols after
Murray and Wintle (2000), Blair et al. (2005) and Thomsen
et al. (2008) (Table 3). Preheat temperatures were checked
using dose recovery tests (discussed below) and an appro-
priate preheat temperature was chosen where dose recovery
ratios are within 10 % of unity and sensitivity change during
the SAR protocol is low. Preheating to 230 ◦C for 10 s after
all irradiation steps was chosen for both quartz and feldspar.
Equivalent doses (De) were calculated using Luminescence
Analyst 4.11 (Duller, 2013). While the majority of aliquots
have sufficiently bright OSL signals, in some the OSL in-
tensity is too low to allow for proper analyses (Fig. 6). In the
bright aliquots, quartz signals are dominated by the fast com-
ponent, as shown exemplarily in Fig. 7. For quartz multigrain
aliquots (single grains) the first 0.4 s (0.04 s) of the signal,
minus the signal 40–60 s (2–5 s) as background, was used for
calculations. For feldspar multigrain aliquots (single grains)
using the IR50 protocol, the first 10 s (1 s) were used, minus
the final 50 s (2 s) as background.

As the IR50 signal is often considered to be unstable, but
applying a second stimulation at 225 ◦C (pIRIR225) after
IR50 is expected to isolate a low- or even non-fading sig-
nal (Thomsen et al., 2008; Buylaert et al., 2009). For the
pIRIR225 protocol,De calculation of multigrain aliquots (sin-
gle grains) was based on the first 2 s (1 s) of the decay curve,
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Figure 6. While most OSL decay curves from the study area are
relatively bright, some aliquots emit very low OSL intensities that
make them unsuitable for De determination.

and the last 20 s (2 s) were subtracted as background (Ta-
ble 3). A major disadvantage of the pIRIR225 approach is
its much slower resetting compared to IR50 (Buylaert et al.,
2012) and hard-to-bleach natural residual doses are often ob-
served. As natural residuals are constant and not a function of
De, the problem of natural residuals decreases, while accu-
mulated doses increase (Buylaert et al., 2009; Sohbati et al.,
2012). While the applicability in glacial environments with
low bleaching probabilities has proven problematic in previ-
ous studies (Blomdin et al., 2012; Lowick et al., 2012, 2015;
Gaar et al., 2014), it is here further tested for completeness.

Validity of the above parameters for samples from the area
of interest has been outlined by Gaar et al. (2014) and con-
firmed by dose recovery experiments on selected samples,
as detailed below. Dose response curves were fitted using
a single saturating exponential function for both quartz and
feldspar, examples being displayed in Fig. 8. A measure-
ment error of 1.5 % was included in theDe determination for
single-aliquot measurements and 2.4 % for single grains ac-
cording to Trauerstein et al. (2012); the error on curve fitting
based on Monte Carlo simulation is included.

3.4 Partial bleaching

In glaciofluvial environments, incomplete signal resetting
due to short transport distances is a common phenomenon
(e.g. Fuchs and Owen, 2008). This means that many grains
were only reset to a certain degree and not accounting for it
would lead to age overestimation (e.g. Duller, 2006). How-
ever, it is usually assumed that there is a portion of grains that
were exposed to daylight sufficiently long enough to fully re-
set the signal (Duller, 1994). When partial bleaching is recog-
nised, the population of the fully reset grains can be obtained,
for example, by using the Minimum Age Model (unlogged
MAM-3) by Galbraith et al. (1999).

Figure 7. Component stripping of quartz OSL signals reveals domi-
nation of the fast component. (a) BIR-3 fine-grain quartz, (b) MÜB-
5 coarse-grain quartz.

A basic assumption for the application of the MAM is
that De is derived from individual grains and not as an aver-
age from several grains. In the latter case, averaging effects
will likely mask the spread of De values caused by differen-
tial bleaching and it might hence not be possible to extract
the dose accumulated during burial (Wallinga, 2002). This
would, in principle, require the exclusive use of a single-
grain over multigrain methodology for partially bleached
samples, but single-grain dating is not only laborious but
also subject to some methodological concerns (e.g. Thom-
sen et al., 2016). In this context, it is important to note that
it has repeatedly been shown that only a small proportion of
all grains emit luminescence (e.g. Duller, 2008), and averag-
ing effects will be proportional to the number of grains con-
tributing to the signal (Wallinga, 2002). For samples from
the study area, Gaar et al. (2014) and the data presented
here (Table 4) reveal that on average 2.6 % of all measured
quartz grains and about 20 % of all feldspar grains have OSL
and IRSL signals significantly above background. Calculat-
ing the number of grains on a multigrain disc following Heer
et al. (2012), for the grain size (200–250 µm) and aliquot
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Table 3. Protocols used in this study. OSL was applied to quartz, IR50 and pIRIR225 were applied to feldspar. OSL is a stimulation with
blue LEDs and SG OSL with a green laser. IRSL is a stimulation with IR LEDs and SG IRSL with an IR laser.

Observed OSL – multiple-grain aliquots OSL – single grains IR50 – multiple-grain aliquots IR50 – single grains pIRIR225 – single grains

Dosea Dosea Dosea Dosea Dosea

Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s
IRSL at 50 ◦C for 60 sb SG IRSL at 50 ◦C for 5 sb IRSL at 50 ◦C for 100 s

Ln/Lx OSL at 125 ◦C for 60 s SG OSL at 125 ◦C for 5 s IRSL at 50 ◦C for 300 s SG IRSL at 50 ◦C for 5 s SG IRSL at 225 ◦C for 5 s
Test dose Test dose Test dose Test dose Test dose
Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 10 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s Preheat at 230 ◦C for 60 s

IRSL at 50 ◦C for 100 s
Tn/Tx OSL at 125 ◦C for 100 s SG OSL at 125 ◦C for 5 s IRSL at 50 ◦C for 300 s SG IRSL at 50 ◦C for 5 s SG IRSL at 225 ◦C for 5 s

a Omitted in first cycle to measure Ln. b Only applied in last cycle.

Figure 8. Examples of dose response curves. (a) BIR-3 polymineral IR50, (b) SZB-1 feldspar, multiple-grain IR50, (c) MÜB-6 quartz,
multiple-grain OSL and (d) RÜT-1 feldspar, single-grain IR50.

sizes used here, results in average numbers of 72 (quartz,
2 mm) and 18 (feldspar, 1 mm) grains per disc. Using the
number of grains contributing significantly to the signal emit-
ted from a multigrain disc as given above indicates that the
signal of multigrain aliquots used in the present study should
on average originate from ca. 2 (quartz) and ca. 3.5 (feldspar)
grains, respectively. This implies that averaging effects for
the geometry chosen here should be quite limited. This is
confirmed by Gaar et al. (2014), who could clearly distin-

guish between a well and poorly bleached sample base on the
spread of De values for both single grains and 1 mm aliquots
of K-feldspar.

Here, identification of partial bleaching is mainly based
on Gaar et al. (2014), who investigated glaciofluvial samples
within the same source area. A critical value is σb, which
is used in the statistical models to define the expected varia-
tion of data. In this study, σb values exceeding 0.18 for 1 mm
feldspar aliquots, 0.19 for 2 mm quartz aliquots, 0.32 for sin-
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gle grains of quartz and 0.28 for single feldspar grain are
interpreted as indicative of partial bleaching. These values
have been used as threshold and input parameter when apply-
ing the MAM. For samples with σb values smaller than the
above and for all fine-grain samples, the Central Age Model
(CAM; Galbraith et al., 1999) was used.

The SZB samples are from the Aare Valley and thus from
another sediment source to the rest of the samples. Hence,
the σb parameter derived for Birrfeld samples cannot be ex-
pected a priori to be valid for samples from another area. For
the SZB feldspar samples, an approximation to a realistic σb,
representative of the natural spread ofDe values for bleached
samples was possible by manually removing the uppermost
values from the De distribution of SZB-1 that were clearly
separated from the rest of theDe distribution, assuming these
values derive from grains that were incompletely bleached.
This resulted in a σb value of 0.39 for feldspar IR50 multi-
grain aliquots, which is substantially higher than for the Bir-
rfeld samples, and is considered to possibly overestimate the
real σb value of a well-bleached sample. Using this as input
parameter in the MAM may hence result in an overestimated,
maximum age estimate.

While the choice of the input parameter for the MAM is
based on the information available, it is not unproblematic
to assume that values observed for one sample automati-
cally applied to another. As an independent test, we addi-
tionally follow Murray et al. (2012), who suggest that partial
bleaching can be tested by comparing results for feldspar and
quartz, as the minerals have different bleaching rates.

3.5 Fading of IR signals

Fading tests on multigrain aliquots were carried out on the
feldspar and polymineral fraction of samples from all sites
in order to detect and quantify anomalous fading of the IR50
signals (and in one case pIRIR225). The fading tests were
based on delayed Lx/Tx measurements, with preheating di-
rectly following irradiation (similar to natural dose) and dif-
ferent storage times prior to Lx measurements (Auclair et
al., 2003). Delay of the measurements was up to 40 h after ir-
radiation. The Lx/Tx ratios measured after different delays
are plotted against the time delay between irradiation and
IR50 measurement on a log scale. The calculated percent-
age of signal loss per decade is referred to as the g-value
(Aitken, 1985). Results of the fading tests are given in Ta-
ble 5. These g-values are used for fading correction using
the R package Luminescence (Kreutzer et al., 2012), which
corrects according to Huntley and Lamothe (2001). This cor-
rection, however, is restricted to doses which lie within the
linear part of the dose response curve (Huntley and Lamothe,
2001). In general, there is controversy around whether the
assessment of g-values through laboratory experiments re-
flects the fading behaviour of samples in nature and if the
correction always leads to accurate ages (e.g. Wallinga et al.,
2007; Reimann et al., 2011; Lowick et al., 2012). Further-

Table 5. Fading rates of feldspar and polymineral samples.

Sample Mineral Protocol g-value
(% decade−1)

BIR-1 Polymineral IR50 1.1± 0.4
BIR-2 Fsp IR50 2.9± 0.2
BIR-3 Polymineral IR50 2.4± 0.2
MÜB-5 Fsp IR50 2.9± 0.3
MÜB-5 Fsp pIRIR225 1.4± 0.1
MÜB-7 Fsp IR50 3.2± 0.1
RÜT-1 Fsp IR50 2.7± 0.1
SZB-2 Fsp IR50 1.5± 0.6

more, it is has been questioned if g-values assessed on multi-
grain aliquots reflect the fading behaviour of the IRSL signal
excited by a laser in single-grain measurements (Trauerstein
et al., 2012). Nevertheless, the correction after Huntley and
Lamothe (2001) was applied, although most of the samples
are in the non-linear part of signal growth. This theoretically
leads to undercorrection of the signal loss; hence, even cor-
rected IR50 age may underestimate the real deposition age.

For samples from northern Switzerland, observations re-
garding fading correction are controversial. Gaar et al. (2014)
found fading-corrected IR50 ages in good agreement with
quartz OSL ages for two samples with a known age between
30 and 20 ka. On the other hand, several other studies found
an age overestimation after fading correction and/or good
agreement with independent age control from radiocarbon
dating or quartz OSL (e.g. Preusser et al., 2003; Gaar and
Preusser, 2012; Lowick et al., 2012, 2015; Veit et al., 2017).
For this reason, we present both uncorrected and fading-
corrected IR50 ages.

4 Results

Results of luminescence dosimetry, statistical age models
and calculated ages are given in Table 4. AllDe distributions
are found in the Supplement of this article.

4.1 Gravel pit Joriacher (BIR)

Samples BIR-1 and BIR-3 are the only fine-grain samples
presented in this study. Dose recovery tests yield recovery
values of 96.8±3.7 % for BIR-1 and 94.5±4.1 % for BIR-3.
Fading rates of the IR50 signal on the polymineral fraction
were estimated to g = 1.1± 0.4 % per decade for BIR1 and
2.4± 0.2 % for BIR3, which are relatively low and will have
only a minor effect when applying age corrections. For fine
grains it is not possible to detect partial bleaching by inspect-
ingDe distributions due to the large number of grains on each
aliquot.

For BIR-1, a quartz OSL age of 50.4± 4.9 ka is within
uncertainties in good agreement with both the uncorrected
(53.2± 4.8 ka) and the fading-corrected (59.1± 6.0 ka) IR50
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ages. The same applies for sample BIR-3, with a quartz
OSL age of 25.1± 2.4 ka and polymineral IR50 ages of
24.2± 2.2 ka (uncorrected) and 30.2± 3.0 ka (fading cor-
rected). BIR-2 bears some difficulty for interpretation as the
quartz has low sensitivity and its data set contains only 17De
values. The IR50 on the feldspar fraction yielded more val-
ues, with a broad and skewed distribution indicating partial
bleaching. One single outlier at the lower end of the distribu-
tion observed during visual inspection was discarded for fur-
ther analysis to avoid strong biasing by this value (Fig. 9a).
The quartz MAM age (42.6±7.0 ka) of this samples is based
on rather few De values and should be taken with precau-
tion. IR50 yields a MAM age of 30.4±4.4 ka (40.6±5.8 ka,
corrected for fading).

4.2 Low Terrace in the Aare Valley (SZB)

The quartz data for sample SZB-1 had to be discarded due
to a machine failure. Dose recovery of the quartz fraction is
97.4± 6.8 % and the fading rate of the IR50 on the feldspar
fraction was estimated to a low g = 1.5± 0.6 % per decade
for SZB2.

For sample SZB-1, the De distribution of the IR50 1 mm
feldspar aliquots show a tail of high doses. We interpret this
as a typical distribution of a partially bleached sample, where
a substantial part of the aliquots has been completely reset.
The MAM age of this sample is 22.6±6.0 ka (25.4±6.8 ka,
when corrected for fading).

For SZB-2, the quartz aliquot measurements show one
clear single outlier at the lower end of the dose distribution
that was discarded from further analysis (Fig. 9b). The re-
mainingDe distribution has an overdispersion of 27 %, larger
than the value of 19 % expected for 2 mm quartz aliquots of
a well-bleached sample in this area (Gaar et al., 2014). We
consider the quartz fraction of this sample being reset to a
large extent but still having an unbleached component. The
MAM age of this sample 26.0± 4.5 ka. The De distribution
of the 1 mm feldspar aliquots (IR50) displays a wide range
(overdispersion of 58 %) with some values at the upper end,
implying the presence of partial bleaching. The MAM ages
are 29.2±5.7 ka (uncorrected) and 32.8±6.6 ka (fading cor-
rected).

4.3 Outcrop Mülligen (MÜB)

The De distribution of MÜB-5 quartz OSL 2 mm aliquots
has an overdispersion of 26 %, slightly larger than the value
of 19 % expected for a completely reset sample. Further-
more, the distribution is significantly positively skewed, and
a partially bleached component is likely to be present in this
distribution. A MAM age of 68.1± 10.8 ka has been cal-
culated. Single-grain feldspar measurements using the IR50
and pIRIR225 protocols return De distributions with higher
overdispersion values of 38 % (IR50) and 35 % (pIRIR225)
implying partial bleaching for these signals as well. Fading

tests on the IR50 signal give a g-value of 2.9± 0.3 % and
1.4± 0.1 % per decade for the pIRIR225 signal. For IR50 an
uncorrected MAM age of 59.3±7.7 ka was calculated, a cor-
rection (in the non-linear dose range) returns 80.1± 11.4 ka.
The pIRIR225 MAM age (73.6± 11.6 ka) agrees with the
quartz MAM age, whereas the corrected age (84.6±13.8 ka)
tends to rather overestimate. Regarding the question of signal
resetting it is noteworthy that, while some degree of partial
bleaching is observed, in some the grains the pIRIR225 signal
was completely bleached. A good performance of pIRIR225
is observed in the dose recovery test, where a given dose was
recovered to 99 %.

Sample MÜB-6 is similar to MÜB-5, the overdisper-
sion values of the De distributions are 26 % (quartz OSL,
2 mm aliquots), 44 % (feldspar IR50, single grains) and 28 %
(pIRIR225, single grains). No fading test was done for this
sample and IR50 is corrected using the fading rate ob-
tained for MÜB-5. The MAM ages obtained for this sample
are 60.5± 8.5 ka (quartz OSL), 66.1± 9.0 ka (IR50, uncor-
rected), 89.4± 12.8 ka (IR50, corrected) and 87.2± 13.2 ka
(pIRIR225).

MÜB-7 was only measured using single feldspar grains
with the IR50 protocol. Its distribution is positively skewed,
and a couple of outliers can be identified at the upper end
of the distribution. We interpret this sample as not being
completely reset. The measured fading rate (3.2± 0.1 g per
decade) is the highest observed in this study and the fading-
corrected MAM age is 24.0± 2.8 ka, while the uncorrected
age is 17.7± 2.4 ka.

4.4 Reuss Valley (RÜT and REU)

For sample RÜT-1, only about 1 % of the investigated single
quartz grains are acceptable for De analyses. The MAM age
obtained for quartz OSL is 81.0± 18.6 ka. The IR50 single-
grain data set (Fig. 9c) of the same sample allows a solid esti-
mation of the degree of bleaching as it offers a large number
of De values. Its shape does not show a strongly positively
skewed distribution but a very wide spread, spanning 1 or-
der of magnitude between ca. 50 and over 800 Gyr. Since
fading rates in the region are usually very similar (Gaar et
al., 2014; Lowick et al., 2015) and internal K content of
feldspars appears to be quite uniform (Gaar et al., 2014, and
this study), the spread is most likely explained by different
degrees of bleaching. The fading rate of the IR50 was esti-
mated to 2.7± 0.1 % g per decade with a dose recovery of
99 %. The IR50 MAM on the single feldspar grains yields an
age of 77.3±8.2 ka (uncorrected) and 99.0±11.1 ka (fading
corrected). For the 1 mm aliquots, very similar MAM ages of
79.0±10.2 ka (uncorrected) and 105.4±14.1 ka (fading cor-
rected) are calculated; similarly to the distributions of BIR-2
and SZB-2, a single outlier at the lower end of the distribu-
tion was identified and removed for further analysis.

The pIRIR225 analysis on single grains of RÜT-1 yielded
a low sensitivity, with ca. 4 % of the grains giving accept-
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Figure 9. De distributions of selected samples. (a) BIR-2 feldspar multiple-grain IR50, (b) SZB-2 quartz multiple-grain OSL, (c) RÜT-1
single-grain feldspar IR50.

able signals. Dose recovery of pIRIR225 single grains is
100 %. The data set of 20 De values does likely not re-
flect a representative dose distribution and the MAM age of
112.8±23.3 ka overestimates the ages obtained for OSL and
IR50. This might be explained either by lower resetting prob-
ability of the pIRIR225 signal and/or the small data set not
covering a sufficiently large population of fully reset grains.

Sample REU-1 is a replicate sample of REU-2 and due
a shortage of machine time, this sample was not further in-
vestigated. The single-grain IR50 De distribution of sam-
ple REU-2 has an overdispersion of 28 %, which is similar
to the overdispersion of other well-bleached samples in the
area. We consider this sample to be well bleached and the
single-grain IR50 CAM age of 101.2±8.0 ka agrees very well
with the CAM age obtained from 2 mm quartz aliquots of
101.7± 7.6 ka.

5 Discussion

5.1 Methodological considerations

For our samples, we did not encounter the problem with an
absence of quartz OSL sensitivity as reported in other studies
from glacially derived sediments (Spencer and Owen, 2004;
Lukas et al., 2007; Rowan et al., 2012; Klasen et al., 2016).
One reason for low OSL sensitivity appears to be related to
the sedimentary history of the quartz grains with repeated
cycles of erosion, transport, deposition and burial increas-
ing sensitivity (Preusser et al., 2006; Pietsch et al., 2008).

While the glaciers responsible for the deposition of the sedi-
ments investigated here have their origin in the central Alps,
a large number of the grains will originate from Molasse
sediments, as has been shown for other sediments from the
Swiss Alpine Foreland (e.g. Preusser et al., 2001). Molasse
sediments were eroded and deposited in the foreland dur-
ing growth of the Alps (Oligocene-Miocene) and therefore
have undergone several sedimentary cycles prior to their ini-
tial deposition. Practically problematic is the small fraction
of quartz grains giving an OSL signal, which increases mea-
surement time for single-grain quartz analyses.

Fading rates of the IR50 signals are relatively low with
values between ca. 1 % and 3 %. The comparison of un-
corrected and corrected IR50 age estimates with the corre-
sponding quartz OSL ages is plotted in Fig. 10, revealing that
fading-corrected IR50 ages have a tendency to overestimate
the OSL ages. Assuming the effect of partial bleaching has
been adequately considered, this implies little if any fading
in the IR50 feldspar signal during burial. As already stated by
Lowick et al. (2012) and others, g-values may not fully rep-
resent the potential signal loss occurring in nature, at least
for the samples investigated here and in other parts of the
northern Alpine foreland. Hence, while not applying a cor-
rection may cause age underestimation, the fading correction
can lead to an overestimation in the real age of deposition,
as reported by Klasen et al. (2016) and Lowick et al. (2015).
This issue will require further systematic investigations.
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Figure 10. Quartz OSL age plotted vs. uncorrected (black cir-
cles) and fading-corrected (open circles) feldspar IR50 age (both
multiple and single grain). Note the consistency of quartz OSL
ages with uncorrected IR50 ages. Functions of the regressions
lines are IR50 uncorrected= 5.039+ 0.897×OSL and IR50 cor-
rected= 0.263+ 1.250×OSL (r2

= 0.95 for both regressions).

A substantial portion of our samples that show indica-
tion of partial bleaching (BIR-2, MÜB-5-7, SZB-1 and 2)
was sampled from homogeneous sand layers in gravel suc-
cessions, which indicate proximal, high-energetic meltwa-
ter. Our findings are in contrast with observations from the
southern Scandinavian Ice Sheet, where good bleaching is
found for glaciofluvial samples after short transport distances
(e.g. Alexanderson and Murray, 2012). A possible explana-
tion would be that glaciers from the foreland of the Swiss
Alps were characterised by meltwater channels with rela-
tively small surfaces, often limited by pronounced relief. For
the margin of the Scandinavian Ice Sheet, extended outwash
plains with low relief (sandur) are expected. The large sur-
face of the ice shield likely also induced katabatic winds and
related aeolian reworking in the outwash plains, greatly in-
creasing the probability of signal resetting as discussed by
Lüthgens et al. (2011).

5.2 The last glacial advance

Sample BIR-1 (OSL: 50.4±4.9 ka; IR50: 53.2±4.8 ka) gives
a minimum age estimate for soil formation and the massive
gravel deposition below but, due to the lack of suitable lay-
ers for dating, the age of this horizon is not further con-
strained. Sample BIR-2 represents an early phase of aggra-
dation (IR50: 30.4± 4.4 ka) of glaciofluvial gravel, similar
to ages of ca. 27 to 29 ka reported from the northern part

of Birrfeld (Gaar et al., 2014). Gravel aggradation in the
neighbouring Aare Valley (SZB-1: IR50: 22.6±6.0 ka, SZB-2
OSL: 26.0± 4.5 ka, IR50: 29.2± 5.7 ka) also occurred dur-
ing this early phase. The maximum ice extent at the type
locality of the Birrfeld glaciation is constrained by sample
BIR-3 with consistent OSL ages of 25.1± 2.4 ka and IR50
24.2±2.2 ka consistent for sediment just above till. This im-
plies that the maximum ice extent in the study was reached
earlier than the global LGM (Fig. 11), dated to 22–19 ka
(Yokoyama et al., 2000). This offset is also observed in many
other parts of the Alps, as discussed above. It appears that
Alpine glaciers reacted faster to climate change compared to
the large ice sheets that reached their maximum about 21 ka
ago (e.g. Hughes et al., 2016).

Analysing the temporal and spatial reconstruction of
Rhine Glacier (Fig. 2) indicates that ice advanced over
ca. 160 km, the distance from Chur to the maximal extent,
within 6000 years. This corresponds to an advance of the
ice front of some 10 m per year, which represents the fastest
advance rates estimated for late Holocene Alpine glaciers
(Holzhauser, 1995). Such a rapid rate of advance implies that
glaciers were warm based, as cold-based glaciers are unlikely
to move at such a speed. In this context it is interesting to
note that typical outcrops in the northern Alpine foreland of-
ten show massive accumulation of glaciofluvial gravel cov-
ered by thick till layers that form the present land surface in
many areas (e.g. Preusser et al., 2003, 2007, 2011). By con-
trast, gravel associated with the recession phase, as observed
at Birrfeld (Fig. 4), is relatively scarce. It is to hypothesise
that the massive aggradation of glaciofluvial sediment below
till reflects the warm-based nature of alpine glaciers during
their advance. The common absence of such deposits on top
of till, representing maximum extent and subsequent melt-
down, may indicate that several parts of the glaciers had cold-
based ice. An explanation for such a hypothesis might be
that the southward shift of the polar front turned the northern
foreland into an arctic desert, cutting off the moisture sup-
ply with lowering temperatures at the same time. This would
have also led to a situation in which humid air from the south
precipitates over the main chain and crosses the Alps into the
northern foreland as warm dry fall winds (foehn). Reduction
in precipitation on the northern side of the Alps combined
with dry winds from the south could have led to substantial
sublimation of the ice (desiccation of the foreland glaciers),
explaining the common lack of meltwater deposits during ice
decay.

5.3 Evidence for earlier glacier advances

The melt-out till at Rütihof (RÜT-1) reveals consistent quartz
and feldspar ages of about 80 ka that may overestimate rather
than underestimate the real deposition age. Considering the
environmental history of the Alps (cf. Preusser, 2004) im-
plies a likely correlation to the cold phase of MIS 4 (71–
54 ka). At Mülligen, sediments interpreted to indicate an
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Figure 11. Ages obtained in this study compared to the LR04 global stack of benthic δ18O data as a proxy for global ice volume (Lisiecki
and Raymo, 2005) and the climatic history of the northern Alpine foreland according to palynostratigraphy (closed circles indicate dated
periods, open circles non-dated vegetational periods) compiled by Preusser (2004).

approaching glacier (MÜB-5, MÜB-6) also have consistent
quartz and feldspar ages, representing a mean of ca. 64 ka.
All available ages are clearly younger than MIS 6 when com-
pared to other studies from the region (e.g. Lowick et al.,
2015). Our evidence for substantial glaciation of the Swiss
Alpine Foreland during MIS 4 is in concert with other reports
from the Western Alps (e.g. Mandier et al., 2003; Preusser et
al., 2007), but it is in contradiction to findings from the East-
ern Alps. For example, Starnberger et al. (2013) explicitly
state that there is no indication of an ice advance into the Inn
Valley between the Last Interglacial and MIS 2. If all these
observations are correct, the apparent discrepancy might be
explained by a different source of humidity during MIS 4
compared to MIS 2. Possibly, the southward shift of the po-
lar front, as to be expected for MIS 4, did not reach as far
south as during MIS 2. This could have resulted in a large
moisture delivery to the western Alps. This excess of humid-
ity would explain a larger MIS 4 glacier extent in the Lyon
area compared to MIS 2, as this ice is expected to originate
mainly from the Savoyan Alps (Coutterand et al., 2009), the
first orographic obstacle where high precipitation would have
occurred. The west–east trend of decreasing MIS 4 glaciation
extension could also have had an additional topographic rea-
son, as the accumulation areas in the eastern Alps are about
1000 m lower than in the west.

The age of ca. 100 ka for the REU sample (OSL: 101.7±
7.6 ka, IR50: 101.2± 8.0 ka) falls in the transition from
MIS 5d to MIS 5c, a time considered to be cold, with
open vegetation (Welten, 1981), for which a glacier advance
in eastern Switzerland has been postulated (Preusser et al.,
2003). However, a direct link between glacier presence in the
foreland and the deposition of the dated sand is not possible.

6 Conclusions

Luminescence dating of glacial sediments remains challeng-
ing, as partial bleaching has to be identified and statistical age
models need to be applied cautiously. It is shown here that the
fading correction of feldspar IR50 ages tends to age overes-
timation compared to quartz OSL, whereas the uncorrected
IR50 ages are mainly in better agreement with the latter. This
confirms previous observations that fading determined in the
laboratory rates may not necessarily represent signal loss oc-
curring in nature. As in previous studies, there are indications
that feldspar pIRIR225 is of limited use in sedimentary envi-
ronments with low bleaching probabilities.

In this study, the last glacier advance of the Reuss Glacier
into the Swiss Alpine Foreland at the type locality of the Bir-
rfeld glacial is consistently dated by quartz OSL and feldspar
IR50 to about 25 ka. This age is in good agreement with other
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age estimates, indicating that the maximum of the last glacier
advance into the foreland of the NW Alps was reached be-
fore the global LGM. An earlier glacier advance is likely
constrained to MIS 4. The apparent absence of this advance
in the Eastern Alps might be explained by only a moderate
southward shift of the polar front during MIS 4, bringing hu-
midity mainly to the Western Alps.
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Abstract: The present study combines archaeological data with archaeopedological data from colluvial deposits
to infer Neolithic settlement dynamics between the Baar region, the Black Forest and the Swabian
Jura. A review of the state of archaeological research and an analysis of the processes leading to the
discovery of the Neolithic sites and thereby the formation of the current archaeological site distribution
in these landscapes is presented. The intensity of land use in the study area is compared with other
landscapes in southern Germany using site frequencies. Phases of colluvial deposition are dated using
AMS 14C ages of charcoals and luminescence ages of sediments and interpreted as local proxies for a
human presence. Archaeological source criticism indicates that the distribution of the Neolithic sites
is probably distorted by factors such as superimposition due to erosion and weathering effects limiting
the preservation conditions for Neolithic pottery. A reconstruction of Neolithic settlement dynamics
is achieved by complementing the archaeological data with phases of colluviation. Evidence for a
continuous land use in the Baar region throughout the Neolithic is provided and sporadic phases of
land use on the Swabian Jura and in the Black Forest are identified. In the late and final Neolithic, an
intensification of colluvial formation can be noticed in the low mountain ranges.

Kurzfassung: In der vorliegenden Studie werden archäologische Daten mit bodenkundlichen Daten aus kollu-
vialen Ablagerungen verknüpft, um Phasen der Landnutzung während des Neolithikums zu ermit-
teln und somit neolithische Siedlungsdynamiken zwischen der Baar, dem Schwarzwald und der
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Schwäbischen Alb beschreiben zu können. Ausgehend von einer Auswertung der lokalen archäol-
ogischen Forschungsgeschichte und einer quellenkritischen Betrachtung des Fundstoffes erfolgt eine
Evaluierung der Verbreitung der gegenwärtig bekannten neolithischen Fundstellen. Auf der Basis von
Fundstellenfrequenzen wird eine überregionale Einordnung der Intensität der lokalen Siedlungsak-
tivität vorgenommen. Phasen der Kolluvienbildung werden durch Radiokohlenstoffdatierungen von
Holzkohlen und Lumineszenzalter von Sedimenten datiert und als Hinweise auf eine Anwesenheit des
Menschen interpretiert. Die quellenkritische Auswertung des Fundstoffes legt den Verdacht nahe, dass
die Verbreitung der neolithischen Fundstellen im Arbeitsgebiet durch verschiedene Faktoren beein-
flusst wird. Demnach wird die Zugänglichkeit neolithischer Fundstellen durch Über- und Umlagerung
aufgrund von Erosion verzerrt und die Erhaltung von Keramik durch lokale Witterungsbedingungen
eingeschränkt. Die Beschreibung neolithischer Siedlungsdynamiken gelingt letztlich durch die Korre-
lation der archäologischen und bodenkundlichen Daten. Für den gesamten Verlauf des Neolithikums
lässt sich auf diese Weise eine neolithische Besiedlung der Baar aufzeigen. Im Schwarzwald und
auf der Schwäbischen Alb lassen sich hingegen nur sporadische Landnutzungsphasen aufzeigen. Im
Spät- und Endneolithikum lässt sich in den Mittelgebirgen eine Verstärkung der Kolluvienbildung
beobachten.

1 Introduction

The transition from a mobile subsistence based on hunting
and gathering to sedentary farming communities marks a
turning point in human history. As this shift had far-reaching
consequences for the further development of societies, it is
often referred to as the “Neolithic Revolution” (Childe, 1936;
Teuber et al., 2017). This transition changed not only the hu-
man perception of landscapes, but it also had a major impact
on the environment (Gerlach, 2003, 2006). The vegetation
was affected by local deforestation carried out in order to
establish settlements and introduce fields for plant cultiva-
tion and for livestock. As soils became an important resource
for survival, they needed maintenance with manure and had
to be worked with ploughs to ensure sufficient yields (Lün-
ing, 2000). Already in the Early Neolithic, both changes in
vegetation and ploughing resulted in the erosion of soils in
the vicinity of the settlements (Saile, 1993; Semmel, 1995).
The correlate sediments of soil erosion caused by human ac-
tivities are called colluvial deposits and can be seen as pe-
dosedimentary archives of human activities in the landscape
(Leopold and Völkel, 2007; Kadereit et al., 2010; Kühn et
al., 2017). Because they are proxies for land use, they can
be used to study pre- and early historic human–environment
interactions (Dotterweich, 2008; Fuchs et al., 2011; Pietsch
and Kühn, 2017; Voigt, 2014). Colluvial deposits always rep-
resent the adjacent upward slope areas and therefore provide
local “site biographies” with a high resolution (Henkner et
al., 2017, 2018a, c).

So far, colluvial deposits have been used mainly to inves-
tigate the long-term consequences of pre- and early historic
agriculture in the lowlands in southwestern Germany. Pre-
historic land use in low mountain ranges has rarely been in-
vestigated using archaeopedological methods (Fuchs et al.,
2011; Ahlrichs, 2017; Henkner et al., 2018a, c). Especially

in these landscapes, pedological datasets from colluvial de-
posits are an important supplement to archaeological data.
Low mountain ranges such as the Black Forest in southwest-
ern Germany are often densely forested and cannot be ade-
quately investigated solely by using archaeological methods.
As a consequence, the kind and intensity of prehistoric land
use in this landscape has been a matter of speculation for
decades (Lais, 1937; Valde-Nowak, 2002). Due to the cli-
mate, relief and soils, the agricultural potential of the Black
Forest is fairly limited in comparison to adjacent lowlands,
where fertile soils on loess are abundant (Gradmann, 1931,
1948). Therefore, it has been suspected for a long time that
this unfavourable landscape was basically avoided in prehis-
toric times and not colonized before the High Middle Ages
(e.g. Schreg, 2014; Ahlrichs, 2017).

However, research from recent decades has provided in-
creasing evidence for early phases of land use dating back
to the Neolithic (Frenzel, 1997; Valde-Nowak, 1999; Rösch,
2009). Consequently, the archaeological and archaeobotan-
ical research from the last three decades opens the demand
for a reassessment of the relationship between favourable and
unfavourable landscapes in the Neolithic. Currently, an inter-
disciplinary research project at the University of Tübingen
takes up this issue using methods from prehistoric archae-
ology and soil science. The research presented in this paper
focuses on the following objectives:

– evaluation of the archaeological data and an identifica-
tion of factors that influenced the current distribution of
the Neolithic sites

– discussion of Neolithic settlement dynamics between
the Baar region, the Black Forest and the Swabian Jura
with a high spatial and chronological resolution by syn-
chronizing archaeological and pedological data.
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2 Regional setting

The study area is located northwest of Lake Constance in the
federal state of Baden-Württemberg, southwestern Germany.
Geographically, it includes three landscapes: the southeast-
ern part of the central Black Forest, the Baar region and
the southwestern part of the Swabian Jura (Fig. 1). The
topography changes significantly between these landscapes
(Gradmann, 1931; Reichelt, 1977; Schröder, 2001). Deeply
cut valleys with steep slopes characterize the Black Forest
with an elevation of up to 1100 m a.s.l., while the south-
western part of the Swabian Jura consists of several high
plateaus such as the Heuberg and Lindenberg with eleva-
tions up to 1000 m a.s.l., separated by wide river valleys. The
Baar region, however, is an elevated basin-shaped landscape
(German: Hochmulde) with an average elevation of 600–
800 m a.s.l. and gentle rolling slopes. In contrast to the Baar
region, the two low mountain ranges represent agricultur-
ally unfavourable regions with an oceanic climate (Reichelt,
1977; Tanha, 1986). This is due to high amounts of annual
precipitation between 1000 and 1900 mm, low average tem-
peratures ranging from 4 to 6 ◦C as well as long periods of
winter and frost (Gradmann, 1931; Knoch, 1953). The cli-
mate in the Baar region is more continental with an average
annual temperature of 7–8 ◦C and an average precipitation of
850 mm per year (Siegmund, 1999, 2006). In addition, the
landscapes can be differentiated with regard to their pedol-
ogy (Kösel and Rilling, 2002; Lazar, 2005; Lazar and Rilling,
2006). Due to fertile soils on loess, the local population used
to describe the Baar region as the breadbasket of Baden (Re-
ich, 1859; Deecke, 1921). This is in contrast to the Black
Forest, where low-yielding and acidic soils limit the agricul-
tural potential. The Swabian Jura is characterized by a karst
landscape with low-yielding soils as well.

3 Methods

3.1 Assessment of archaeological site distributions

In order to study the pre- and early historic settlement dy-
namics in this regional setting, an archaeological database
was set up in 2014. In total, we recorded 1826 archaeolog-
ical sites using local area files (German: Ortsakten) from
the State Office for Cultural Heritage Baden-Württemberg.
The sites date from the late Upper Palaeolithic to the end of
the 12th century CE (Ahlrichs et al., 2016; Ahlrichs, 2017).
The database includes 107 sites that can be used for a dis-
cussion of Neolithic land use and settlement dynamics. In
large study areas like this, changes in settlement patterns
can be described and investigated by comparing distribution
maps with different time frames (Schier, 1990; Saile, 1998;
Pankau, 2007). However, as suggested by Sommer (1991),
Gerhard (2006) and Eggert (2012), it is necessary to exam-
ine the archaeological data in detail in order to evaluate dis-

tribution patterns and thus to provide a reliable analysis of
settlement dynamics.

3.1.1 State of local research

First of all, it is necessary to discuss the genesis of the ar-
chaeological record. This includes a literature review with
respect to the local history of archaeological research. Within
this framework, the general nature of the available data will
be presented with focus on geographical as well as chrono-
logical aspects. To visualize changes in settlement patterns
in a geographic information system (GIS), we digitized the
position (EPSG: 31 467) of each recorded site if it could be
located within a radius of ±250 m based on recent map in-
formation. The detection of settlement dynamics requires an
accurate dating for the sites of interest with a chronological
resolution as high as possible. Therefore, for each recorded
site, the available literature was screened for information re-
garding its chronological position. We distinguished four de-
grees of chronological precision: epoch, period, phase and
sub-phase (Eggert, 2012; Eggert and Samida, 2013).

3.1.2 Intentionality of site discoveries

In addition, quantitative analyses of the circumstances lead-
ing to the discovery of the recorded Neolithic sites are nec-
essary. It is crucial to distinguish intentional discoveries
from accidental ones (Wilbertz, 1982; Schier, 1990; Pankau,
2007). Intentional discoveries can be the result of field sur-
veys, aerial photography, analysis of airborne light detection
and ranging (lidar) data, research excavations, rescue excava-
tions and small prospections. On the other hand, archaeolog-
ical sites can be discovered accidentally in the course of con-
struction measures, agricultural and forestry activities, land
consolidation (German: Flurbereinigung), the extraction of
raw materials, or randomly when people go for a walk or
go hiking. Finally, historical records mentioning prehistoric
sites are also included in this category as well as sites that
were already known for a long time by local residents be-
fore archaeologists discovered their significance – this ap-
plies especially to easily accessible structures such as (burial)
mounds, ditches or remnants of walls. For a better assessment
of the data for the Neolithic, the interpretation of the analy-
ses will also consider the data for the Bronze Age and the
pre-Roman Iron Age.

3.1.3 Depth of sites

In addition, the depth of a site in relation to the modern sur-
face can be inferred from the circumstances of its discovery
(Schier, 1990; Saile, 1998). They can be grouped in a way
which allows a differentiation between sites discovered be-
low, close to or on the modern surface (see Table 2). This
analysis takes the data for the Bronze Age and the pre-Roman
Iron Age into account as well.
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3.1.4 Site distribution in relation to modern land use

Furthermore, modern land use strategies have an impact on
the conservation and visibility of prehistoric sites (Schiffer,
1987; Sommer, 1991). Therefore, an analysis of site distri-
butions against the background of different land use types is
recommended (Pankau, 2007; Ahlrichs, 2017). For a study
of this kind, we use CORINE Land Cover data, provided by
the European Environment Agency (EEA) (European Envi-
ronment Agency, 2007). This raster dataset with a resolution
of 100 m contains 44 types of modern land use classes. How-
ever, for archaeological purposes, it is appropriate to aggre-
gate these classes to seven main types: urban areas, forests,
arable land, grassland, water bodies, bogs or swamps, and
landfills or dumpsites (Ahlrichs, 2017). In order to assess
whether certain types of land use may lead to distortions in
the distribution of prehistoric sites, we use the χ2 test (Shen-
nan, 1988).

3.1.5 Weathering effects on pottery, stone and coins

The local topography has an influence on the preservation
and accessibility of archaeological sites. At certain relief po-
sitions, such as upper slopes or crests, artefacts are exposed
to weathering for longer time periods and thus have worse
conservation conditions than artefacts on foot slopes or in
valleys, where they are covered (and thus protected) by sed-
iment due to erosion (Pasda, 1994, 1998; Saile, 2002). An-
other important factor is the material the artefacts are made
of, i.e. pottery, is less resistant to weathering than stone or
metal (Geilmann and Spang, 1958; Schiffer, 1987). There-
fore, we defined three groups: pottery, stone artefacts and
coins. We used artefacts from settlement contexts and sin-
gle finds dating to “prehistory”, the Palaeo-, Meso- and Ne-
olithic, the Bronze Age, the pre-Roman Iron Age and the
Roman Empire (Table 4). We deliberately excluded artefacts
from graves because they are directly buried after deposition
and less exposed to weathering. In order to establish whether
the local topography does indeed influence the preservation
of prehistoric artefacts, we analysed the distribution of the
three material groups using a non-dimensional unit called
morphometric protection index (MPI) from Yokoyama et
al. (2002) in the System for Automated Geoscientific Anal-
yses (SAGA) geographic information system (GIS) (Conrad
et al., 2015). This analysis is based on a revised and error-
corrected version of a digital elevation model (DEM) with a
resolution of 90 m derived from the Shuttle Radar Topogra-
phy Mission (SRTM) carried out by the National Aeronau-
tics and Space Administration (NASA) (Jarvis et al., 2008).
However, due to the chronological composition of the three
material groups, this analysis provides only general informa-
tion regarding the effect of weathering due to topographic
openness. Because of the small number of Neolithic sites in
this study area, it is not possible to perform such an analysis
only for the Neolithic.

3.1.6 Local site frequencies in relation to other study
areas

The local site frequency (German: Fundstellenfrequenz) is
determined and compared with other regions in southern
Germany (Fig. 6) in order to evaluate local changes in de-
mography and settlement intensity. This statistical value in-
dicates how many sites came into existence in the course of
a century and thus represents an indicator of the intensity of
settlement. The site frequency is calculated by multiplying
the number of archaeological sites of a period by 100 and
then dividing it by the duration of the period in years (Saile,
1998; Schefzik, 2001; Pankau, 2007).

3.2 Investigation of colluvial deposits

3.2.1 Field methods

The archaeological database was used to select 13 locations
for the investigation of colluvial deposits in the study area
(Fig. 1). In the Black Forest, colluvial deposits were investi-
gated at the spring sources of the Breg and the Brigach rivers
as well as at Bubenbach and Lehmgrubenhof. In the Baar
region, colluvial deposits were studied at Magdalenenberg,
Grüningen, Fürstenberg, Geisingen and Spaichingen. Phases
of colluvial deposition were studied on the Lindenberg and
the Heuberg (Böttingen, Königsheim and Rußberg). Humans
can force phases of colluviation through a variety of activi-
ties affecting the vegetation, such as grazing and farming, de-
forestation, mining, building settlements, ramparts or other
infrastructures (Starkel, 1987; Leopold and Völkel, 2007).
However, it is difficult to conclude directly from a colluvial
deposit the activities leading to its formation. In general, col-
luvial deposits lacking archaeological finds are more likely to
be the result of agricultural activities or deforestation than of
settlement activities. Colluvial deposits containing scattered
archaeological finds qualify as relocated material from a set-
tlement located in the catchment area of the colluvial deposit
(Wunderlich, 2000; Niller, 1998). It is possible to correlate
phases of colluviation with archaeological data because the
deposits can be dated as well (Ahlrichs et al., 2016; Ahlrichs,
2017; Henkner et al., 2017, 2018a, c).

In total, 68 soil profiles were described between 2013 and
2015 in the field (Henkner et al., 2018a) according to the Ger-
man soil classification system (Ad-hoc-AG Boden, 2005),
the Food and Agriculture Organization of the United Nations
(FAO, 2006) as well as the world reference base for soil re-
sources (IUSS Working Group WRB, 2015). A main charac-
teristic for anthropogenic colluvial deposits is a lack of au-
tochthonous pedogenic properties; hence their horizons are
designated M (M=Latin Migrare, to migrate) in the German
soil classification system. In our studies, we use the M hori-
zon together with the FAO nomenclature in order to distin-
guish between colluvial horizons and others with different
pedogenic development (Henkner et al., 2017, 2018a, c). To
understand the local stratigraphy of colluvial deposits at each
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Figure 1. Study area and sites of investigated colluvial deposits. The topography is based on a digital elevation model provided by NASA
(Jarvis et al., 2008). The mapping of rivers is based on Amtliches Digitales Wasserwirtschaftliches Gewässernetz (AWGN) provided by
Landesanstalt für Umwelt, Messungen und Naturschutz Baden-Württemberg (LUBW).

site, we used catenas, i.e. a sequence of soil profiles extend-
ing from the upper slope to foot slope positions, thus cover-
ing differences in topography, elevation and drainage as well
as erosion or deposition. Samples for dating phases of collu-
vial deposition were taken from profiles regarded as the most
characteristic for a site due to their detailed pedostratigraphy
(Henkner et al., 2017, 2018a, c).

3.2.2 Laboratory methods

All soil chemical analyses were done in the Laboratory of
Soil Science and Geoecology at the University of Tübingen.
Total C and N contents (mass %) were analysed using oxida-
tive heat combustion at 1150 ◦C in a He atmosphere (element
analyser “vario EL III”, Elementar Analysensysteme GmbH,
Germany, in CNS mode). Soil organic C content (SOC) was
determined using SOC= Ctotal−CaCO3× 0.1200428, and
soil organic matter (SOM) was calculated using the fac-
tor 1.72 (Ad-hoc-AG Boden, 2005; Eberhardt et al., 2013;
Henkner et al., 2018c).

To estimate the deposition ages of colluviation, we used
two methods: charcoal samples were taken for radiocarbon
dating by means of accelerator mass spectrometry (AMS).

The samples were processed in the 14C laboratories in Jena,
Mannheim, Erlangen and Poznań. When interpreting AMS
14C from colluvial deposits, it has to be taken into account
that the ages represent the point in time at which the car-
bon exchange between the wood and the biosphere broke
off, i.e. the year in which the sampled tree ring was formed
(Taylor and Bar-Yosef, 2014). This age does not necessarily
coincide with the time when the charcoal was formed. Subse-
quently, the AMS 14C dates usually represent the maximum
age of the colluvial deposition from which they were taken
(Ahlrichs et al., 2016; Henkner et al., 2017). The calibration
of the data was done with OxCal 4.2 and the calibration curve
IntCal13 (Bronk Ramsey, 2009; Reimer et al., 2013).

Furthermore, optical stimulated luminescence (OSL) dat-
ing was applied, using opaque steel cylinders with a diameter
of 4.5 cm for sampling. For equivalent dose (De) determina-
tions, the coarse-grain (90–200 µm) quartz fraction was pre-
pared and measured with a single-aliquot regenerative-dose
(SAR) protocol after Murray and Wintle (2000). All lumi-
nescence measurements were carried out at the luminescence
laboratory of the Justus Liebig University in Giessen, using a
Freiberg Instruments Lexsyg reader (Lomax et al., 2014). For
data analysis, the R luminescence package (Kreutzer et al.,
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Figure 2. Distribution of Neolithic site discoveries.

2016) was used. In contrast to radiocarbon dating, OSL is as-
sumed to date the time of colluvial deposition because it de-
termines the period of time when the sampled sediment was
last exposed to sunlight. Postsedimentary reworking (e.g. by
bioturbation), however, should generally not be neglected
when luminescence ages are interpreted as ages of colluvial
deposition (see Reimann et al., 2017). A prerequisite for the
successful application of this method is that the sampled sed-
iments were sufficiently exposed to sunlight during their re-
location. In case of insufficient daylight exposure, OSL dat-
ing would result in an age overestimation (Bußmann, 2014;
Henkner et al., 2018a). Nevertheless, colluvial deposits can
generally be dated successfully by OSL as demonstrated in
numerous studies from various landscapes and cultural peri-
ods (Fuchs and Lang, 2009; Kadereit et al., 2010).

4 Results

4.1 Archaeological data

4.1.1 State of local research

Since the mid-thirties of the 19th century, Neolithic sites
have been known in the study area (Fig. 2). Several decades
later, Wagner (1908), Haug and Sixt (1914) published the
first comprehensive archaeological catalogues which in-
cluded these early discovered sites. From the 1920s onwards
until the 1950s, Paul Revellio led the archaeological research
in the Baar region (Hall, 1968). He carried out rescue excava-
tions at construction sites as well as field surveys and small
prospections. Revellio recorded and published most of the
Neolithic sites discovered during these three decades (Rev-
ellio, 1924, 1932 and 1938). In the 1930s, Fischer (1936)
and Stoll (1941 and 1942) also studied the Neolithic settle-
ment dynamics in the region. When Revellio retired in the
1950s, Rudolf Ströbel continued his work (Benzing, 1974).
After his death, Spindler (1977) and Schmid (1991 and 1992)

were the only researchers who provided analyses of the Ne-
olithic sites discovered since the 1960s. In addition, few Ne-
olithic sites were discussed in studies with a supra-regional
focus (Paret, 1961; Itten, 1970; Pape, 1978). In general, it
has to be noted that very few Neolithic sites in the study area
have been investigated in the field (for exceptions see Wag-
ner, 2014; Seidel, 2015). The vast majority were merely reg-
istered and published in the form of short site reports (see
Schmid, 1992; Ahlrichs, 2017). In this context, it is notewor-
thy that in the course of the 20th century, several researchers
carried out field surveys in the Baar region and adjacent land-
scapes. Although the surveyed territories cover a large part of
the study area (Fig. 3), only one Neolithic site was actually
discovered in the course of these surveys (Ahlrichs, 2017).

Against the background of this research history, we
recorded 107 archaeological sites dating to the Neolithic.
Based on the available data in the local area files and the lit-
erature we were able to assign a point coordinate to 75 sites
(Fig. 7). In the remaining 32 cases this was not possible due
to a lack of geographical information. Furthermore, after a
review of the sites with regard to their archaeological dating,
we were able to assign 49 sites to different Neolithic periods.
Due to the nature of the artefacts, it was not possible to date
the Neolithic sites on the level of phases or even sub-phases.
The remaining 58 sites date to the “Neolithic” in general be-
cause the artefacts recovered at these sites are too fragmented
or atypical for any further chronological specification. There-
fore, more than half of the recorded sites are not suitable for
the description of local-settlement dynamics. These results
mirror the state of archaeological research of the individ-
ual sites: out of 107 registered Neolithic sites, no more than
12 sites were studied in the course of research excavations.
Out of those 12 sites, 9 had to be excavated because they
were discovered during excavations of archaeological sites
dating to later periods. Furthermore, rescue excavations took
place at four Neolithic sites after their initial discovery. This
unbalanced ratio between excavated and not excavated sites
has been observed in other study areas too (Schmotz, 1989).
With respect to the state of research in the Baar region and
adjacent landscapes, 20 sites qualify as settlements due to the
presence of grinding stones and/or features such as pits or
postholes. At five sites, human remains were recovered, clas-
sifying these locations as burial sites. The remaining 82 sites
are composed of single finds or small artefact assemblages
that currently do not allow a more detailed description of the
activities that took place at these sites (Ahlrichs, 2017).

4.1.2 Intentionality of site discoveries

In contrast to the Bronze Age and the pre-Roman Iron Age,
an extraordinarily large number of Neolithic sites were dis-
covered accidentally (Table 1). In total, 87 out of 107 sites
are associated with non-intentional modes of discovery. Most
of them were found randomly (n= 38) during agricultural
and forestry activities (n= 18) or in the course of construc-
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Figure 3. Modern land use according to CORINE Land Cover data (European Environment Agency, 2007) and areas studied by field surveys
(Ahlrichs, 2017).

Table 1. Intentionality of archaeological site discoveries.

Intentionality Modes of discovery Neolithic Bronze Age Pre-Roman Iron Age

(n) (%) (n) (%) (n) (%)

Non-intentional

Long known 1 1 3 2 17 8.5
Random discovery 38 35.5 22 16 28 14
Working measure 16 15 48 34 47 23.5
Land consolidation 1 1 1 1 2 1
Extraction of raw materials 8 7.5 6 4 3 1.5
Historical records 0 0 0 0 0 0
Agricultural and forestry activities 18 17 10 7 8 4

Intentional

Field survey 1 1 18 13 47 23.5
Lidar data 0 0 0 0 0 0
Aerial photography 0 0 0 0 3 1.5
Research excavation 9 8 8 6 7 3.5
Rescue excavation 0 0 0 0 2 1
Prospection 0 0 0 0 1 0.5

Unknown Unknown 15 14 24 17 35 17.5

Sum 107 100 140 100 200 100
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tion measures (n= 16). Less than 10 % of the Neolithic sites
are associated with intentional modes of discovery. These in-
clude the nine Neolithic sites mentioned earlier that were
registered during excavations of archaeological sites dating
to later periods and a single site that was discovered in a
field survey. These results are even more indicative of po-
tential gaps in the distribution of the sites when compared
to younger epochs. The numbers of intentionally discovered
sites are approximately 19 % for the Bronze Age and 30 %
for the pre-Roman Iron Age. Altogether, 18 Bronze Age sites
and 47 sites dating to the pre-Roman Iron Age were regis-
tered during field surveys (Table 1). This indicates that the
material remains from these epochs may be more resistant to
weathering compared to the ones dating to the Neolithic. In
addition, the numerous discoveries during field surveys can
be used to correct potential distortions in the Bronze Age and
Iron Age site distributions caused by construction sites in ur-
ban areas. However, there is no such balance for the Neolithic
sites.

4.1.3 Depth of sites

In total, 40 Neolithic sites were discovered on the modern
surface, 19 were just slightly below the surface and about
another 33 below the surface (Table 2). Initially, these re-
sults are quite similar with those for the Bronze Age and the
pre-Roman Iron Age. However, a closer look at the archaeo-
logical data shows that at just one site Neolithic pottery was
found on the recent surface. Overall, at 37 out of 38 sites
discovered on the surface the artefacts were made of stone,
which is far more resistant to weathering. This is in contrast
to the Bronze Age and the pre-Roman Iron Age (Table 2).
In total, 43 Bronze Age sites were discovered on the modern
surface and at 27 of them pottery was present. In the case
of the pre-Roman Iron Age, 92 sites were registered on the
modern surface; pottery was found at 60 of them (Ahlrichs,
2017). These results suggest that Neolithic pottery may be
less resistant to weathering on the surface than pottery from
the Bronze Age and the pre-Roman Iron Age. Consequently,
a distortion in the distribution of Neolithic sites is possible,
as a preservation of pottery is more likely at topographic po-
sitions where it is superimposed shortly after its deposition.

4.1.4 Site distribution in relation to modern land use

On arable land, grassland as well as in bogs and at dumpsites
about as many Neolithic sites were registered as would be
expected with an even distribution over the land use classes
(Fig. 3, Table 3). Consequently, these land use classes do not
have much influence on the distribution of the sites. In con-
trast, urban areas and forests seem to have an influence on
the distribution of Neolithic sites. In urban areas, the num-
ber of registered sites exceed the number of expected sites.
This result can be attributed to the fact that construction mea-
sures are more likely to occur in settlements than in the other

Figure 4. Comparison of average MPI values for pottery, stone arte-
facts and coins with regard to the intentionality of the site discover-
ies

land use classes. As the frequency of construction measures
increases, so does the probability of discovering new sites.
This can lead to artificial clusters of prehistoric sites in urban
areas (Schier, 1990; Gerhard, 2006). As Fig. 3 indicates, this
does not apply to the Neolithic sites in this study area, since
none of the modern settlements correlates with a remarkably
large number of Neolithic sites. However, it is noticeable that
several sites in the valleys of the Swabian Jura were discov-
ered during construction measures. It has been suggested in
earlier research that the density of prehistoric sites in the val-
leys of the Swabian Jura is low because their archaeological
visibility and accessibility are reduced due to erosion (Paret,
1961; Wahle, 1973). This seems to apply to our study area as
well. In addition, the visibility of prehistoric sites is limited
by dense vegetation in areas covered by forests. As a result,
fewer Neolithic sites were registered in forests than expected.
This is a crucial factor in understanding the absence of Ne-
olithic sites in Black Forest and in large parts of the Swabian
Jura (Lais, 1937; Valde-Nowak, 2002; Pankau, 2007).

4.1.5 Weathering effects on pottery, stone and coins

Each of the three material groups shows a specific frequency
distribution over the morphometric protection index (MPI).
In fact, pottery and coins can be differentiated due to their
distinct trends (Table 5). As can be seen in Fig. 5, pre- and
early historic pottery has often been registered in topograph-
ical positions with a high MPI such as foot slopes or valleys.
In contrast, the frequency distribution of coins concentrates
in topographic areas with a fairly small MPI, while stone
artefacts take an intermediate position between these groups.
Compared to pottery, however, there is also a trend towards
areas with small MPIs for stone artefacts (Fig. 5). Since these
trends might have been influenced by the circumstances lead-
ing to the discovery of the sites, an additional analysis was
carried out taking into account the intentionality of the site
discoveries. Figure 4 shows the average MPI values of the
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Table 2. Relation of archaeological sites to the modern surface.

Relation to surface Modes of discovery Neolithic Bronze Age Pre-Roman Iron Age

(n) (%) (n) (%) (n) (%)

Above surface

Field survey 1 0.93 18 12.86 47 23.5
Random discovery 38 35.51 22 15.71 28 14
Long known 1 0.93 3 2.14 17 8.5
Historical records 0 0 0 0 0 0

Close to surface

Agricultural or forestry activities 18 16.82 10 7.14 8 4
Lidar data 0 0 0 0 0 0
Aerial photo 0 0 0 0 3 1.5
Land consolidation 1 0.93 1 0.71 2 1

Below surface

Working measure 16 14.95 48 34.3 47 23.5
Research excavation 9 8.41 8 5.71 7 3.5
Rescue excavation 0 0 0 0 2 1
Prospection 0 0 0 0 1 0.5
Extraction of raw materials 8 7.5 6 4.29 3 1.5

Unknown Unknown 15 14.02 24 17.14 35 17.5

Sum 107 100 140 100 200 100

Table 3. Distribution of Neolithic sites over modern land use.

Land use Spatial abundance Recorded Expected χ2 value
(%) sites (n) sites (n)

Water bodies 0.1 0 0.08 0.08
Urban areas 7.88 16 5.91 17.23
Arable land 24.43 22 18.32 0.74
Grassland 20.16 15 15.12 0
Forest 47.1 22 35.33 5.03
Bogs or swamps 0.25 0 0.19 0.19
Dumpsites or landfills 0.08 0 0.06 0.06

Sum 100 75 75 23.33

The critical χ2 value for 6 degrees of freedom is at 22.46 (significance level: 0.001 %).
In this case, the site distribution is highly significantly unequal (see Ihm et al., 1978, p. 595).

intentional and non-intentional site discoveries for each ma-
terial group. The results demonstrate that pottery was regis-
tered in topographic positions with a very specific MPI, re-
gardless of whether they were recorded in the course of in-
tentional or non-intentional modes of discovery. This cannot
be seen in the other groups. These results suggest that the
topography has an influence on the preservation and accessi-
bility of pre- and early historic pottery and thus constitutes a
crucial factor with respect to the understanding of site distri-
butions in the study area.

4.1.6 Local site frequencies in relation to other study
areas

According to the available archaeological data, the Neolithic
settlement of the Baar region and adjacent landscapes are
characterized by extremely low site frequencies (Table 6).

Figure 5. General comparison of average MPI values for pottery,
stone artefacts and coins (see also Table 5).
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Table 4. Distribution of material groups over different epochs and types of archaeological sites.

Epoch Type of site Pottery Stone Coins Sum
artefacts

“Prehistory”
Settlement 18 1 0 19
Single finds 1 0 0 1

Palaeolithic
Settlement 0 0 0 0
Single finds 0 2 0 2

Mesolithic
Settlement 0 1 0 1
Single finds 0 3 0 3

Neolithic
Settlement 9 10 0 19
Single finds 1 47 0 48

Bronze Age
Settlement 50 2 0 52
Single finds 6 2 0 8

Pre-Roman Iron Age
Settlement 94 3 0 97
Single finds 5 0 6 11

Roman Empire
Settlement 15 1 12 28
Single finds 13 1 35 49

Sum 212 73 53 338

Table 5. Comparison of average MPI values for pottery, stone artefacts and coins (see also Fig. 5).

Material group Minimum First quartile Median Mean Second quartile Maximum Standard deviation

All sites (n= 1826) 0 0.0217 0.0431 0.0557 0.0839 0.245 0.0429
Pottery (n= 212) 0 0.0388 0.066 0.069 0.091 0.2381 0.0436
Stone artefacts (n= 73) 0.0012 0.024 0.0515 0.0588 0.0866 0.2236 0.0435
Coins (n= 53) 0.0003 0.0204 0.032 0.0416 0.0573 0.1198 0.0283

The Early Neolithic and the Final Neolithic are the only pe-
riods for which we could calculate site frequencies of one
and nearly two sites per hundred years. The other Neolithic
periods are characterized by even smaller site frequencies.
In fact, similar results cannot be observed in any other study
area in southern Germany (Table 6, Fig. 6). On the contrary,
in landscapes such as the Wetterau or Maindreieck, frequen-
cies of up to 30 sites per century can be demonstrated. The
Brenz–Kocher Valley on the Swabian Jura is the only land-
scape with similarly low site frequencies. In general, it can
be assumed that the calculated site frequencies do reflect re-
gional trends in Neolithic settlement dynamics, even though
the results may be affected to a certain degree by local re-
search traditions. Altogether, we assume that the Neolithic
settlement density must have been very low in the study area.
This probably results from the limited accessibility of Ne-
olithic sites as well as poor conditions for the conservation
of pottery due to the topography and modern land use.

4.2 Colluvial deposits

4.2.1 Archaeopedological dataset

The entire dataset includes 93 AMS 14C datings of charcoals,
47 luminescence datings of colluvial deposits and labora-
tory results of 728 bulk soil samples (Henkner et al., 2018b).
Since this paper deals with the Neolithic land use, this sec-
tion will focus on those 21 AMS 14C ages (Table 7) and 9
luminescence ages (Table 8) associated with the Neolithic.
In the following, the results for each of the three landscapes
are presented.

4.2.2 The Baar region

At the beginning of the Neolithic, phases of land use trig-
gered colluvial formation at Magdalenenberg and Fürsten-
berg. A luminescence age from Mag1_14 (GI0132) and a
radiocarbon age from Fue9 (Erl-20278) date the related col-
luvial deposits into the Early Neolithic period. This is sup-
plemented by three OSL samples covering the entire time
frame from the early to the Younger Neolithic due large stan-
dard errors (GI0183, GI0184, GI0248). There are few sam-
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Table 6. Supra-regional comparison of Neolithic site frequencies (see also Fig. 6).

Region Early Middle Younger Late Final Reference
Neolithic Neolithic Neolithic Neolithic Neolithic

Baar 1.2 0.83 0.11 0.86 1.85 This study
Brenz–Kocher Valley 5 1.5 2.33 – 1.23 Pankau (2007)
Estuary of the Isar river 5.2 13.5 3.22 – 3.54 Schmotz (1997, 2001)
Northwestern Maindreieck 11.8 2.33 4.33 – 5.08 Obst (2012)
Groß-Gerau 11.8 20.83 5 – 10.62 Gebhard (2007)
Danube Valley near Regensburg 13.4 20.5 3.89 – 6.46 Schier (1985)
Ries 17.6 6 5.56 – 1.23 Krippner (1995)
Maindreieck 28 30 5.67 5 12.46 Schier (1990)
Wetterau 29.8 15.83 7.22 – – Saile (1998)

Table 7. Neolithic AMS 14C radiocarbon dates from charcoals in colluvial deposits from Fürstenberg (Fue), Magdalenenberg (Mag),
Spaichingen (Spa), Geisingen (Gei), Grüningen (Gru), Lehmgrubenhof (Leh), Brigach spring (Bri), Königsheim (Koe), Lindenberg (Lin)
and Böttingen (Boe). The data calibrations were done with OxCal 4.2 and the calibration curve IntCal13 (Bronk Ramsey, 2009; Reimer et
al., 2013).

Lab code Landscape Site Profile Depth Horizon BP cal BCE or CE cal BCE or CE Neolithic period(s)
(cm) (a± error) (1σ ) (2σ )

Erl-20278 Baar Fue 9 135 M4 6526± 66 cal BCE 5560–5380 cal BCE 5620–5360 Early Neolithic
Poz-36954 Baar Mag 1_10 65 M2 4970± 40 cal BCE 3800–3690 cal BCE 3930–3650 Younger Neolithic
Erl-20132 Baar Mag 1_14 75 2 M4 5071± 51 cal BCE 3950–3800 cal BCE 3980–3710 Younger Neolithic
P 12878 Baar Spa 1 185 2 MBl 5040± 18 cal BCE 3950–3780 cal BCE 3960–3710 Younger Neolithic
Erl-20276 Baar Fue 9 90 M2 4557± 67 cal BCE 3490–3100 cal BCE 3520–3020 Late Neolithic
Erl-20277 Baar Fue 9 115 M3 4477± 58 cal BCE 3340–3030 cal BCE 3360–2930 Late Neolithic
P 14445 Baar Gei 2 137 5 BgM3 4278± 14 cal BCE 2910–2880 cal BCE 2920–2880 Late Neolithic
P 13418 Baar Gei 2 144 3 MBg 4070± 26 cal BCE 2840–2490 cal BCE 2860–2480 Final Neolithic
Erl-20137 Baar Gru 8_14 105 2 M3 3889± 40 cal BCE 2470–2300 cal BCE 2480–2210 Final Neolithic
Erl-20275 Baar Fue 9 60–70 M1 3918± 61 cal BCE 2480–2290 cal BCE 2580–2200 Final Neolithic
P 12871 Black Forest Leh 3 58 2 M3 5354± 55 cal BCE 4330–4050 cal BCE 4440–3960 Younger Neolithic
P 12865 Black Forest Bri 1 111 4 BgM2 4394± 63 cal BCE 3330–2900 cal BCE 3370–2710 Late Neolithic
P 12920 Black Forest Bri 4 90 M4 3783± 14 cal BCE 2280–2140 cal BCE 2290–2140 Final Neolithic
P 12910 Swabian Jura Koe 3 29 M2 6191± 51 cal BCE 5300–5010 cal BCE 5380–4840 Early and middle Neolithic
P 12903 Swabian Jura Lin 3 80 M5 5685± 18 cal BCE 4550–4460 cal BCE 4670–4440 Middle Neolithic
P 12896 Swabian Jura Lin 2 58 2 M3 5464± 45 cal BCE 4450–4230 cal BCE 4470–4050 Younger Neolithic
P 12897 Swabian Jura Lin 2 90 3 M4 4623± 17 cal BCE 3500–3360 cal BCE 3520–3340 Late Neolithic
P 12900 Swabian Jura Lin 3 43 M2 3937± 52 cal BCE 2570–2290 cal BCE 2840–2140 Final Neolithic
P 12907 Swabian Jura Koe 2 243 M4 4326± 51 cal BCE 3270–2870 cal BCE 3340–2670 Late and Final Neolithic
P 12925 Swabian Jura Lin 2 74 M4 3770± 14 cal BCE 2280–2140 cal BCE 2290–2060 Final Neolithic
P 12888 Swabian Jura Boe 2 32–36 M 3869± 49 cal BCE 2470–2210 cal BCE 2570–2060 Final Neolithic

ples dating to the Middle Neolithic. These include the above
mentioned OSL samples from Fue8 (GI0183, GI0184) and
Fue9 (GI0248) as well as one OSL sample from Mag1_14
(GI0131). The archaeopedological results indicate no sig-
nificant change in the settlement pattern in the Baar region
until the end of the Middle Neolithic. The transition to the
Younger Neolithic is marked by a significant increase in ra-
diocarbon ages. In this period, land use continues at Mag-
dalenenberg (Poz-36954, Erl-20132, GI0131) and Fürsten-
berg (GI0183, GI0184, GI0247, GI0248). Furthermore, an
AMS 14C age from Spaichingen (P 1278) dates into this pe-
riod, thus suggesting local settlement dynamics that went
along with the human impact on the eastern Baar. For the
Late Neolithic, a distinctive human influence can be demon-

strated in several soil profiles. While there are no more in-
dications of land use at Spaichingen and Magdalenenberg,
a continuation of land use can be seen in soil profiles at
Fürstenberg (GI0247, Erl-20276, Erl-20277). An additional
phase of colluviation was detected at Geisingen (P 14445)
in the southeastern Baar region. These results indicate both
an intensification of land use in the southern Baar region but
also point to the cultural significance of the Danube Valley
for the Late Neolithic farming societies as an important ge-
ographical element with respect to traffic and communica-
tion. This is also indicated by imported objects such as an
axe made of jadeite found at the Fürstenberg and a hatchet
made of copper discovered in the Danube Valley (Wagner,
2014; Seidel, 2015; Ahlrichs, 2017). For the Final Neolithic,
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Figure 6. Location of study areas used in discussion on local site
frequencies (see Table 6).

the archaeopedological studies indicate settlement dynamics
on the western Baar region. At Grüningen, both an AMS
14C age (Erl-20137) and a luminescence age (GI0296) from
Gru8_14 point to the formation of a colluvial deposit during
the Final Neolithic. Furthermore, AMS 14C dating of char-
coals demonstrates a human presence at Fürstenberg (Erl-
20275) and Geisingen (P 13418).

4.2.3 The Swabian Jura

The archaeopedological studies suggest similar develop-
ments in the Baar region and on the Swabian Jura, even
though the number of AMS 14C and luminescence datings
are significantly smaller on the Swabian Jura. A radiocar-
bon age from Königsheim (P 12910) points to land use on
the Heuberg in the Early Neolithic. The Middle Neolithic is
represented by two radiocarbon ages from the Swabian Jura.
Whereas the AMS 14C dating from Königsheim (P 12910)
covers both the early and the Middle Neolithic, and the char-
coal sample from Lindenberg (P 12903) dates into this pe-
riod suggesting a more frequent human presence in the east-
ern Baar and in the small river valleys between the high
plateaus of the Swabian Jura. Younger Neolithic land use on
the Swabian Jura can be demonstrated by using a charcoal
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sample from the Lindenberg soil profile (P 12896). So far,
there have been no indications of a formation of colluvial
deposits during this period on the Heuberg. The transition to
the Late Neolithic is characterized by a continuous formation
of colluvial deposits on the Lindenberg (P 12897) and a new
phase of land use on the Heuberg at Königsheim (P 12907).
In the Final Neolithic, an intensification of land use on the
Heuberg is indicated as the formation of colluvial deposits
can be demonstrated in soil profiles at Böttingen (P 12888)
and Königsheim (P 12907). In addition, charcoal fragments
from a colluvial deposit point to an ongoing land use on the
Lindenberg (P 12900, P 12925).

4.2.4 The Black Forest

In general, the archaeopedological studies indicate a low hu-
man impact in the Black Forest during the Neolithic. Nev-
ertheless, it is striking that the earliest indications of an an-
thropogenically triggered formation of colluvial deposits in
this landscape date to the Younger Neolithic (P 12871). This
period is characterized by a significant increase in data for
colluviation in the adjacent Baar region suggesting an inten-
sification and expansion of land use. Apparently this was ac-
companied by a more frequent human presence in the Black
Forest. Furthermore, Late Neolithic land use in the Black
Forest is indicated by an AMS 14C age from the spring source
of the river Brigach (P 12865). Radiocarbon ages from both
the river Brigach (P 12920) and Lehmgrubenhof (GI0315)
also point to phases of human presence in the Final Neolithic.
The fact that charcoal samples from the spring source area of
the river Brigach date into the Late and Final Neolithic may
be an indication that humans followed the larger rivers as
they entered this landscape. This is also suggested by archae-
ological finds from the western Baar (Ahlrichs et al., 2016)
and by the fragment of a Neolithic blade made of Cretaceous
chert found in the colluvial deposits at the spring source of
the river Breg (Henkner et al., 2018c).

5 Discussion of Neolithic settlement dynamics

5.1 Early Neolithic (5500–5000 cal BCE)

During the Early Neolithic, the study area was sparsely pop-
ulated (Fig. 7). The archaeological record demonstrates hu-
man land use in the vicinity of Villingen-Schwenningen at
the river Brigach and the spring source of the river Neckar
as well as at the Danube in the southern Baar and in the
valleys of the Swabian Jura. The pedological data support
these archaeological results. Both at the Magdalenenberg
(GI0132) and the Fürstenberg (GI0183, GI0184, GI0248,
Erl-2027), phases of colluviation were detected dating to the
Early Neolithic. In addition, the dating of charcoal sample
P 12910 from Königsheim indicates a phase of land use on
the Heuberg, a landscape, where no Early Neolithic sites are
known so far. The location of Early Neolithic settlements in

the immediate vicinity of large rivers in other areas was in-
terpreted in a way that the early farmers followed large rivers
when they colonized new territories (Schier, 1990; Bofinger,
2005). Similar locations of settlements were discovered at the
river Neckar and in close proximity to the Danube in the Baar
region (Ahlrichs, 2017). The artefacts from the settlement at
the river Neckar indicate that Neolithic farmers penetrated
the Black Forest to extract raw materials. Several grinding
stones found in the settlement were made of a type of rock
that occurs only in the Black Forest. Furthermore, chunks of
haematite were recovered at the site (Schmid, 1992) which
was mined in the Black Forest (Ahlrichs, 2015).

5.2 Middle Neolithic (5000–4400 cal BCE)

Archaeologically, the Middle Neolithic is characterized by a
low site density (Fig. 7). However, the site distribution indi-
cates a continuation of the settlement patterns introduced in
the Early Neolithic. In contrast to the Early Neolithic, there is
archaeological evidence for hilltop settlements in the south-
ern and eastern Baar. Trends like these have also been ob-
served in the Maindreieck (Schier, 1990) and the Obere Gäue
(Bofinger, 2005). In addition, there are archaeological indica-
tions of a human presence in the northern Baar and an expan-
sion into the northeastern Baar. However, the artefacts recov-
ered from these four sites cannot be assigned to the Middle
Neolithic with absolute certainty as they are also typical for
later periods (Ahlrichs, 2017). The pedological data are con-
sistent with the site distribution: radiocarbon and lumines-
cence ages point to a formation of colluvial deposits in the
northern Baar (GI0131) and on the Swabian Jura (P 12896,
P 12903, P 12910).

5.3 Younger Neolithic (4400–3500 cal BCE)

The transition to the Younger Neolithic is characterized by
significant reduction in the archaeological data (Fig. 7).
This is in strong contrast to other landscapes in southwest
Germany where Neolithic farmers expanded their territories
(Bofinger, 2005). So far, only one site from the northeastern
Baar can be dated directly to this period. Furthermore, there
are four sites in the northern Baar and two in the southern
Baar dating to the Younger Neolithic. In contrast to the ar-
chaeological data, both AMS 14C ages and OSL ages from
colluvial deposits indicate land use at the Magdalenenberg
(Poz-36954, Erl-20132, GI0131), in the vicinity of Spaichin-
gen (P 12878), at the Fürstenberg (GI0183, GI0184, GI0247,
GI0248) and on the Swabian Jura (P 12896). So far, there
are neither archaeological nor pedological indications of land
use on the Heuberg. However, pollen analysis of a bog pro-
file from Elzhof and a radiocarbon age from Lehmgrubenhof
(P 12871) in the southeastern Black Forest point to changes
in the vegetation caused by land use during the Younger
Neolithic (Henkner et al., 2018a, c). These developments
are in line with archaeological and archaeobotanical studies
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Figure 7. Distribution of all recorded Neolithic sites (a) and reconstruction of Neolithic settlement dynamics during the (b) Early Neolithic,
(c) Middle Neolithic, (d) Younger Neolithic, (e) Late Neolithic and (f) Final Neolithic.

from other parts of the Black Forest. Based on archaeolog-
ical field surveys (Valde-Nowak, 1999; Kienlin and Valde-
Nowak, 2004; Valde-Nowak and Kienlin, 2002) and pollen
records (Frenzel, 1982, 1997; Rösch, 2009), human presence
can be demonstrated in the western and northern areas of the
Black Forest during the Younger Neolithic. Basically, the ar-
chaeological and archaeobotanical results are interpreted as
an indication of seasonal land use in the Black Forest, i.e. in
the context of a transhumance (Valde-Nowak, 2002). This

form of land use leaves few archaeological traces because of
its seasonal character and the fact that small mobile groups of
shepherds are travelling along with the livestock. In addition,
these sites are difficult to find due to the recent reforestation
of the Black Forest and sites may have been redeposited or
covered by slope deposits (Lais, 1937; Paret, 1961; Pasda,
1998).

Henkner et al. (2017) calculated the summed probabil-
ity density (SPD) of the radiocarbon and luminescence ages
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for the Baar region. The oldest phase of increased collu-
vial deposition dates to the Younger Neolithic, where the
increase in formations of colluvial deposits took place in a
wetter- and colder-climate period. Therefore, higher erosion
rates may have been caused by higher amounts of precipita-
tion. Furthermore, the agricultural technology went through
major changes during the Younger Neolithic. During the
early and Middle Neolithic fields were ploughed manually,
whereas farming became more efficient in the Younger Ne-
olithic since new types of ploughs (pulled by cattle) were
introduced (Lüning, 2000). This change opens up the possi-
bility of cultivating larger fields, which may have increased
local soil erosion processes.

5.4 Late Neolithic (3500–2800 cal BCE)

The transition to the Late Neolithic is marked by signifi-
cant changes in the local settlement pattern (Fig. 7). In con-
trast to previous periods, several sites were established in the
Danube Valley. In the northwestern Baar, a site is situated in
a small river valley leading into the Black Forest. This can be
taken as an indicator for a temporary human presence in this
landscape. Additionally, archaeobotanical analysis of pollen
profiles from Elzhof and Moosschachen documented a small
human impact during the Late Neolithic in the Black Forest
(Henkner et al., 2018c). Furthermore, pedological analysis of
colluvial deposits point to human activities on the Heuberg
at Königsheim (P 12907) and on the Lindenberg (P 12897,
P 12900). Consequently, the Late Neolithic is the first period
in which Neolithic societies expanded simultaneously their
territories into the eastern Black Forest and western Swabian
Jura. The pedological investigations of colluvial deposits at
Fürstenberg (Erl-20276, Erl-20277, GI0247) and Geisingen
(P 13418, P 14445) point to a human presence in the southern
and southeastern Baar during the Late Neolithic for which ar-
chaeological evidence still has to be provided.

5.5 Final Neolithic (2800–2150 cal BCE)

The general Late Neolithic settlement pattern prevailed dur-
ing the Final Neolithic (Fig. 7). However, for the first time,
there is archaeological evidence for a Neolithic settlement
on the Heuberg. The analysis of a colluvial deposit at Böttin-
gen points to human presence near this settlement (P 12888).
Furthermore, AMS 14C and OSL dates indicate a phase of
colluvial deposition at Grüningen in the western Baar (Erl-
20137, GI0296).

6 Conclusion

We investigated Neolithic settlement dynamics by using an
integrated archaeological–archaeopedological approach with
a focus on archaeological source criticism and colluvial de-
posits. Our results lead to the following conclusions.

– Archaeological source criticism indicates that Neolithic
settlement dynamics in our study area cannot be de-
scribed based on the archaeological data alone. The dis-
tribution pattern of the sites especially in the low moun-
tain ranges seems to be influenced by various factors:
(i) a restricted accessibility of sites due to dense vege-
tation in forests in the Black Forest and on the Swabian
Jura, (ii) a superimposition of sites by colluvial deposits
and (iii) weathering effects on the preservation of pot-
tery. These factors contribute to the difficulty of dis-
covering new Neolithic sites by field surveys. Conse-
quently, the Neolithic site frequencies are very low com-
pared to other regions in southwestern Germany.

– A more reliable picture of Neolithic settlement dynam-
ics is achieved by complementing archaeological data
and chronological data from colluvial deposits. Thus,
we were able to describe settlement dynamics not only
between the Baar region and the adjacent low mountain
ranges but also within the Baar region for the different
chronological levels of the Neolithic.

– Archaeopedological results indicate a continuous land
use at the Fürstenberg throughout the Neolithic. This
site might have been a particular favourable location
because of its proximity to the Danube, which proba-
bly served as an important route for communication and
trade. This is also suggested by rare imported objects
found at the Fürstenberg and in the Danube Valley.

– Archaeological finds point to expeditions into the Black
Forest for the extraction of raw material for stone tools
and haematite in the Early Neolithic. The formation of
colluvial deposits in the eastern Black Forest and west-
ern Swabian Jura was triggered most probably by tran-
shumance and small-scale farming in the Late and Final
Neolithic.
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Abstract: Undisturbed sediments are an important source for the reconstruction of the Holocene development
of valleys. Wide floodplains with relatively small rivers in a region settled since 5500 BCE offer op-
portunities for investigations regarding climatic and anthropogenic landscape change. In the context
of a motorway construction, excavations were carried out by the Saxonian Heritage Office in the year
2015. At one of the sites it was possible to get a view of the sediments of the Pleiße valley less than
100 m distance from large cross sections described by Neumeister (1964) in a former open cast mine.
Archaeological finds and features, plant remains and radiocarbon dating as well as micromorphologi-
cal and geochemical investigations helped to decipher the age and the characteristics of the Holocene
sediments: above Weichselian loamy sands a sedge peat developed in small depressions during the
Preboreal and Boreal. The sands and the sedge peat are covered by a “black clay”, which was still
the topsoil during the Atlantic period. The sedimentation of 2.3 m thick overbank fines began after
4000 BCE. A depth of 1 m below the surface a medieval Slavic find layer was excavated. These results
show that sedimentation processes in the lower Pleiße valley significantly changed after 4000 BCE. It
is obvious that the increase in silty material in the floodplain is caused by the land clearance in the
Neolithic period. More than half of the silty overbank fines were deposited before the Middle Ages
began.

Kurzfassung: Ungestörte Sedimente in fluvialen Systemen sind ein wichtiges Archiv zur Rekonstruktion der holozä-
nen Talentwicklung. Seit 5500 BCE besiedelte Altsiedellandschaften mit breiten, von relativ kleinen
Flüssen durchflossenen Tälern bieten besonders gute Voraussetzungen für die Untersuchung klimatis-
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cher und anthropogener Einflüsse auf Landschaftsveränderungen. Im Rahmen eines Autobahnprojek-
tes südlich von Leipzig wurden vom Landesamt für Archäologie Sachsen Ausgrabungen durchgeführt.
An einer der Grabungsflächen konnten die Sedimente des Pleißetales in weniger als 100 m Entfernung
zu den von Neumeister (1964) in einem Tagebau beschriebenen Profilen aufgenommen und beprobt
werden. Archäologische Befunde und Funde, Pflanzenreste, Radiocarbondatierungen, mikromorphol-
ogische und geochemische Untersuchungen führten zur Eingrenzung des Alters der holozänen Sed-
imente: Über weichselzeitlichem lehmigen Sand lagern in kleinen Vertiefungen Seggentorflagen aus
dem Präboreal und Boreal. Sand sowie Torf werden von einem “Schwarzen Ton” überdeckt, der bis
weit in das Atlantikum hinein den Oberboden bildete. Nach 4000 BCE begann die Sedimentation von
etwa 2,3 m Auenlehm. Einen Meter unter der Geländeoberfläche befindet sich eine mittelalterliche,
slawische Fundschicht. Die Ergebnisse belegen, dass sich nach der Ankunft der ersten Ackerbauern
die Sedimentationsprozesse im Tal der unteren Pleiße nach 4000 BCE signifikant änderten. Der deut-
liche Anstieg von schluffreicherem Material in der Aue geht auf die Unterkulturnahme weiter Teile
des Einzugsgebietes im Neolithikum zurück. Mehr als die Hälfte der Auenlehmdecke entstand vor
dem Mittelalter.

1 Introduction

Alluvial valley sediments are important archives of the
Holocene landscape evolution, since besides internal pro-
cesses the dynamics of rivers are controlled by external fac-
tors such as base level changes, tectonic activity, climate
changes and anthropogenic activity (Bridgland and West-
away, 2008; Faust and Wolf, 2017). Therefore, to investigate
the Holocene landscape evolution of central Europe, alluvial
sediments of several rivers have been studied during recent
years (Starkel et al., 2006; Hoffmann et al., 2008; Erkens et
al., 2009; Kaiser et al., 2012; Houben et al., 2013; Notebaert
et al., 2018).

Considering central Germany with a long settlement his-
tory since ca. 7.5 ka (Heynowski and Reiß, 2010), only sedi-
ments of the lower Weiße Elster River were intensively stud-
ied during recent decades (Händel, 1967; Hiller et al., 1991;
Fuhrmann, 1999; Tinapp, 2002; Tinapp et al., 2008). How-
ever, given that the fluvial dynamics can show individual
behaviour even between neighbouring river systems (Faust
and Wolf, 2017; von Suchodoletz et al., 2018a), the results
from the lower Weiße Elster should ideally be complemented
by investigations from other regional river systems to de-
rive sound conclusions about the regional paleoenvironmen-
tal evolution. Generally, the Holocene landscape evolution of
central Germany is not well known so far: besides investiga-
tions of the alluvial sediments from the lower Weiße Elster
valley, current knowledge is based on non-continuous pollen,
snail or ostracod data from different archives, as well as on
lacustrine sediments from the former lake Salziger See (Litt,
1992; Mania, 1980; Fuhrmann, 2008; Wennrich et al., 2005).

In contrast to the Weiße Elster River, the lower part of its
eastern tributary Pleiße has rarely been investigated so far
(Neumeister, 1964; Händel, 1967). According to Neumeis-
ter (1964) the stratigraphy for large parts of the lower Pleiße
valley is as follows: the base is formed by Late Weichselian

silty fine sand that is sporadically covered by peat, and both
are covered by a so-called “black clay” (“Schwarzer Ton”;
Neumeister, 1964) that is overlain by older and younger over-
bank fines. New geoarchaeological investigations of a long-
known site in the lower Pleiße valley in 2015 offered the
chance to re-evaluate and reanalyse the fluvial stratigraphy
of the lower Pleiße valley with modern radiocarbon, sedi-
mentological and micromorphological methods.

Therefore, the goal of this study was to reconstruct envi-
ronmental change in the lower Pleiße floodplain and to com-
pare these results with those from the neighbouring lower
Weiße Elster valley (Figs. 1 and 2) but also with other flood-
plains from central Europe. This will allow sound conclu-
sions about the regional paleoenvironmental evolution of
central Germany compared with other regions of central Eu-
rope.

2 Study area

The area south of Leipzig belongs to the North German Plain,
and the mostly flat landscape is covered with Pleistocene sed-
iments: in the northern part, glacial till, gravel and sand de-
posits of Elsterian and Saalian age are covered by Weich-
selian sandy loess with a thickness of ca. 50 cm. Towards the
south, the sandy loess grades into typical loess and increases
its thickness to more than 7 m in the Altenburg-Zeitz loess
hills (Eissmann, 2002).

The once 115 km long Pleiße River is a right-hand tribu-
tary of the Weiße Elster. Most of its former valley was de-
stroyed by mining activities during the 20th century. There-
fore the river flows through a canal today, and only small
parts of its original floodplain are still preserved. The courses
of the Weiße Elster and Pleiße River were formed during
the Elsterian glaciation more than 400 000 years ago (Eiss-
mann, 2002; Lauer and Weiss, 2018). Subsequently, fluvial
gravels and sand were deposited under periglacial conditions
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Figure 1. The excavation site near the Pleiße River south of Leipzig with the distribution of loess and loess-like deposits (according to
Eissmann, 2002).

during the Saalian and Weichselian glacial periods. In both
river systems the current floodplains are found at the eastern
sides of the once wider valleys, whereas the western parts are
mainly occupied by Saalian gravel terraces. In the remaining
smaller floodplains Weichselian gravels and sands form the
bases of the Holocene deposits. The branched Weichselian
river systems changed towards meandering systems during
the latest Weichselian period (Mol, 1995). After the Younger
Dryas cold spell, the so far dominant steppe vegetation was
replaced by open forests that developed in the floodplains and
the surrounding areas (Litt, 1994). The first Neolithic settlers
already arrived in the region 7500 years ago (Heynowski and
Reiß, 2010). This was the start of a long history of land use
in the region with varying intensities during different periods
(Tinapp and Stäuble, 2000).

3 Methods

In the context of a motorway construction, archaeological ex-
cavations were carried out by the Saxonian Heritage Office
in 2015. In one of the four excavation sites east of the vil-
lage Großdeuben, sediments of the lower Pleiße floodplain
were exposed probably less than 100 m distance from the
cross sections that were described by Neumeister (1964) in
the open cast lignite mine Espenhain more than 50 years ago.

In preparation for the excavation, the topsoil was removed
in a 20 × 83 m wide area by an excavator up to 1 m below
the current surface. At this level a small channel and a lot of
Slavic remnants (900–1000 CE) were discovered. During the
excavations of the Slavic features three cross sections were
opened by the excavator: Profile 1 was 15 m long and 2.1 m

deep, and Profile 2 was 10 m long and 1.8 m deep. Both east–
west directed parallel cross sections started on the level of
the Slavic features, while the smaller (2 m long) and 1.6 m
deep Profile 3 was dug at the edge of the excavation area
(Fig. 3). From the sediments in Profile 3, 6 samples were
taken for geochemical analyses, and in Profile 2, 22 samples
were taken for geochemical analyses and another 6 for ra-
diocarbon dating. In Profile 1, 1 sample was taken for thin
section analysis.

Plant macro remains were extracted from two sediment
samples each in Profile 1 and 2 by flotation and wet siev-
ing (mesh width: 2, 0.5 and 0.25 mm), and determined un-
der magnifications from ×6.3 to ×40 using standard litera-
ture (e.g. Cappers et al., 2012) and the reference collection
at the Laboratory of Archaeobotany, Institute of Prehistoric
Archaeology, Goethe University Frankfurt. Attribution of the
taxa to ecological units followed Oberdorfer (2001). Several
discovered fruits and seeds, as well as pieces of charcoal
from two layers of the overbank fines under the Slavic sur-
face at Profile 2, were used for radiocarbon dating (Table 1).

A thin section for micromorphological analysis was pre-
pared from an oriented and undisturbed soil sample taken
from the transition of the black clay to the overlying over-
bank deposits in Profile 1 and was impregnated with resin.
The thin section was analysed using a petrographic micro-
scope under plane-polarized light (PPL), crossed polarized
light (XPL) and oblique incident light (OIL). The micro-
scopic description mainly followed the terminology accord-
ing to Bullock et al. (1985) and Stoops (2003).

The particle size distribution was determined by dry siev-
ing of the sand fraction, and silt and clay were measured
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Figure 2. Location of the excavation site (PRO-04) with mining areas and the floodplains of Weiße Ester and Pleiße (map: Geodaten©
Staatsbetrieb Geoinformation und Vermessung Sachsen 2018).

based on settling velocities using a sedigraph (Micrometrics).
An element analyser was used for the determination of the to-
tal contents of carbon, nitrogen and sulfur. The determination
of the carbonate content was carried out using the volumetric
method with a Eijkelkamp calcimeter according to Scheibler.
Subtraction of the inorganic carbon from the total carbon re-
sulted in the organic carbon.

4 Results

In the following, the stratigraphic succession of the lower
Pleiße valley with analytical and dating results is described
from the base to the top (Fig. 4):

– The base of the Holocene floodplain is formed by Late
Weichselian loamy sands. These are waterlogged and do
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Table 1. Results of 14C analyses, performed by Ronny Friedrich, Curt-Engelhorn-Zentrum Archäometrie in Mannheim (CEZ), and calibrated
using INTCAL 13 and SwissCal 1.0.

MAMS Material 14C age Error δ13C 1σ 2σ C
(years) (years) (0/00) Cal. BCE (years) Cal. BCE (years) (%)

27 110 peat 9876 35 −25.0 9353–9283 9402–9265 52.8
27 111 charcoal 9408 34 −30.7 8730–8638 8785–8612 59.7
27 112 wood fragments 8702 33 −26.6 7736–7613 7811–7599 56.4
27 113 wood fragments 5152 27 −27.7 3984–3951 4038–3816 51.5
27 114 charcoal 4474 27 −31.7 3327–3095 3337–3029 2.2
27 115 charcoal 3604 25 −28.1 2015–1924 2026–1895 38.4

not contain any organic remnants, with the exception of
fine roots.

– The loamy sands are sporadically covered by peat lay-
ers, where Corg values reach > 30 %, and the pH is < 3
(Fig. 5). The peat is compacted and contains plant ma-
terial mostly consisting of Carex species. Other plants
which could be identified were Betula spec. and some
herbs like Comarum palustre and Filipendula ulmaria,
indicating the existence of a Carex peat. Radiocar-
bon dates prove a Preboreal age of the peat layers
(Fig. 4 and Table 1): peat fragments date between 9402
and 9265 cal. BCE, while the charcoal has a younger
age of 8785–8612 cal. BCE. In contrast, dated wood
pieces probably have their origin in roots and are about
1000 years younger.

– A black clay ca. 25 cm thick covers the loamy sand and
the peat. Clay contents > 80 % demonstrate calm sedi-
mentation conditions during its deposition. pH values
rise to > 4, and Corg values are > 6 %. Root traces start
at the top and pass downwards through the black clay
layer. Plant macro remains could not be found, with
the exception of root fragments and one charcoal piece.
The root fragments gave a radiocarbon age of 4038–
3816 cal. BCE (Fig. 4). The lowest part of the thin sec-
tion, representing the upper part of the black clay, was
made up of dark-grey-coloured, very fine-grained mate-
rial (fine silt and clay). The microstructure of the sed-
iment was spongy, as it mainly consisted of more or
less oval and round-shaped voids that were encircled by
filigree sediment covers and bridges between the cov-
ered voids (Fig. 6a, b). Their shape implies its gene-
sis by plant pseudomorphs: plants (stems) were embed-
ded into the sediments and subsequently completely de-
composed so that only the embedding material was pre-
served. Plants standing upright would have created ver-
tical structures. Therefore, the horizontal pseudomorphs
suggest a surface-parallel bedding of the plant stems.
This process is regularly observed during flood events.
Obviously, the thin section illustrates the remnants of

the last vegetation that covered the black clay before the
deposition of overbank fines began.

– The black clay is overlain by overbank fines with a
thickness of ca. 2.3 m. The deposits directly overlying
the black clay already have a much higher silt content,
while clay percentages drop from 80 % to around 50 %
(Fig. 5). The colour changes from black (2.5Y2.5/1) to
dark greyish brown (10YR4/2), while the pH values are
between 4 and 5. The Corg content of the overbank fines
fluctuates between 0.5 % and 1 %, and redoximorphic
features prove temporal waterlogging. Charcoal pieces
were taken from two levels of the overbank fines of Pro-
file 2, i.e. at 117.1 and 117.8 m a.s.l. (Fig. 4). Both radio-
carbon ages prove a Subboreal age (3337–3029, 2026–
1895 cal. BCE; Table 1). The upper part of the thin
section, representing the lowest overbank fines, shows
closely packed fine-grained sediments. The material has
a light grey colour with dark-grey-coloured channel in-
fillings, consisting of the underlying black clay that was
mixed in by bioturbation (Fig. 6). Furthermore, abun-
dant biogenic voids underline a high intensity of bio-
turbation processes. The grey colour of the sediments
is mainly a consequence of reducing conditions due to
a high groundwater level. Nevertheless, the thin sec-
tion reveals features of groundwater oscillations: larger
voids allowing oxygen intrusion into the sediment dis-
play coatings, hypocoatings and fibrous crystals of fer-
ric oxides and hydroxides (Fig. 6e, f).

– Above the lower level of overbank fines with an Atlantic
to Subboreal age, a lot of potsherds of the Slavic period
(ca. 900–1000 CE) mark the base of ca. 1 m of loamy
material that was deposited during the last ca. 1000
years (Fig. 3). Higher sand values below and above the
Slavic layer prove less calm conditions during the sedi-
mentation process (Fig. 5). Missing settlement features
give evidence for just a short period of human activity
on the valley floor during the Slavic period.
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Figure 3. The excavation site, the profiles and the sediments
near Probstdeuben. (a) The excavation site in the floodplain and
the topographic situation during the first half of the last century
(Geodaten© Staatsbetrieb Geoinformation und Vermessung Sach-
sen 2018). (b) The excavation site after removal of ca. 1 m of over-
bank fines by an excavator with the positions of the three profiles.
(c) Slavic finds in the overbank fines ca. 1 m below the recent sur-
face. (d) The uppermost overbank fines with the level of the Slavic
find layer in Profile 3. (e) Profile 1 with the waterlogged loamy
sands that are covered by the black clay and overbank fines. (f) Pro-
file 2 with the black clay at the bottom. In a small hand-dug pit
beneath the base of the profile a peat layer was found under the
black clay (g).

5 Discussion

5.1 Deposition of peat and black clay sediments during
the Early to Middle Holocene

The oldest Holocene sediments in the lower Pleiße valley are
peats that developed in small depressions of the Weichselian
valley floor during the Preboreal period (Fig. 7a). Similar lay-
ers were formerly also described by Neumeister (1964) and
Händel (1967). Organic sediments in the same stratigraphic
position are also known from the lower Weiße Elster valley
(Hiller et al., 1991; Tinapp, 2002), and organic deposition
since that period is also known from other European catch-

Figure 4. The valley sediments of the Pleiße according to Profile 1
to 3 with 14C ages and the position of the thin section.

ments (Rittweger, 2000; Notebaert et al., 2018). Probably
wetter conditions and higher groundwater levels in the val-
leys during the Preboreal resulted in the formation of many
small peat layers on the Weichselian sediment base.

Sedimentation of the black clay in the Pleiße valley started
during the Boreal and stopped during the Atlantic period
when it was covered by overbank fines. According to the high
clay content we assume mainly limnic conditions during the
time of its sedimentation. According to Neumeister (1964)
our investigations confirm that the black clay is pedologi-
cally a gyttja; i.e. it was formed under waterlogging con-
ditions. The black clay discordantly covers the Weichselian
sand and the Preboreal peat (Fig. 7b). Deposition of these
more limnic sediments with a lower organic content during
the Boreal compared with the Preboreal indicates a change
towards more humid environmental conditions on the val-
ley floor of the lower Pleiße River. However, iron and man-
ganese features and roots that start in the black clay and reach
the underlying loamy Weichselian sands also prove temporal
drier periods. It is likely that the repeated changes of wet-
ter and drier conditions on the valley floor were caused by
fluctuations of the water table of the river. A similar black
clay layer was not found in the neighbouring lower Weiße El-
ster river system. There, overbank fines directly cover Weich-
selian sand and gravel and sporadically also Preboreal peats
(Hiller et al., 1991; Tinapp, 2002). We assume that the val-
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Figure 5. Particle size distribution, pH values and organic carbon of the sediments of Profile 1 to 3.

Figure 6. Microphotographs of the black clay (a, b) and the oldest
overbank fines (c–f). (a) Voids encircled by filigree sediment covers
and bridges between the covered voids (PPL). (b) Like (a) (XPL).
(c) Light-grey-coloured material with dark-grey-coloured channel
infillings consisting of the underlying black clay mixed in by bio-
turbation (PPL). (d) Like (c) (XPL). (e) Ferric coating, hypocoating
and fibrous crystals of goethite (PPL). (f) Like (e) (OIL).

Figure 7. Holocene floodplain development of the lower Pleiße in
five stages (legend in Fig. 4).
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ley of the lower Weiße Elster, 2 km wide, was better drained
than the lower Pleiße valley with a width of only ca. 1 km,
and therefore a black clay could not develop in the former.
It is also possible that the very slight slope of less than 1 %
from here towards the drainage base a few kilometres in the
north that is formed by the Weiße Elster valley stimulated
the temporary development of limnic conditions in the lower
Pleiße valley, allowing the deposition of the black clay layer.

It can be questioned whether black Holocene floodplain
sediments should generally be interpreted as “Black Flood-
plain Soils” (Rittweger, 2000). However, the widespread
existence of black-coloured organic-rich and clayey sedi-
ments in the same stratigraphic positions of different loess-
influenced central European floodplains (Brunnacker, 1959;
Schirmer, 1983; Bork, 1983; Brosche, 1984; Pretzsch, 1994;
Schellmann, 1994; Hilgart, 1995; Rittweger, 2000; Bos et al.,
2008; Brown et al., 2018) suggests similar conditions during
the Boreal and Atlantic period for central Europe: wet valley
floors and high organic load obviously caused the formation
of clay-rich limnic layers with high contents of organic car-
bon. Rittweger (2000) discussed Chernozem-derived mate-
rial as one factor in the formation of these dark layers. How-
ever, Chernozem and Phaeozem soils are found in the catch-
ment of the lower Weiße Elster valley where no black clay
was formed (Tinapp et al., 2008). In contrast, for the Pleiße
catchment where a black clay exists such soils do not ex-
ist today. Instead, Stagnogleys and Luvisols are the main soil
types in the catchment of the lower Pleiße River and probably
also existed prior to Neolithic settlement (von Suchodoletz et
al., 2019). Therefore, for the lower Pleiße valley a genesis of
the black clay from Chernozem- and Phaeozem-derived ma-
terial can clearly be rejected.

5.2 Alluvial overbank sedimentation since the Neolithic
period

The covering of the black clay by ca. 2.3 m of younger over-
bank deposits indicates an environmental change at all sites:
the sedimentation of the black clay in an environment with
fluctuating water tables in the floodplain passed over into
the deposition of more silty and sandy material. Human de-
forestation and agricultural land use in the catchment of the
Pleiße river since 5500 BCE obviously resulted in the aggra-
dation of coarser-grained and less organic overbank deposits
that started between since ca. 4000 and ca. 3200 BCE (Fig. 7c
and d). The growing thickness of the overbank fines led to
less wet conditions and a more frequently dry topsoil. Simi-
lar to our results Rittweger (2000) dated the so-called Black
Floodplain Soil into the Boreal and Atlantic period. He sug-
gested relatively dry conditions after its formation, since the
Black Floodplain Soil was strongly overprinted by soil de-
velopment, and archaeological features on its surface proved
human activities in the floodplain. However, that could be de-
nied for the lower Pleiße valley: during the Early Neolithic
period the floodplain was muddy and wet, and only the con-

tinuous rise of the valley floors by subsequent overbank de-
position allowed longer-lasting anthropogenic activities in
the floodplain during a later period. Accordingly, the old-
est archaeological features in the lower Pleiße valley orig-
inate from the Bronze Age (Grahmann and Braune, 1933).
The moment of sedimentation change from the black clay
to the overlying overbank deposits could obviously be de-
tected by our thin section analysis: holes at the surface of
the black clay must have been caused by rotten plant mate-
rial (Fig. 6). These should derive from sedges that were bent
over during a flood event and buried by the oldest overbank
fines. During subsequent drier periods the organic material
was decomposed, whereas the holes remained since biotur-
bation was prevented by the new sediment cover.

Similar to the neighbouring lower Weiße Elster floodplain
where significant overbank sedimentation was recorded in
ca. 4500 to 4000 BCE (Tinapp et al., 2008), this demonstrates
a start of overbank sedimentation during the Neolithic period.
Therefore, the fairly early start of overbank sedimentation
obviously represents a regional reaction of the landscape in
this part of central Germany following Neolithic settlement
activities (Fig. 8). This demonstrates the dominant influence
of quite intensive human activity on the development of over-
bank fines (Hiller et al., 1991; Tinapp, 2002; Tinapp et al.,
2008), especially against the background that major climatic
changes are not detectable in central Germany for this time
(Litt, 1994; Wennrich, 2005).

The start of overbank sedimentation in central Germany
already during the Neolithic period was significantly earlier
than in many other catchments of central Europe, where de-
spite Neolithic settlement activities this process started at the
earliest between ca. 4.2 and ca. 2 ka (Rittweger, 2000; Niller,
2001; Mäckel et al., 2002; Fuchs et al., 2011; Houben et
al., 2013; Notebaert et al., 2018; Brown et al., 2018). De-
layed overbank sedimentation compared with the onset of
Neolithic land use and the deposition of corresponding col-
luvial slope sediments in the latter is explained with tempo-
rally variable hydrosedimentary connectivity between hill-
slopes and floodplains, leading to a sediment cascade in
the landscape (Brown, 2009; Fuchs et al., 2011; Houben et
al., 2013). In contrast, the early start of overbank deposi-
tion in the Weiße Elster catchment was explained with good
hillslope–channel coupling due to missing small sediment
traps along the lower Weiße Elster valley since the Neolithic
period (Tinapp et al., 2008). However, given the obviously re-
gional character of early overbank sedimentation in this part
of central Germany we think that other factors could have
also caused the high regional Neolithic sediment connectiv-
ity. Possible factors could, for example, have been the spatial
structure of regional Neolithic settlement activity or climatic
factors in this relatively dry area with precipitation down to
500 mm a−1. However, these are only hypotheses so far that
need further investigations.

No clear sediment unconformities were detected in the
overbank fines, although geomorphologically stable periods
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Figure 8. Early and Middle Neolithic find spots around the valleys of Weiße Elster and Pleiße and the positions of the main study sites. Min-
ing activities destroyed great parts of the lower Pleiße floodplain and the surrounding plains, and most of these areas were archaeologically
not investigated prior to 1993. The extent of the open cast mines on the map dates back to the year 1990 (Standke et al., 2010).

with less flooding often led to soil formation with the accu-
mulation of organic material in floodplains of other regions
(Zielhofer et al., 2009; May et al., 2015; von Suchodoletz
et al., 2018b). Even at the Slavic level initial enrichment of
organic material could not be detected (Fig. 5). Generally,
unlike in many other river systems of western central Europe
(Hoffmann et al., 2008; Fuchs et al., 2011; Houben et al.,
2013; Notebaert et al., 2018) no strong increase of overbank
sedimentation during the last 1000 years was observed along
the lower Pleiße and Weiße Elster River: whereas at the lower
Weiße Elster River ca. 0.8–1 m of overbank sediments com-
pared with a total thickness of ca. 3–4 m was deposited over
the last 1000 years (Fig. 7e), along the lower Pleiße River ca.
1 m of overbank sediments compared with a total thickness
of ca. 2.3 m was observed. Thus, more than half of the fine-
grained sediment cover of these valleys was formed prior to
the Middle Ages. Therefore, unlike in most other river sys-
tems of central Europe this demonstrates a relatively continu-
ous high regional sediment connectivity in this part of central
Germany since the Neolithic period.

6 Conclusions

Our investigations in the lower Pleiße valley were conducted
at a mostly undisturbed site with predominant sedimentation
and negligible erosion processes during the Holocene. We
compared our results with those of Neumeister (1964) that
were carried out less than 100 m east of our study site and

that were based on field investigations that extended over ca.
900 m. This comparison demonstrates that our investigated
stratigraphy is representative of this part of the lower Pleiße
valley, so we were able to build up a well-based reconstruc-
tion of its Holocene landscape development. In doing so,
it was possible to define the turning point from extremely
clayey and organic-rich, mostly limnic sedimentation (black
clay) in the Boreal and Atlantic periods towards the deposi-
tion of coarser-grained and less organic overbank fines dur-
ing the following period. This change occurred more than
1000 years after the beginning of Early Neolithic settlement
between 4000 and 3300 BCE and was obviously linked with
land clearance by these first farmers. The fairly early start of
overbank sedimentation during the Neolithic period seems to
be the exception rather than the rule in central Europe. Dur-
ing the following 6000 years sedimentation conditions did
not change significantly (Fig. 4). Even initial organic enrich-
ment could not be detected, although some geomorphologi-
cally stable periods with less flooding should have led to ini-
tial soil development. We also did not find a strong increase
of the sediment deposition rates during and after the Middle
Ages that was detected in many other catchments of central
Europe, since more than half of the sediment cover of the
lower Pleiße valley was deposited prior to that period. Fur-
ther research in other river catchments of central Europe is
needed to prove or to deny the singularity of the Holocene
sedimentation history in the river catchments of lower Pleiße
and Weiße Elster.
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Abstract: From the mid-14th century CE onwards, extensive soil erosion, caused by intensive agricultural prac-
tices, has led to the destruction of landscape structures in Central Europe. In 2016, the University of
Applied Sciences in Berlin investigated the colluvial deposits at the site of Gortz in western Branden-
burg (Germany), which had accumulated on the lower slopes and were caused by the processes just
mentioned.

The mapping of each individual archaeological find made it possible to project all finds onto one
profile running along the slope. Transformation of the finds’ coordinates from profile view to plan view
enabled the visualization in a Geographical Information System (GIS). The combination of adjacent
strata into larger units using a pedological and sedimentological approach enabled an improved dating
of colluvial deposits. In addition, the method facilitated the dating of historical water levels in the
Beetzsee chain of lakes, which are part of the Havel river system.

As a result, it could be demonstrated that substantial anthropogenic activity, such as clay quarrying
and bank straightening, took place during the Late Slavic Period. An interlocking horizon of colluvial
and lacustrine deposits indicates that the water level of the lake Oberer Beetzsee rose from a value
under 29.4 m above sea level (a.s.l.) in the 11th/12th century CE to approximately 29.8 m a.s.l. in the
13th century CE. However, isolated flooding events during the 13th century CE can be recorded up to a
height of 30.5 m a.s.l. A modern colluvial deposit of 1 m in thickness indicates an acute endangerment
of the archaeological site by modern agriculture.

Kurzfassung: Flächenhafte Bodenerosion, ausgelöst durch intensive landwirtschaftliche Nutzung, führte ab Mitte
des 14. Jahrhunderts u.Z. zur Zerstörung von Landschaftsstrukturen und in Mitteleuropa. Kolluvien,
welche durch diese Prozesse entstanden und am Unterhang akkumulierten, wurden auf dem Fund-
platz Gortz (westliches Brandenburg, Deutschland) durch die Hochschule für Technik und Wirtschaft
Berlin im Jahr 2016 untersucht.
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Konsequente Einzelfundeinmessung ermöglichte die Projizierung aller Funde auf eines der längs
zum Hang verlaufenden Profile. Koordinatentransformation der Funde von der Profilansicht in
die Draufsicht, ermöglichte die Visualisierung in einem GIS. Die Zusammenfassung benachbarter
Schichten auf Basis der bodenkundlich-sedimentologischen Ansprache ermöglichte eine verbesserte
Datierung der Kolluvien. Zusätzlich ermöglichte diese Methode die Datierung historischer Pegel-
stände der Beetzseekette, eines Teils des Flusssystems der Havel.

Im Ergebnis ließen sich für die spätslawische Zeit starke anthropogene Aktivitäten wie Merge-
labbau und eine Uferbegradigung nachweisen. Über einen Verzahnungshorizont limnischer und kol-
luvialer Sedimente. ließ sich ein Pegelanstieg des Oberen Beetzsees von einem Wert unterhalb von
29.4 m Normalhöhennull (NHN) im 11./12. Jahrhundert u.Z. auf etwa 29.8 m NHN im 13. Jahrhun-
dert u.Z. feststellen. Es lassen sich für das 13. Jahrhundert u.Z. jedoch auch vereinzelte Überschwem-
mungsereignisse bis in eine Höhe von 30.5 m NHN fassen.

Ein modernes Kolluvium von einem Meter Mächtigkeit zeigt die akute Gefährdung des Boden-
denkmals durch die moderne Landwirtschaft.

1 Introduction and objectives

The combination of archaeological and soil-
sedimentological investigations into erosion processes
at archaeological sites enables reliable conclusions to be
made about historical settlement phases and their paleo-
environmental context. At the same time, erosion can be
used to draw conclusions about the sub-recent to recent
destruction of archaeological sites. In the best case, this
can be used to derive scientific recommendations for the
agricultural use of the land.

The Gortz 1 site, which is the focus of this study, has been
subject to intensive agricultural use since the middle of the
20th century and is therefore subject to extensive soil ero-
sion. Systematic field walking on sections of the site resulted
in the collection of 7600 surface finds from 2.6 ha (Schenk,
2018). This accumulation can be seen as a clear indicator of
the destruction of associated archaeological features. How-
ever, erosion processes are not just the result of modern agri-
culture alone; rather, they are associated with many anthro-
pogenic interventions in existing landscape structures since
the Neolithic Age. The consequence of soil erosion is a shift
of the topsoil from the upper slopes to the lower slopes and
the foot of the slope and beyond. These relocated soils are
referred to as colluvia. Almost every anthropogenic activity
phase leads to the formation of a colluvial deposit. It often
contains material remains from when the deposit was first
laid down. The colluvial deposit thus represents a sort of
archive of the activity phase, which can be dated archaeo-
logically via the associated ceramics. The thickness of the
colluvia gives an indication of the intensity of the activity
phase. If very little or no ceramics can be found for an epoch,
this is an indication of an anthropogenic resting phase, i.e. a
period in which no ceramics were used or relocated which
could indicate less intensive human activity. The terms activ-

ity and resting phase are used according to the definition of
Bork (Bork et al., 1998).

For the investigation presented here, the shore location of
the archaeological site plays a significant role. The site is
connected to the Havel river system via the Beetzsee chain
of lakes. Therefore, dating of lacustrine deposits enables us
to draw conclusions about the former spatial extension of wa-
ter bodies in the wider landscape. These conclusions extend
far beyond the boundaries of the site.

The aim of the study is to determine the former erosion
history, paleo-environmental context and sub-recent to recent
history of the destruction of this archaeological site. The re-
search presented in this paper focuses on the following ob-
jectives:

1. dating of colluvial and lacustrine deposits,

2. categorization of phases of anthropogenic activity and
resting,

3. investigation of historical water levels in the Beetzsee
chain of lakes and the associated landscape develop-
ment, and

4. assessment of the present-day risk to the archaeological
site.

2 Research area

Located within the wider Havel river system, the archaeolog-
ical site of Gortz 1 lies on the banks of a lake which is part
of the Beetzsee chain of lakes. The lake chain was formed
during the Brandenburg glacial stage (24–17 ka BP) in the
Weichselian High Glacial, as a subglacial drainage channel
(Lippstreu and Hermsdorf, 2010). The maximal extent and
intermediate positions of the ice sheet were located south of
or probably through this channel during this period (Stacke-
brandt and Lippstreu, 2010). The Beetzsee chain of lakes ex-
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Figure 1. The Beetzsee chain of lakes in northeastern Germany (a) with a floodplain and moraine landscape encompassing it (b). The lakes
drain into the river Havel at the town of Brandenburg (c). Within the town, the river Havel is divided into an upper and lower water level
due to a mill dam system. They are referred to as the upstream and downstream water (c). The position of the trench at the shore of the lake
Oberer Beetzsee in a slightly elevated terrain model with view to the northwest is shown in panel (d).

tends over more than 30 km from the wetland area Havel-
ländisches Luch in the north to the town of Brandenburg in
the south, where it drains into the river Havel (Fig. 1b, c).
The chain is thus part of the lowland and floodplain land-
scape of the river Havel. On the northern and northwestern
banks, the lowlands merge into an undulating, partly hilly,
moraine landscape (Lippstreu, 2010). Within this transitional
area, the site of Gortz extends from the southwest slope of
the Flachsberg hill to the shore of the lake Oberer Beetzsee
(Fig. 1d). In the riparian zone, colluvial deposits resulting
from different settlement phases are interwoven with lacus-
trine deposits, both of which lie above boulder clay and grav-
elly sands. The most common soils around the lake chain
are Brunic Arenosols, which also occur as Brunic, Endog-
leyic Arenosols or Cutanic Luvisols (Abrubtic, Arenic). In
the riparian zone, the geological subsoil is mostly formed

by Hemic Histosols (Eutric, Drainic) and Mollic Gleysols
(Arenic) (LBGR, 2018).

Archaeological evidence of anthropogenic activities in the
region can be found from the Mesolithic Period (9600–
5300 BCE) onwards and for the entire Holocene (BLDAM,
2019). Based on the available sources of information, the
study focuses primarily on the period of the last 1000 years.
A particular focus is on the period from the late 11th cen-
tury to the early 13th century CE. In this period the areas
east of the river Elbe were strongly influenced by the colo-
nization of land, which was organized by German regional
rulers and supported by the Christian clergy. During this pro-
cess, from the mid-12th century CE, German settlers were
brought into the area, which had previously been inhabited
by Slavic people. For the Slavs this meant the end of their
political independence (Brather, 2001).
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In archaeological features, the colonization of the Slavic
region is highlighted by a slow transition to a new type of
ceramic (Brather, 2001). Belt decorations are typical of ce-
ramics from the Late Slavic Period. The Late Slavic Period
roughly covers the 11th and 12th centuries CE for the area
east of the river Elbe (Brather, 2001). From the middle of the
12th century the German settlement took place, which is also
called the Early German Period. This was accompanied by
a soft, blue-grey earthenware, which was already being re-
placed by the higher-quality hard grey earthenware as early
as 1200 CE (Mangelsdorf, 1994b). The introduction of new
technologies, such as the heavy plough, or the founding of
new towns, led to far-reaching changes on the economic and
infrastructural level (Brather, 2001). Large-scale agricultural
cultivation, damming and hydro-melioration projects began
to influence the water level of the middle and lower Havel,
which led to lasting changes that are still visible in the land-
scape today (Kaiser et al., 2018). This raises the question
of the extent to which the Gortz site was affected by these
changes.

In Slavic times, the banks of the Beetzsee chain of lakes
was one of the most densely settled areas in the Havelland
area, with the large settlement chamber of Brandenburg in
the south and Riewend in the northeast (Sasse, 1987). The
Gortz site is situated half way up in an elevated position,
from where there is a wide view over the lakes. Due to its
surface finds, the site is referred to in the literature as a me-
dieval deserted village, which must have existed at least from
the Late Slavic to the Early German Period (Krenzlin, 1956;
Mangelsdorf 1994a). Today there is an extensive field in this
location. The village of Gortz, which still exists today, was
founded about 2 km away in a higher location, although the
tract of land on which the site sits has retained the name “Die
alten Dörfer” (the old villages) (Krenzlin, 1956). These field
names like “Dorfstelle”, “Wüste Dorfstätte” and “altes Dorf”
(village place, desert village site and old village) indicate that
the original location was abandoned in the Late Slavic/Early
German transition period (Krenzlin, 1956).

The archaeological investigations, carried out by Profes-
sor Thomas Schenk from the University of Applied Sciences
Berlin since 2014, show a multi-period settlement history,
which stretches from the Neolithic to the High Middle Ages.
This is reflected in the numerous finds, some of which are
unique in the Brandenburg region. The settlement charac-
ter and the special significance of the site are reflected in
the numerous metal finds covering a broad spectrum, as well
as a large number of recognizable pits and hearths (Schenk,
2018).

3 Methods

Since 2014 the University of Applied Sciences Berlin has
been researching the landscape archaeology of the region
around the Beetzsee chain of lakes. This includes geophysi-

Figure 2. Photo of the investigated trench which extends from the
foot of the slope into the riparian zone of Oberer Beetzsee with
view to the south. The point cloud represents the ceramics recorded
tachymetrically during the excavation, which was later projected
onto the western profile of the trench during the post-excavation
evaluation (a). The position of the western profile in the plan view
(plan was oriented to the south), which served as the visualization
layer for the point cloud, is shown in panel (b).

cal prospection, field-walking surveys, sieving, and counting
material from test pits and excavations. The Gortz site has
been a special focus, due to its diachronic settlement history,
its location and the acute threat posed by its agricultural use.
In order to investigate the colluvial deposits which have ac-
cumulated on the foot of the slope, a 20 m long trench was cut
following the direction of the slope, from the foot of the slope
down to the riparian zone of the lake Beetzsee (Figs. 1d, 2).
The trench was dug down to the C horizon. This resulted in
two longitudinal profiles following the direction of the slope
with a length of 20 m and a depth of over 2 m. The longitudi-
nal profiles show the stratigraphy of the colluvial deposits.
Only the western profile was used for the post-excavation
evaluation (Fig. 2a, b).

In order to date the colluvial deposits, not only the finds
from the profile wall but all finds from the trench should be
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Figure 3. Rotation of the point cloud by matrix multiplication using
the photogrammetry points of the western longitudinal profile as an
example.

used1. For this reason, the position of every find was recorded

1The background is that finds within colluvial deposits have of-
ten been displaced and therefore have less significance regarding the
exact timing and circumstances (archaeological features) of their
deposition. However, with a greater number of finds, even if they

using a total station (Fig. 2a). During the post-excavation
evaluation, all identifiable ceramic fragments were archae-
ologically dated.

The visualization of the western longitudinal profile and
the subsequent dating of the layers was achieved using QGIS
2.18.3. In order to enable the visualization in a GIS, the first
step was to project the tachymetrically recorded point cloud
of all finds of the trench onto the profile wall (Fig. 2a). In
a second step, the profile was tilted from the profile view to
plan view. A matrix multiplication in Excel served as an aid
for this process, in which points with xyz coordinates can be
rotated around the three spatial axes (X, Y , Z) at will (Kühn-
lein, 2019). This manipulation of the coordinates becomes
necessary if the profile is not aligned with one of the cardi-
nal axes (north–south =Y , west–east=X) shown in Fig. 3a.
Prerequisites are that

A: the angle of deviation from one of the cardinal axes is
known and

B: the complete dataset of a trench is summarized in one
Excel table.

For the projection onto the profile, the point cloud was ro-
tated around the Z axis until it had an east–west orientation.
The points thus receive a new artificial easting, which lies
exactly on the X axis (Fig. 3b). Without this step, the finds
could only be displayed distorted in GIS. In a second step,
the tilting into the plan view took place by defining the height
values as the new northing (Fig. 3c). The easting coordinates
are then reset to an artificial zero point so that profile me-
tres (metres on the profile) can be displayed on the X axis
(Fig. 3c). In order to generate a visualization layer, the west-
ern profile following the direction of the slope was recorded
photogrammetrically and the photos were georeferenced in
QGIS. This method of rotating coordinates allows an unlim-
ited number of profiles with their real height values to be
displayed side by side and compared within one project file.
The layers were then redrawn and dated based on the ce-
ramic. Many of the thin layers proved particularly difficult to
reliably date. Where finds were measured further away from
the profile wall, they could be considered as belonging to
any number of adjacent layers. Therefore, the 58 recorded
strata were combined, using a pedological and sedimento-
logical approach, into five phases of anthropogenic activity
(Fig. 4).

4 Results and discussions

The elevation heights refer to the German Main Elevation
Network (DHHN92) and are given here as metres above sea
level (a.s.l.). The easting coordinates are given here as me-
tres on the profile (o.t.p.). Of the approximately 1600 di-
agnostic fragments, about half could be dated (Reichel and

are potentially predominantly relocated, a more reliable dating of a
layer can be made.
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Figure 4. Photogrammetry of the western profile following the direction of the slope. The trench extends into the riparian zone of Oberer
Beetzsee. The five phases were combined, using a pedological–sedimentological approach, and dated via the diagnostic ceramics of the entire
trench. The dating allowed historical water levels to be determined for the periods of the 11th/12th and 13th centuries.
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Schenk, 2019). This archaeological identification of ceramic
fragments formed the basis for the dating of the different
phases. In cases where bioturbation could be ruled out, the
most recent ceramics give the terminus post quem for the de-
position of a layer (Bork et al., 1998). Phase I contains no ce-
ramics and corresponds to the C horizon consisting of boul-
der clay and gravelly sands. Between 11.5 and 18 m o.t.p., the
sequence of layers is strikingly even and straight. Gravelly
sands dominate here. From 18 to 20 m o.t.p., the sequence
of layers is reminiscent of a staircase that, in several steps,
changes the height level by more than 1 m. This part of phase
1 consists of boulder clay. The transition to phase II, which
lies above, is sharply defined. Characteristic features of soil
formation are missing. The straight, even upper edge of the
C horizon can be interpreted as a result of ground level-
ling and the steps as remains of clay quarrying. The latter in
particular demonstrates an anthropogenic intervention here
(Fig. 4).

Phase II can be dated to the 11th/12th century CE on the
basis of 42 % of all ceramic sherds from this phase being Late
Slavic (Reichel and Schenk, 2019). Two fragments from the
German Middle Ages and a sherd from the Early Modern
Period (1500–1700 CE) (Verband der Landesarchäologen,
2014) were probably introduced to these layers by strong bio-
turbation. The only stratum from the entire profile that can
be interpreted as an in situ culture layer, due to the presence
of lenses of ash and a high proportion of charcoal pieces,
lies directly on the straightened C horizon between 14 and
17 m o.t.p. (Fig. 4). The absence of colluvial deposits, which
are older than Slavic ones, is conspicuous, since much older
settlement phases are documented on the site, in particu-
lar from the Early Bronze Age (2100–1500 BCE), the Ro-
man Period (9 BCE–375 CE) and the Migration Period (375–
565 CE) (Verband der Landesarchäologen, 2014). All older
colluvial deposits were obviously removed in the course of
clay quarrying. Therefore, the in situ layer can be used for
dating the clay quarrying and ground levelling into the Late
Slavic Period.

On the side that borders the lake, the culture layer is cut
possibly by wave erosion. There are several thin layers of
light lacustrine sand running up to this stratum and covering
it. Furthermore, a series of holes filled with lacustrine sands
can be seen impressed into the culture layer. These holes can
be interpreted as cattle hoof prints and delineate the shore-
line during the Late Slavic Period in this area. At 11 m o.t.p.,
the straightened C horizon is interrupted by a 0.2 m high
sill (Fig. 4). Here the blue-grey earthenware of the German
Middle Ages appears in large numbers. The sill obviously
marks the edge of the riparian zone that had been levelled. In
the 11th/12th century CE, the lake level must have been be-
low this sill, suggesting a height of 29.4 m a.s.l.±0.2 m. Oth-
erwise, no culture layer interspersed with ash lenses could
have formed and been preserved between 14 and 17 m o.t.p.
(Fig. 4).

Phase III is dominated by Slavic ceramics with 35 % of
all ceramic sherds from this phase. Blue-grey earthenware is
represented by 7 % of all ceramic sherds from this phase and
allows the phase to be dated to the 13th century CE (Reichel
and Schenk, 2019). The colluvial deposits in phase III be-
tween 16 and 19 m o.t.p. can be interpreted as Slavic. Strong
indicators are the high humus content when compared to the
other colluvial deposits of the profile and the charcoal parti-
cles, which cause a darker-coloured sediment (Schatz, 2011).

The hydrochloric acid test (10 % HCl) showed a carbonate
content of > 10 %. Thus, the colluvium is rich in carbonates
(Ad-hoc-AG Boden, 2005). A high calcium carbonate con-
tent also indicates significant, if partial, erosion on the up-
per slope. This suggests intensive settlement activity in this
phase. Due to finds of the commonly associated grey earth-
enware and Pingsdorfer Ware in other trenches of the site, it
is likely that the German settlement started in the late 12th
or early 13th century CE. So far no finds can be classified as
dating back to the 14th and 15th centuries CE, probably be-
cause the village had already been relocated during the 13th
century CE. However, the colluvial deposits indicate that the
German settlement probably existed for less than a hundred
years.

The reason for the abandonment of the settlement of Gortz
remains unknown. However, erosion processes could have
played a role, which is indicated by the partially high car-
bonate content in phase III. Between 1150 and 1250 CE, the
colonization of the Havelland area led to an extensive settle-
ment and restructuring of the landscape, the like of which had
never been seen before. In the sequel, many newly founded
settlements in the Havelland area were abandoned from the
turn of the 12th to 13th centuries CE. Taking into account the
fact that the settlers did not know the terrain and the soils, it
is likely that in many cases they became victims of erosion
processes they caused and had to give up the site (Mangels-
dorf, 1994a).

In phase III, on the side that borders the lake, between
8 and 17 m o.t.p., there is a horizon of interlocking dark
colluvial deposits and lighter-coloured lacustrine sediments
(Figs. 4 and 5). Incorporation of swirled dark humus mate-
rial within the entire interlocking horizon indicates that sed-
imentation took place in an area of slightly moving standing
water. Thus, the interlocking horizon can be interpreted as
a riparian zone. Each of the thin, light-coloured layers was
formed during a flooding event, whereby the deposition may
have occurred at short intervals. Straight above the aforemen-
tioned sill (Fig. 4, 11 m o.t.p) blue-grey earthenware of the
German Middle Ages appears in large numbers. Thus, the
interlocking horizon can be clearly dated to the 13th century
CE and is therefore part of phase III. The flood events indi-
cate rising water levels during this period. The interlocking
horizon reaches up to a height of at least 29.8 m a.s.l. (Fig. 4).
Evidently, in the 13th century CE, the level of Oberer Beet-
zsee rose to this height. However, isolated flooding events
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Figure 5. Development of the anthropogenic activities at the site Gortz from the Late Slavic Period to the present day, and the associated
development of water level changes of the lake Beetzsee.

during the 13th century CE can be recorded up to a height of
30.5 m a.s.l. (Fig. 4).

This increase has regional significance, as the Beetzsee
chain of lakes is connected to the lower Havel river (Fig. 1).
Historical sources indicate that water levels in the river Havel
region rose by an average of 1–2 m due to medieval mill dams
(Driescher, 2003). The Beetzsee chain of lakes drains into the

river Havel at the town of Brandenburg. Since the first half of
the 13th century CE the river Havel has been divided into an
upper and lower water level by a mill dam system (Müller,
2009). They are referred to in this study as the upstream and
downstream water. The most recent study assumes that the
dam system caused a water level rise of 1.5 m in the upstream
water (Kaiser et al., 2018). However, the Beetzsee chain of
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lakes drains into the river Havel downstream from the dam
system (Fig. 1) The dams associated with medieval mills may
not have played a direct role in the rise of Beetzsee, whereas
fish weirs could be responsible for rising water levels (Kaiser
et al., 2012). Nowadays the downstream water level values
in the town of Brandenburg are also valid for the Beetzsee
chain of lakes. Between 2006 and 2015, the mean value of
the downstream water level was at 28.13 m a.s.l. (WSA Bran-
denburg, 2015). Thus the water level of Oberer Beetzsee in
the 13th century CE was 1.6 m above the present-day level.

Phase IV features the highest number of archaeologi-
cal finds in the whole trench (Reichel and Schenk, 2019).
Yellow-glazed and occasionally also brick-red earthenware
date the colluvia to the 16th/17th century CE at the earli-
est. This was a time when the settlement had already been
abandoned for about 300 years and the site was being used
agriculturally. A later origin of phase IV is also conceivable,
provided that in the 18th/19th century CE only little domestic
waste had reached the fields (Fig. 5). The transition between
the foot of the slope and the shore area was until this period
less steep than today (Schenk, 2018).

Phase V contains a balanced spectrum of ceramics from
Bronze Age to current times. Thus this is the only phase with
recent ceramics (Reichel and Schenk, 2019). In addition, as-
sociated finds, such as plastic bands and the light colour of
the substrate, typical of recent deposits, also suggest a Mod-
ern Period colluvia (Fig. 5). Its deposition can be associ-
ated with agro-structural measures that had a strong influ-
ence on landscape development from the 1960s to the 1980s.
Land consolidation and collectivization led to destructions
of important soil-protecting landscape structures (Bork et
al., 1998). These measures have probably also been imple-
mented in Gortz by the local agricultural producer coopera-
tive. Within > 70 years a colluvial deposit of 1 m thickness
has formed. This impressively demonstrates the endanger-
ment of the archaeological site by modern agriculture.

5 Conclusions

Consistent tachymetric mapping of the finds of a trench and
their projection onto one of the longitudinal profiles within a
GIS environment, in combination with a sedimentological–
pedological approach to combine neighbouring layers into
phases, led to new insights into the settlement and landscape
development of the studied site and its surroundings. The ad-
vantages of our approach are an unambiguous spatial alloca-
tion of the finds. In addition, not only the ceramic embedded
in the profile wall but also the datable ceramic from the entire
trench can be used to date the phases. The larger number of
ceramic fragments that can be used for dating can provide a
more reliable determination of the age of the phases.

On the basis of the recovered ceramics, it was feasible to
approximate the sedimentation time of the differing collu-
vial phases. The timing of the sedimentation of the shoreline

deposits in the interlocking horizon could thus be dated indi-
rectly.

From the Late Slavic Period onwards, phases with settle-
ment processes as well as phases with anthropogenic resting
can be observed at the site. Especially in the Late Slavic set-
tlement phase, it can be proved that intensive activities in
the shore area such as the straightening of the bank and clay
quarrying took place. Cattle hoof prints show the course of
the riparian zone at that time. The interlocking horizon in-
dicates a change in the shoreline from the 11th/12th to 13th
centuries CE. During this time, the lake water level rose from
< 29.4 m a.s.l. to approximately 29.8 m a.s.l. Thus the water
level of Oberer Beetzsee in the 13th century CE was 1.6 m
above the present-day level.

Up to now no colluvial deposits could be assigned to the
14th and 15th centuries CE, so that a resting phase on the
site can be assumed (Fig. 5). This is probably because the
settlement had already been deserted in the 13th century CE.

The modern colluvial deposit of 1 m thickness indicates
an acute endangerment of the archaeological site. The culti-
vation of maize, which has been practised here for years, is
also responsible for the high erosion rates. But also the culti-
vation of asparagus, which is widespread in the region, would
entail far-reaching soil interventions, which would lead to the
irreparable destruction of archaeological features in a short
time. It is clear that a continuation of agricultural use in its
present form will inevitably mean the loss of remaining ar-
chaeological features in the coming decades.
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Abstract: In the southernmost part of the Colchian plain (Georgia), the Supsa and Rioni rivers represent im-
portant catchments for reconstructing Holocene landscape changes. Using granulometric methods,
geochemical analyses and radiocarbon dating, we demonstrate that significant palaeoenvironmental
changes have taken place in the surroundings of the Supsa fan since at least 4000 BCE. The initial
foothill fan accumulation was prolonged by delta plain progradation. Due to continued fluvial sedi-
ment supply, mainly from the Rioni, the lagoon silted up and extended peat bogs formed east of the
beach ridge complex. The Supsa fan first prograded northwards (since the third millennium BCE) and
later shifted westwards, eventually following an avulsion of the Rioni. While Supsa deposits remain
limited to the area of the fan and the modern estuary, the alluvial fines of the Rioni dominate the
surrounding areas. The relative sea-level (RSL) index points of the region suggest a gradual RSL rise
from ∼−9 m between 4000 and 3500 BCE to−3/−2 m below the modern sea level in the second half
of the first millennium BCE, the period during which Greek colonization and Colchian settlements
are attested by archaeological remains.

Kurzfassung: Im südlichsten Teil der kolchischen Tiefebene (Georgien) stellen die Einzugsgebiete von Rioni und
Supsa wichtige Areale zur Rekonstruktion des holozänen Landschaftswandels dar. Mittels granu-
lometrischer und geochemischer Analysen sowie Radiokohlenstoffdatierungen lässt sich der sig-
nifikante Landschaftswandel im Bereich des Supsa-Schwemmfächers seit etwa 4000 v. Chr. nach-
weisen. Das Areal wurde von einer Sandbarre vom offenen Meer getrennt, hinter der sich große
Stillwasserbereiche bildeten. Der anhaltende fluviale Sedimenteintrag, hauptsächlich durch den Ri-
oni, begünstigte die allmähliche Verlandung und die Entstehung von Torfmooren. Gleichzeitig baute
sich – zunächst nach Norden (etwa ab dem 3. Jahrtausend v. Chr.) und später durch den Rioni
nach Westen abgelenkt – der Schwemmfächer des Supsa vor. Während sich die Supsa-Ablagerungen
im Wesentlichen auf den Schwemmfächer und die aktuelle Mündung beschränken, dominieren die
feinkörnigen Ablagerungen des Rioni die Umgebung. Die Indexpunkte für den relativen Meer-
esspiegel deuten auf einen anhaltenden Anstieg des Meeres hin, ausgehend von etwa −9 m unter dem
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heutigen Niveau um 4000 bis 3500 v. Chr. auf −3 bis −2 m in der zweiten Hälfte des 1. Jahrtausends
v. Chr. Für den letztgenannten Zeitraum sind kolchische und griechische Siedlungen durch archäolo-
gische Funde in der Umgebung der Supsa-Mündung belegt.

1 Introduction

Deltas, estuaries and low-lying coastal plains render impor-
tant information about the postglacial coastal evolution and
the Holocene sea-level rise (Arslanov et al., 2007; Marriner
et al., 2010; Haghani et al., 2015). At the same time deltaic
regions played an important role for the ancient colonization
(e.g. by Greeks, Romans and Phoenicians; Anthony et al.,
2014; Giaime et al., 2019), providing access to the hinter-
land as well as to the open sea. Especially in the Mediter-
ranean many important ancient cities were founded on the
coast of large embayments and estuaries, e.g. Troy (Kraft
et al., 2003), Ephesus (Stock et al., 2013, 2016), Miletus
and Priene (Brückner et al., 2002, 2017) and their respec-
tive gulfs, and Aquileia near Laguna di Grado in northeastern
Italy (Arnaud-Fassetta et al., 2003).

While a significant amount of research on both sea-level
evolution and human–environment interactions exists from
Mediterranean coastal lowlands and delta regions (e.g. Lario
et al., 2002; Pavlopoulos et al., 2006; Carozza et al., 2011;
Brückner et al., 2017; Herda et al., 2019) – many of them in
geoarchaeological contexts and at ancient harbour sites espe-
cially(Marriner and Morhange, 2007; e.g. for Rome’s har-
bours Portus and Ostia: Delile et al., 2014; Goiran et al.,
2014; for Miletus: Brückner et al., 2014; for Alexandria:
Flaux et al., 2017; for Ephesus Stock et al., 2013, 2014) –
studies on the sea-level evolution of the Black Sea are scarce.
Only during the last decade, the number of publications has
increased for particular areas (e.g. Danube delta: Giosan et
al., 2006; Taman and Kerch peninsulas: Kelterbaum et al.,
2011, 2012) and in the context of the controversial debate
about sea-level evolution and fluctuations (e.g. Brückner et
al., 2010; Fouache et al., 2012; Erginal et al., 2013; Bo-
likhovskaya et al., 2018).

In particular, the Georgian Black Sea coast remains un-
derstudied so far, although it stands out with its unique veg-
etation history and long-time human occupation, with the
ancient Kingdom of Colchis and several Greek colonies of
which the lost city of Phasis is the most famous (Lord-
kipanidze, 1991). Overall, the Georgian coast and its cen-
tral section, the Colchian plain, offer – with estuaries of nu-
merous rivers and extensive wetlands – promising geo-bio-
archives. The potential of the Colchian plain (i.e. the area
between the rivers Supsa and Enguri, Fig. 1) for palaeoen-
vironmental and geoarchaeological studies has been shown
only in the very recent past by elucidating the mid-Holocene
to late Holocene development of the Rioni delta (Laermanns

et al., 2017a) and presenting new data on the evolution of
Bronze Age settlements (Laermanns et al., 2017b).

While most of the major rivers in the northern and central
Colchian plain are sourced in the Greater Caucasus in the
north and have formed the vast alluvial Colchian plain, the
southernmost river, the Supsa, is fed by the Lesser Cauca-
sus in the south (Fig. 1). While presently flowing into the
Black Sea, it has built a prominent, semi-circular alluvial
fan at the interface between the mountains and the southern
Colchian plain, which constitutes an arable area along the
southern margin of Lake Paliastomi (Fig. 2). Colchian and
Greek amphorae, as well as graves, were found at several
sites in the surroundings of the river course (Lordkipanidze
1985; Miron and Orthmann, 1995; Sens, 2009); thus, the area
may have represented a favourable settlement place due to its
slightly elevated position near Lake Paliastomi; even specu-
lations on a possible location of Phasis in this area exist (see
an overview in Gamkrelidze, 2012). Yet, to date there is nei-
ther detailed information about the Holocene evolution of the
Supsa fan and its environs nor on its occupation history.

Against this background, the overall aim of our study is to
provide the first data on the Holocene evolution of the Supsa
alluvial fan and its surroundings during the past millennia.
Therefore, we aim to (i) document the chronostratigraphy of
the fan, (ii) reconstruct the palaeogeographical and palaeoen-
vironmental evolution of the delta area, and (iii) differentiate
between the sediments originating from the Supsa and the
Rioni catchments. Furthermore, we intend to (iv) probe if ar-
chaeological findings can testify that the former conditions
favoured human occupation in this particular area.

2 Regional setting

2.1 Physical setting

The Kolkheti lowlands or Colchian plain, which roughly cor-
respond to the historical region of Colchis, form a triangular-
shaped coastal plain of western Georgia (Fig. 1). They are
limited by the Black Sea in the west, the slopes of the Greater
Caucasus in the northeast and the Lesser Caucasus in the
southeast (Fig. 1). The lower Likhi range connects both Cau-
casian ranges and forms the easternmost border, separating
the Colchian lowlands from the Kura catchment in eastern
Georgia, which discharges eastwards into the Caspian Sea
(Eppelbaum and Khesin, 2012).

Like the whole of Georgia, the Colchian plain is located
in the convergence zone between the Arabian and Eurasian
plates (Dhont and Chorowicz, 2006). During the closure of
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Figure 1. Map of the central part of the Georgian Black Sea coast, also known as Colchian plain or Kolkheti lowlands. It is dominated by a
vast alluvial plain, swamplands and several rivers of which the Enguri, Khobistsqali, Rioni and Supsa are the most important. The red frame
indicates the area shown in Fig. 2 (based on the ASTER digital elevation model, shaded model).

the northern Neo-Tethys Ocean (Sosson et al., 2010) and the
subsequent Alpine–Himalayan orogeny, this former Meso-
zoic to Cenozoic back-arc marginal extensional basin was
closed and the folded mountains of the Caucasus evolved
(Adamia et al., 2011; Forte et al., 2014). Triggered by the
northward drift of the Arabian plate, the ongoing continent–
continent collision between the Lesser Caucasus arc and
the Eurasian basement still has convergence rates between
∼ 12 mm per year in the eastern part and ∼ 2 mm per year in
the western part, e.g. the Colchian plain (Avdeev and Niemi,
2011; Yılmaz et al., 2013). There, convergence occurs along
the Adjara–Trialeti Thrust Belt (ATTB) in the south and the
Chaladidi–Tsaishi Thrust (CTT) in the north (Reilinger et al.,
2006; Forte et al., 2014) (Fig. 1).

Though the Caucasus mountains evolved from the same
tectonic processes they differ in their geology from the
Colchian plain: the Greater Caucasus in the north is a poly-
cyclic, folded-nappe formation (Okrostsvaridze et al., 2016)
and consists of a pre-alpine crystalline basement complex
and a younger cover of Mesozoic to Neogene ophiolites,

(marine) sedimentary and volcanic rocks. The Lesser Cau-
casus inherits additional andesitic pyroclastica and effusiva
(Mitchell and Westaway, 1999), as well as granite and gneiss
intrusions (Yılmaz et al., 2013).

In contrast, the Colchian plain primarily consists of Cre-
taceous and Palaeogene sediments and by volcanoclastics
(Bazhenov and Burtman, 2002). These deposits are over-
lain by Quaternary molasses and river terraces of eroded
material from the surrounding mountains and their foothills
(Adamia et al., 2011). Due to high fluvial sedimentation
and tectonic subsidence, the deposits reach a thickness of
up to 30–40 m in the western area (Adamia et al., 2011).
During the Holocene, these deposits and the large-scale sea-
level rise dominated the morphology on the Colchian plain.
Here, massive coastline changes were provoked, especially
by the reconnection of the Black Sea with the Mediter-
ranean Sea ∼ 8400 years ago (Ryan, 2007; Giosan et al.,
2009), and vast areas of former dry land drowned. Probably
around 3000 BCE, sea level nearly reached its present posi-
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Figure 2. Map of the research area. The Supsa fan is highlighted in light brown. The sites of the boreholes are indicated by red dots (based
on the ASTER digital elevation model, shaded model).

tion (∼ 1.5–0 m) (Brückner et al., 2010; Fouache et al., 2012;
Kelterbaum et al., 2012; Laermanns et al., 2017a).

Today, the central plain is dominated by four rivers (from
north to south): Enguri, Khobistsqali, Rioni and Supsa.
While the former three have their source areas in the Greater
Caucasus, the latter originates from the Lesser Caucasus
(Fig. 1). While the Rioni has a catchment of ca. 13 400 km2,
an average water volume of 13.38 km3 a−1 and a sediment
load of 6.02× 106 t a−1 before debouching into the Black
Sea (Berkun et al., 2015), the Supsa is considerably smaller:
with a catchment of ca. 1100 km2, a discharge of less than
3 km3 a−1 and a sediment load of 0.246×106 t a−1, the Supsa
can be considered as a river of regional importance only.
However, it contributes more water than the two northern-
most rivers Enguri and Khobistsqali with 1.25 and 1.89 km3

discharge and catchment areas of 460 and 1340 km2, respec-
tively (Jaoshvili, 2002; Berkun et al., 2015). The sediment
load of the Khobisqali is comparable (0.221×106 t a−1), and
the load of the Enguri is significantly higher (0.45×106 t a−1.
In general, the sediment load of the four rivers predominantly
consists of sand and silt (Jaoshvili, 2002).

The Supsa is the only river which has built a major lobate
fan in the Kolkheti lowlands, which in its centre rises up to
several metres over the surrounding swamp areas while its
outermost edges are of almost the same elevation (Fig. 2). It
is located directly north of the foothills where the Supsa dis-
charged into the former lagoon, the recent open plain. This
protected location may be the reason why the sediments were
not affected by longshore drift and, therefore, not transported
further along the coast. In this paper, the term “Supsa fan”
refers to this morphological feature. In contrast, the recent
river mouth of the Supsa is located further to the west, form-
ing an estuary which is comparable to those of the Enguri
and Khobistsqali rivers.

The Colchis shelf is only 10–15 km wide. It is dissected by
submarine canyons that were formed during sea-level low-
stands and are extensions of the (later) estuaries of Supsa, Ri-
oni and Enguri (Jaoshvili, 2002). While the dominant coastal
surface current runs anti-clockwise, annual fluctuations oc-
cur especially in front of the Rioni delta (Jaoshvili, 2002; Ko-
rotaev et al., 2003). During the last millennia, the long-shore
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drift has formed the wave-dominated Colchian coastline with
long-stretched, wide sandy beaches.

The regional climate is characterized by high precipita-
tion (> 2000 mm per year) and average annual temperatures
around 14 ◦C, without regular winter frosts (the mean Jan-
uary temperature is 6 ◦C in Batumi) (Box et al., 2000; see
also Denk et al., 2000; Hijmans et al., 2005). This warm and
humid climate, combined with the high relief in the upper
river courses, led to high rates of weathering and erosion,
which in turn result in the high sediment load of the rivers.

Extensive wetlands with swamps, peat bogs, shallow
lakes, open reed areas and forests of evergreen understory
cover huge parts of the Colchian plain, while mixed forests
dominate the neighbouring foothills (Box et al., 2000). As
a result of centuries-long deforestation and drainage activi-
ties, most of the natural vegetation along the coast, rivers and
foothills has been replaced by open grassland and farmland
(de Klerk et al., 2009). Thus, an extensive system of drainage
ditches and ridge-and-furrow fields forms a significant part
of the recent relief on the Colchian plain (Nikolaishvili et
al., 2015). This holds especially true for the slightly ele-
vated Supsa fan where drier conditions exist in contrast to
the swampier surroundings.

2.2 Human occupation

Georgia has been populated since the Palaeolithic; bones dis-
covered at the site of Dmanisi are presently the oldest ho-
minid remains outside of Africa (Lordkipanidze et al., 2007).
During the Holocene, an early transition from hunting and
gathering to farming and animal husbandry set in between
10 000 and 9000 BCE (Arslanov et al., 2007). People spread
from the foothills into the plain where the oldest settle-
ment sites of Ontsakoshia (Janelidze and Tatashidze, 2010)
and Ispani (Connor et al., 2007; de Klerk et al., 2009) date
back to the transition between the Chalcolithic and the early
Bronze Age in the mid-third millennium BCE. Since the
early Bronze Age settlement mounds in the northern part of
the Colchis have yielded evidence for the evolving Colchian
culture (Lordkipanidze, 1991; Sens, 2009; Laermanns et al.,
2017b). The region experienced its heyday between the sixth
and fourth centuries BCE under the Kingdom of Colchis
– a time of intensive trade contact with (mainly Milesian)
Greek merchants, who had founded several colonies along
the Colchian Black Sea coast (Sens, 2009; Gamkrelidze,
2012). In the late second to early first century BCE, Colchis
fell into the sphere of influence of the Kingdom of Pontus.
Later it became a client state of the Roman Empire (Gamkre-
lidze, 2012) and finally a Roman province (Rayfield, 2013).

Our knowledge of ancient Colchis is to some extent based
on ancient Greek and Roman writers. One of the oldest ac-
counts is the mythical journey of Jason and the Argonauts,
a small band of heroes named after their ship Argo, who
embarked for the Kingdom of Colchis on their quest to
find the “Golden Fleece”. Described in Homer’s Odyssey

(eighth–seventh century BCE), as background of Euripides’
play Medea (fifth century BCE) and as subject of the epic
poem Argonautica (Greek: Aργoναυτ ικά) by Apollonius
Rhodius (third century BCE), this myth is one of the most im-
portant narratives of Antiquity (Okrostsvaridze et al., 2016).
Besides its adventurous story of Jason and his comrades,
the saga reflects the impressions of Mycenaean Greeks from
their first voyages to the Colchis in the late second millen-
nium BCE (Okrostsvaridze et al., 2016). In the literature,
opinions differ as to whether the Golden Fleece represents
sheep skins which were used for the extraction of placer gold,
as described by Strabo (Book XIII), Pliny the Elder and Ap-
pian of Alexandria, who all praise the gold and silver rich-
ness of the Colchian rivers (Okrostsvaridze et al., 2016), or
if it symbolizes the wealth of Colchis in general (Braund,
1994).

2.3 Research area

Our investigations focus on the Supsa delta region and its ad-
jacent areas, i.e. on the southernmost part of the Colchian
plain (Fig. 1). Here, the Supsa River leaves the foothills
and forms its lobe-shaped alluvial fan. The eponymous vil-
lage covers the central part of the fan, while its surround-
ings are dominated by farmland (Fig. 3b). The prevailing
ridge-and-furrow fields, which are divided by an extensive
network of drainage channels, have overprinted the natural
fluvial structures (cf. Fig. 2). Only in few swampy grassland
areas have near-natural conditions prevailed. The recent river
mouth is located ca. 6.5 km west of the fan apex. The graded
shoreline is formed by a straight beach with several beach
ridges behind, and it is strongly influenced by the northbound
long-shore current (Korotaev et al., 2003). North of the river
mouth, the villages Maltakva and Grigoleti stretch atop the
linear structure of the coast-parallel beach ridges. The coast
section is separated from the alluvial fan by swamplands and
peat bogs which extend to the southern shores of Lake Palias-
tomi (Figs. 2, 3a). On the southern side of the river mouth,
the foothills reach close to the graded shoreline.

Within this area several archaeological sites are known.
Whole amphorae and fragments from Heraclea Pontica and
Sinope were unearthed between the village Maltakva and the
Supsa river mouth (Figs. 1, 2); they date to the fourth and
third centuries BCE (Sadzradze et al., 1999). At the villages
of Ureki and Maltakva, several Colchian amphorae (second
and first centuries BCE) were found (Miron and Orthmann,
1995; Gamkrelidze, 2012). Some historians (e.g. Shafranov,
1880, in Gamkrelidze, 2012) even speculate that the an-
cient city of Phasis was located on the southern shore of
Lake Paliastomi at the river mouth of the Supsa. Further up-
stream, many smelting furnaces were discovered through dif-
ferent surveys (Khakhutaishvili, 2008, 2009; Erb-Satullo et
al., 2014). Their spatial concentration can be explained by
the occurrence of chalcopyrite, the dominant copper-bearing
mineral in quartz veins or iron oxide matrices (Gugushvili
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Figure 3. (a) Natural swamp forest vegetation close to the site of sediment core PIC 2 on the banks of the Pichora River. (b) Northward view
from the foothills to the south of the village of Supsa. The ridge-and-furrow system of the agrarian areas is contrasted by the swamplands in
the background (photos: Hannes Laermanns, 2014, 2015).

et al., 2010; Erb-Satullo et al., 2014). Chalcopyrite out-
crops due to tectonic faults and erosion at the Adjara–Trialeti
Thrust Belt (Okrostsvaridze et al., 2016).

3 Methods

3.1 Geochemical and sedimentological analyses

The coring sites of the delta area were chosen due to their ac-
cessibility and relevance. The sediment cores were retrieved
using a Cobra TT (Atlas Copco) percussion-coring device.
Only sediment core PIC 2 was taken further north, at the
riverside of the Pichori, which discharges into Lake Palias-
tomi (Figs. 1, 2). The diameter of the drill heads were 6 and
5 cm, respectively, and coring reached a maximum depth of
12 m below surface (b.s.). These sediment cores form the ba-
sis for further stratigraphic and geochemical analyses and in-
terpretations. Core description in the field encompassed sed-
iment texture, colour and CaCO3 test (with HCl, 10 %) of the
different sediment units. Samples were taken with intervals
of ca. 20 cm for further treatment in the laboratory.

All analyses were conducted in the laboratory of the In-
stitute of Geography, University of Cologne, Germany. The
samples were oven-dried at 40 ◦C for 48 h, subsequently
sieved < 2 mm and gently crushed with a mortar to disin-
tegrate the aggregates.

For granulometric analyses, the samples were pre-treated
with hydrogen peroxide (H2O2, 15 %) to remove organic
matter and with sodium pyrophosphate (Na4P2O7, 46 gL−1)
to avoid coagulation. Before measurement, the samples were
shaken for at least 12 h in an overhead shaker. Granulo-
metric analyses were performed in 116 channels from 0.04
to 2000 µm with a Laser Diffraction Particle Size Analyzer
(LS 13320 Beckmann Coulter™), where each sample was

measured three times using the optical Fraunhofer model.
Grain-size parameters based on Folk and Ward (1957) were
calculated using the GRADISTAT software version v8 (Blott
and Pye, 2001). All grain-size categories are given according
to the norm based on AG Boden (2005).

After separating the< 63 µm fraction by sieving, the grain
shape of samples from the sandy beds was analysed using
a Retsch CAMSIZER® P4. This fraction was measured in
52 channels up to 22.4 mm to define roundness, sphericity
and elongation using the principle of dynamic image analy-
sis (ISO 13322-2) to identify different deposition modes and
possible sources. The results were calculated using the soft-
ware CAMSIZER® 4.4.1.

Loss on ignition (LOI) was measured to estimate the or-
ganic matter content of the sediments. A total of 5 g of sam-
ple material were oven-dried at 105 ◦C for 12 h, and subse-
quently ignition was determined in a muffle furnace (Carbo-
lite ELF) at 550 ◦C for 5 h. Although possible uncertainties
may result from the combustion of clay minerals, sulfates
and/or carbonates, LOI is often used to estimate the organic
matter content (e.g. Barsch et al., 2000; Heiri et al., 2001).

Element concentrations (Ca, Al, Fe, K, S, Cu, Zn and Pb)
were measured by a portable XRF Analyzer (NITON XL3t,
Thermo Scientific, analyticon) to draw conclusions on the
depositional environment (marine or terrestrial origin) and
on human influence (Oonk et al., 2009; Dung et al., 2013;
Dirix et al., 2015). Triplicate measurements were performed
on pellets of dried and ground sample aliquots, which were
pressed into a Teflon ring with 12 Nmm−2 and subsequently
covered with a 4 µm polypropylene film (X-ray film, TF-
240-255). A gold anode emitted X-ray (70 kV) needed to
perform measurements within the “mining-minerals-mode”,
which uses four different filters for 40 s each. The secondary
X-rays of element-specific wavelength are detected and pro-
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cessed by a digital signal processor. Si concentrations (in
ppm) are calculated from the element-specific fluorescence
energies and compared with external and internal reference
materials (STDS-4, BCR142R, BCR-CRM 277). Magnetic
susceptibility (MagSus) measurements were performed three
times for each sample using a Bartington MS2B sensor.

Principal component analyses (PCAs) were applied using
the software PAST (version 3.1.1, Hammer et al., 2001) to
establish a statistically validated distinction of the different
depositional facies (e.g. Zhang et al., 2002; Borůvka et al.,
2005; Zhang and Mischke, 2009; Laermanns et al., 2017a).
Therefore, standardized values of the granulometric param-
eters (mean grain size, sorting, kurtosis and skewness) were
used to differentiate between the depositional modes (Folk
and Ward, 1957). Additionally, a selection of the measured
geochemical parameters, Ca, K, Fe and Cu, that provided in-
formation about the origin of the sediments and, in the case
of Cu, possible human activity were standardized and added
to the PCA (Oonk et al., 2009; Dung et al., 2013; Dirix et al.,
2015). An additional PCA was applied for the sandy layers
to differentiate their origins. The distribution of the data was
explained by the first two components of each PCA.

3.2 Dating techniques

A total of 12 samples (plant remains and charcoal) from the
three sediment cores SUP 3, 4 and 10 were taken for radio-
carbon dating (Table 1) at the 14CHRONO Centre, Queens
University Belfast, Northern Ireland, UK. All ages were cali-
brated using Calib 7.1 (calibration data set: intcal13.14c; Stu-
iver and Reimer, 1993; Reimer et al., 2013). An age–depth
model was calculated for the sediment core SUP 4 using the
R-based software Bacon 2.2 (Blaauw and Christen, 2011).

4 Results

4.1 Sediment cores

4.1.1 SUP 3

SUP 3 was cored in the northern part of the Supsa fan
(Figs. 2, 4, 5). The lowermost section (11.00–10.16 m b.s.)
is composed of brown to dark brown silty to sandy peat. The
layer is characterized by a heterogeneous grain-size compo-
sition, poor sorting and low values for all of the measured
parameters. Between 10.16 and 8.75 m b.s., (dark) brown-
ish grey clayey silt occurs with a more homogeneous grain
size (< 7 µm). The layer of fine to medium sand at 8.75–
6.33 m b.s. is characterized by sharp boundaries, also indi-
cated by the sudden rise in the mean grain size with values
of > 100 µm and elevated values of Ca, K, magnetic suscep-
tibility (MagSus), Ca/K and Ca/Fe ratios. In contrast, the S
content remains low. From 6.33 m b.s. to the surface, grey-
ish brown to grey silts dominate with changing sand and clay
contents and low values of LOI, MagSus, Ca/K and Ca/Fe.
Only between 4.53 and 4.00 m b.s., two layers of peat and

sand are interdigitated, each ∼ 25 cm thick and confined by
sharp boundaries. While the peat shows high LOI values (up
to ∼ 47 %), the sand is characterized by a sharp peak in its
Ca/Fe ratio.

4.1.2 SUP 9

The sediment core SUP 9 was taken 150 m south of the
SUP 3 site (Fig. 2). The lowermost part (10–9.55 m b.s.)
consists of organic-rich (brownish) clayey silt. Then fol-
lows heterogeneous grey silt to silty sand. From 7.13 to
3.41 m b.s., homogeneous (brownish) grey clayey silts domi-
nate once again; the mean grain size does not exceed 10 µm.
Only an intercalation of brownish silt between 5.75 and
5.33 m b.s. stands out with coarser grain size and different
colour. At 3.41 m b.s., an abrupt disconformity occurs with
a shift to a 2 m thick heterogeneous brownish grey to grey
fine to medium sand. The main grain size slightly decreases
towards the upper facies limit at 1.41 m b.s., where brown
sandy silt was deposited. The uppermost part (0.72–0 m b.s.)
is formed of brown to reddish brown loamy silt.

4.1.3 SUP 4

SUP 4 was cored at the western margin of the Supsa fan
(Figs. 2, 6). The basal part consists of (brownish) grey silty
fine sand with very poor sorting, low MagSus and relatively
low Ca/Fe and Ca/K ratios but high LOI values. This layer
gradually merges into the subsequent peat, which stands out
with high Ca/Fe and Ca/K ratios and low MagSus values.
Above a sharp boundary, well-sorted clayey silt shows high
concentrations of Pb, Zn and P as well as low values of S.
At 9.46–9.23 m b.s. another peat occurs, which differs from
the lower peat in terms of smaller matrix grain size, better
sorting and very high S values. While its lower boundary is
hard to define due to the gradual transition from the silt be-
low, the upper boundary is rather sharp. Between 9.23 and
2.31 m b.s. grey silt occurs. The lowermost (9.23–7.53 m b.s.)
and uppermost (4.62–2.31 m b.s.) parts of this unit are char-
acterized by relatively low Ca/K and Ca/Fe ratios, while
S, Pb and Zn reach very high levels. By contrast, the in-
between section (7.53 and 4.62 m b.s.) shows higher sand
content, poorer sorting, elevated Ca/K and Ca/Fe ratios, as
well as a high MagSus. After a disconformity follows silty
sand with elevated values of Ca/K, Ca/Fe and MagSus. The
uppermost part of the core (1.88–0 m b.s.) is silty loam with
a similar geochemical composition as the sand below.

4.1.4 SUP 10

Northwest of SUP 4, SUP 10 was cored beyond the west-
ern margin of the alluvial fan of the Supsa (Figs. 2, 7).
The stratigraphy is dominated by fine to medium sand with
interdigitated peats. From the maximum depth at 12 to
10.46 m b.s. (dark) grey fine sand shows high Ca/Fe and
Ca/K ratios. After a disconformity follows a sequence of
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Table 1. Radiocarbon data set. Measurements were carried out at the 14CHRONO Centre, Queens University Belfast, Northern Ireland, UK.
All ages are calibrated using Calib 7.1 (calibration data set: IntCal13.14c; Stuiver and Reimer, 1993; Reimer et al., 2013) and are presented
with 2σ .

Sample ID Lab code Depth below δ13C Material Conventional Calibrated 14C age
surface (m) (‰) 14C age BP (cal BCE/CE), 2σ

SUP 3/14 UBA-34221 4.32 −30.5 Wood 2180± 27 359–171 BCE
SUP 3/22 UBA-34222 6.40 −28.5 Wood 3818± 30 2434–2143 BCE
SUP 3/34 UBA-34223 10.50 −26.1 Wood 4423± 58 3336–2913 BCE
SUP 4/6 UBA-26767 1.35 −28.3 Plant fragment 854± 28 1053–1257 CE
SUP 4/11 UBA-26768 2.35 −21.0 Wood 1214± 34 690–891 CE
SUP 4/19 UBA-26769 4.70 −30.9 Wood 2281± 37 404–209 BCE
SUP 4/23 UBA-26770 5.70 −24.7 Wood 2404± 39 749–396 BCE
SUP 4/36 UBA-26771 9.27 −26.3 Wood 4699± 42 3631–3370 BCE
SUP 4/39 UBA-26772 9.75 −27.6 Wood 5111± 74 4045–3711 BCE
SUP 4/41 UBA-26773 10.50 −24.9 Wood 4983± 38 3795–3660 BCE
SUP 10/23 UBA-34224 6.72 −26.4 Wood 1126± 27 778–990 CE
SUP 10/29 UBA-34225 7.52 −25.7 Wood 3492± 29 1893–1701 BCE

Figure 4. Sediment core SUP 3 from the maximum depth at 11 m b.s. (bottom right) to the surface (top left). Outer diameter of auger heads:
6 cm (0–4 m) and 5 cm (4–11 m) (photo: Hannes Laermanns, 2013).

several peat and organic-rich greyish brown strata with low
Ca/Fe and Ca/K ratios, while LOI rises up to > 20 %. In
general, this sequence is characterized by heterogeneous but
generally low values of Fe, Cu, Zn, Pb and Ca. At 7.91–
7.51 m b.s., massive wood occurs. Between 7.51 and 6.56 m,
the brownish grey silt contains many ceramic fragments, up

to 2 cm long. In this unit Ca/Fe and Ca/K reach their mini-
mum values, while Fe, Al, Pb, Zn and Cu rise significantly.
Then grey medium sand follows with a changing mean grain
size of 90 to 450 µm. The sand unit is characterized by sharp
lower and upper boundaries, low LOI contents, as well as
low Ca/K and Ca/Fe ratios. The upper 2 m consists of grey
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Figure 5. Profile, facies interpretation, granulometry, geochemistry and 14C age estimates of sediment core SUP 3 from the northern part of
the Supsa fan (location in Fig. 2). The sediment core is dominated by fine-grained alluvial layers, which are interdigitated with peats in the
lower part of the fluvial deposits (see Fig. 3).

Figure 6. Profile, facies interpretation, granulometry, geochemistry and 14C age estimates of sediment core SUP 4 from the western edge
of the Supsa fan (for the legend, see Fig. 5). Except from the peat interdigitations below 9 m b.s., the entire sediment core consists of fine-
grained lagoonal to alluvial deposits, documenting the gradual change from a lagoon to a floodplain environment. The age–depth model was
established with the R-based software Bacon 2.2 (Blaauw and Christen, 2011).

www.eg-quaternary-sci-j.net/68/119/2019/ E&G Quaternary Sci. J., 68, 119–139, 2019



128 H. Laermanns et al.: Coastal lowland and floodplain evolution along the Supsa River

Figure 7. Profile, facies interpretation, granulometry, geochemistry and 14C age estimates of sediment core SUP 10 from the area between
the coast and the Supsa fan (see Fig. 2). Above fluvio-littoral deposits, peat is interdigitated with alluvial silts and topped by a layer with
many ceramic finds at 7.51–6.56 m b.s. Then fluvial sand dominates until 2 m b.s. (for the legend, see Fig. 5).

to greyish brown loamy to clayey silt, in which Zn and Pb
rise up to the surface.

4.1.5 SUP 5

Sediment core SUP 5, conducted on a grassland ca. 200 m
north of the foothills (Fig. 2), is one of the two sediment
cores taken on the southern riverside of the Supsa. The en-
tire 10 m core consists of clayey to loamy silt. Its lowermost
part contains several plant fragments. The sand content in-
creases slightly between 8.31 and 4.56 m b.s. In the upper
2 m, the grey to dark grey colour of the core changes to a
greyish brown.

4.1.6 SUP 6

SUP 6, the second core taken from the southern side of the
Supsa, originates from an outlet of a small tributary valley
ca. 600 m southeast of the SUP 5 site (Fig. 2). In contrast to
the fine-grain-dominated stratigraphy of SUP 5, SUP 6 con-
tains several layers of medium sand (mean grain size varies
between ca. 100 and 380 µm) from its maximum depth at 8
to 0.88 m b.s. The single sand layers can be divided by the
occurrence of pebbles (< 3 cm) at different depths. Above a
small silt layer at 3.58–3.52 m b.s., the Ca/K and Ca/Fe ra-
tios fall to lower levels, while the concentrations of Zn and
Cu rise. The uppermost 0.88 m of the core consists of brown
sandy loam with some pebbles and coarse plant fragments.

4.1.7 SUP 7

SUP 7, the westernmost sediment core, is from a grassland
between the coast and the village of Ureki (Fig. 2). The low-
ermost part (5–1.91 m b.s.) consists of dark grey medium
sand with a mean grain size between ∼ 140 and 300 µm.
Above, grey clayey silt was deposited between 1.91 and
1.16 m b.s. Homogeneous grey fine sand (mean grain size
∼ 50 µm) follows at 1.16–0.77 m b.s. The uppermost part is
built up of (greyish) brown loamy silt.

4.1.8 PIC 2

PIC 2 was cored on the banks of the Pichora River (Figs. 2,
3a). Its lowermost part consists of dark grey to greyish brown
medium sand. While P, Zn and S remain at low levels,
a marked decrease in Ca, Ca/Fe and Ca/K values occurs
within this layer. The subsequent stratum (2.93–1.26 m b.s.)
of poorly sorted loamy silt is clearly separated from the
previous and subsequent sand layers; it reveals slightly in-
creased values of Pb, Zn, P and S, while Ca/K and Ca/Fe
ratios remain at low levels. The upper sand layer stands out
with a mean grain size of up to ∼ 320 µm, comparable to the
sand layer in the lower part of the core. Most of the geo-
chemical values are close to the loam layer in between. The
uppermost part is a humus-rich fine-grained deposit.
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4.2 Radiocarbon dating results

Altogether, 12 samples from the sediment cores SUP 3,
SUP 4 and SUP 10 were 14C AMS dated (see Figs. 5 to 7,
Table 1). The results are given with 2σ confidence interval.

The seven age estimates from SUP 4 cover a time span
of roughly 5000 years (3756 BCE to 1261 CE; mean ages).
Though the 2σ ranges of the two lowermost samples,
SUP 4/39 and SUP 4/41, overlap, an age inversion cannot be
excluded. The age estimates from SUP 3 cover∼ 3000 years
and ca. 6 m of sediment. For SUP 10, only two samples
were used for radiocarbon dating. They derive from the lower
and upper facies limit of the archaeological layer at 7.51–
6.56 m b.s., covering a time span between 1893–1701 BCE
and 778–990 CE (∼ 2480 to 2900 years).

4.3 Statistical analyses of the sedimentological and
geochemical data

By means of a principal component analysis using granu-
lometric parameters (mean grain size, sorting, kurtosis and
skewness) and the geochemical parameters Ca, K, Fe and
Cu, the three main components were estimated as follows:
PC 1: 41.4 %; PC 2: 24.9 %; and PC 3: 11.6 % (Fig. 10a, b).
The majority of samples in Fig. 10a cluster on the left side
of the y axis (quadrants I and III) and refer to high values of
Cu, Fe and skewness. They are considered to be of lagoonal
or alluvial origin. The poor sorting and scattered distribu-
tion in quadrant III coincide with high values of loss on igni-
tion (cf. Figs. 5–9), and, therefore, an enrichment of organic
matter. In quadrant II, samples with high values of Ca, mean
grain size and (to a certain extent) K are considered to be of
fluvial origin. Quadrant IV shows samples of the sediment
core PIC 2 and the lower part of SUP 10. Between these two
groups sandy samples that derive from SUP 7 are situated.

Further, a PCA (Fig. 10c, d) that focuses on the sandy sed-
iments was calculated with 25 representative samples. Be-
sides the factors used in the former model, the grain shape pa-
rameters of roundness (RNDS), sphericity (SPHR) and elon-
gation (the length–width ratio b/l) (Kasper-Zugbillaga et al.,
2005; Eamer et al., 2017) were included. Within this PCA,
the first three axes explain 40.3 %, 25.5 % and 14.5 %, re-
spectively. The outlier position of the samples of sediment
core PIC 2 and the lower part of SUP 10 is confirmed, as
well as the exception of the samples of SUP 7.

5 Discussion

5.1 Facies determination

Based on the granulometric, geochemical and statistical re-
sults, six different depositional facies units were defined.

– Facies A: sublittoral to littoral.

The majority of the relatively well-sorted medium sand
of SUP 7 stands out with very coarse mean grain size
up to ∼ 300 µm and a unimodal grain-size distribution.
This points to hydrodynamic conditions with rather high
sediment transport capacities, consistent with wave-
dominated coastal conditions (Folk and Ward, 1957;
Hesp, 2002; Dingler, 2005). The geochemistry is char-
acterized by relatively high values of Ca and K and low
values of Fe. In Fig. 10 A they scatter between the two
outlier groups in quadrants II and IV. However, a sep-
aration from facies D remains challenging due to the
proximity of the Supsa river mouth and its fluvial de-
posits. Nonetheless, the littoral deposits show a slightly
better sorting.

– Facies B: alluvial (overbank deposits).

Although they are of riverine origin, similar to facies E,
these deposits are listed separately due to their different
characteristics and deposition modes. Facies B is char-
acterized by silty to clayey sediments with elevated K
and Ca contents and relatively low LOI values. It can be
found in all of the analysed drill cores and dominates
the stratigraphy of SUP 3, SUP 4 and SUP 6. It was de-
posited as a suspended sediment load across the flood-
plain surface by diffuse and channelized flows (Dunne
and Aalto, 2013). These overbank fines are accumu-
lated in slack waters of floodplain depressions (Blair
and McPherson, 1994). In this facies, coarser layers
with varying fine sand content and Ca/Fe and Ca/K val-
ues represent fluctuating hydrodynamic conditions dur-
ing the outflow of fluvial deposits, e.g. during the for-
mation of crevasse splays by breaching of levees of the
Supsa (or Rioni) River (North and Davidson, 2012).

– Facies C: semi-terrestrial (peat and organic-rich de-
posits).

Facies C is characterized by poor sorting and consid-
erably elevated LOI and K values. The numerous well-
preserved macroscopic plant remains and, to some ex-
tent, elevated Fe and S values point to anoxic conditions
(Turney et al., 2005). The high TOC/N ratios (Joosten et
al., 2003) indicate the dominance of cellulosic plants of
peat bogs (Meyers and Teranes, 2001). Although there
are many layers with high LOI values and plant frag-
ments, real peat layers were only found in drill cores
SUP 3, SUP 4 and SUP 10, where LOI rises above
30 %–40 % (AG Boden, 2005).
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Figure 8. Profiles, facies interpretation, granulometry and geochemistry of the sediment cores SUP 5, SUP 6 and SUP 7. The former two
are located at southern banks of the Supsa in the vicinity of a smaller tributary, the latter is located close to the coastline south of the recent
river mouth (cf. Fig. 2).
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Figure 9. Profile, facies interpretation, granulometry, and geochemistry of sediment core PIC 2 from the banks of the Pichora River ca. 7 km
north of the Supsa fan (Figs. 2, 3a). The sand-dominated core is strongly influenced by Pichora and Rioni deposits.

– Facies D: lagoonal or coastal lake.

In terms of grain size and geochemistry, the sediments
of this facies closely resemble the sediments of Fa-
cies B. However, facies D stands out for slightly higher
Ca/Fe and Ca/K ratios and lower Si and Ti contents
(Cuven et al., 2011; Martin-Puertas et al., 2011). The
strong resemblance to Facies B can be explained by the
slow transition from a still water environment to deltaic
semi-dry conditions. Since there is no microfaunal ev-
idence, it remains challenging to estimate the salinity.
Therefore, we cannot differentiate between a lagoon and
coastal lake. Although deposited under low-energy con-
ditions, several samples from the lagoonal or coastal
lake strata reveal a coarser grain size. The granulomet-
ric variations may be explained by changing conditions
within the water body, such as the floods from the land-
ward side and storm surges or tsunamis from the sea-
ward side.

– Facies E: fluvial.

A large portion of the sandy deposits in the sediment
cores are characterized by moderate to poor sorting and
slightly elevated Fe and K values, which hints at an in-
creased input of terrestrial material (Arz et al., 1998;
Kujau et al., 2010). They were found in sediment cores
SUP 3, SUP 4, SUP 6, SUP 7, SUP 10 and PIC 2 and
can be assumed to be of fluvial origin, primarily linked
to sediment input by distributary channels of the Supsa.
The varying grain size, for instance, can be explained
by river avulsion and channel migration, as well as de-
position during larger floods in areas close to distribu-
tary channels. Though there are some terrestrial mark-
ers (e.g. increased Fe and K values; cf. Davies et al.,
2015), and, in general, this facies is quite heterogeneous
(Dunne and Aalto, 2013), the differentiation from fa-
cies A remains challenging. The similar characteristics
can be explained by the close proximity of the river
mouth to the shoreline. Many littoral deposits derive
from the Supsa, are only transported for a short distance

along the shore and are then redeposited by the sea. By
means of the lower values of roundness and sphericity
(Fig. 10c), an approximate separation can be achieved
(cf. Kasper-Zubillaga et al., 2005). The lowermost stra-
tum of sediment core SUP 10 shows a slightly better
sorting than most other layers of this facies. A certain
marine or littoral influence may be assumed; this will
be discussed in Sect. 5.3. Furthermore, facies E is dif-
ferentiated from facies B, although both derive from
the rivers and may also have the same origins. How-
ever, the fine-grained facies B is deposited as suspended
sediment load across the floodplain surface (Dunne and
Aalto, 2013), while facies E is limited to areas close
to the stream currents where coarser sands are accumu-
lated.

– Facies F: anthropogenic.

This facies occurs only in the sediment core SUP 10
between 6.56 and 7.51 m b.s. The fine-grained matrix
closely resembles facies B. However, the large number
of burnt clay, ceramic fragments and charcoal indicates
a human-induced deposition or, at least, a strong post-
depositional human influence. In the other cores, only
random finds of burnt clay fragments and charcoal indi-
cate a possible human activity.

5.2 Implications for the local relative sea-level evolution

As for reconstructing former sea levels, the most reliable
samples of this research derive from peat layers, which are
directly related to the back-barrier groundwater table and,
thus, to the local relative sea level (Pirazzoli, 1996; Vött,
2007; Brückner et al., 2010; Laermanns et al., 2017a). Re-
garding the stratigraphical position of most peat layers – they
are superimposed by lagoonal or coastal lake deposits – a
peat growth in a situation comparable to the swamps and
peat bogs of floodplains today and a subsequent drowning
in the course of relative sea-level (RSL) rise seems most
likely. Although the peat might also derive from riverine en-
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Figure 10. Principal component analyses (PCAs) to decipher the origins and depositional modes of the sediments. (a) PCA uses the geo-
chemical parameters Ca, Fe, K and Cu, as well as the granulometric parameters mean grain size, sorting, skewness and kurtosis (PC 1:
41.4 %; PC 2: 24.9 %; PC 3: 11.6 %). The axes represent components 1 and 2, while PCA B is based on the components 1 and 3. Panels (c)
and (d) show PCAs on a selection of sandy samples using the parameters of PCA A plus the grain-shape parameters roundness (RNDS),
sphericity (SPHR) and elongation (b/l) (PC 1: 40.3 %; PC 2: 25.5 %; PC 3: 14.5 %), plotted on the components 1 and 2 (PCA C) and
components 1 and 3 (PCA D).

vironments of the Supsa fan, such as oxbows, we assume a
comparable groundwater table due to the proximity to coast
and floodplain environments and, therefore, an indirect sea-
level indicator even if marine layers were not reached. In
any case, a vertical error range should be considered for

RSL reconstructions based on these peat layers, the extent
of which is still debated. Only limited data exist to com-
pare and quantify compaction (Törnquist et al., 2008). While
Pirazzoli (1996) calculated a general vertical error bar of
ca. 0.5 m, recent publications instead hint to varying rates,
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Figure 11. Sea-level index points based on radiocarbon dating
of the Supsa delta region with the first estimated sea-level trend
(SUPSA, in green). An arrow pointing downwards indicates 14C-
dated material from an alluvial context; a cross indicates 14C-dated
paralic peat. For comparison, sea-level curves from the central part
of the Colchian plain (KUL) and from sites on the Taman Peninsula
(southwestern Russia, northeastern Black Sea: SEM, GOL, DZHI)
are also shown. KUL: Kulevi area north of Poti (Laermanns et al.,
2017a); SEM: Semebratnee (Brückner et al., 2010); GOL: Golubit-
skaya (Kelterbaum et al. 2011) and DZHI: Dschiginka (Fouache et
al., 2012).

depending on grain size distribution, organic matter and wa-
ter content (Horton and Shennan, 2009). These factors affect
not only the peat layers but also with varying influence the
(fine-grained) Holocene sediments below (Bungenstock and
Weerts, 2010). From such layers derive the samples that were
taken from alluvial facies. These index points serve as indi-
cators for the maximum sea-level position at a certain time.
Besides compaction, other mechanisms, such as tectonic sub-
sidence, must be taken into consideration (Bungenstock and
Weerts, 2010). Therefore, the sea-level position for each data
point can only be seen as a relative indicator (Fig. 11) and
must not be transferred to other locations, where different
sedimentary and tectonic settings may prevail (Bungenstock
and Weerts, 2012).

Although establishing a relative sea-level curve for the
Supsa area remains challenging due to the small number of
radiocarbon-dated index points of the former sea levels, a
local relative sea-level position at about −10 to −8 m can
be reconstructed for the time between 4000 and 3500 BCE.
Later, during the first millennium BCE, a gradual but rel-
atively steep rise from −5 to −3/−2 m is suggested. Dur-
ing the second millennium CE, the RSL approximates the
modern level. We are aware that these 14C-dated sea-level
indicators and the limited knowledge about tectonics, com-
paction and subsidence rates (Gamkrelidze, 1998; Adamia
et al., 2011) include several uncertainties (Brückner et al.,
2010). Furthermore, changes in the coastline, e.g. opening or

closing of the lagoon (Lake Paliastomi) or dislocations of the
palaeochannel of the Supsa, might have had a major influ-
ence on the samples’ setting as well. However, the compar-
ison with earlier studies of the region reveals at least sim-
ilar trends. In general, the sea-level evolution in the Supsa
area mirrors the investigations between the rivers Rioni and
Khobistskali (Laermanns et al., 2017a). However, the steeper
RSL rise from the fourth to the first millennium BCE pre-
sented there (Fig. 11) might be attributed to the different lo-
cation closer to the Rioni and the resulting different com-
paction and subsidence.

There are several similarities between these RSL data from
Georgia and those from the Taman Peninsula at the sites of
Semebratnee (Brückner et al., 2010), Golubitskaya (Kelter-
baum et al., 2011) and Dschiginka (Fouache et al., 2012).
Especially when compared to the RSL curves of Semebrat-
nee and Golubitskaya for the last ∼ 3000 years, these curves
look much like the one from the Supsa delta region. Before
2000 BCE, our RSL indicators fit well with the curves of Se-
mebratnee and Dschiginka. In general, the RSL curve from
the Colchian coast of Georgia resembles those of the Taman
Peninsula and others of the Mediterranean quite well (Vött,
2007; Vött et al., 2007; Brückner et al., 2010). As already
stated, the differences between the single curves most likely
originate from local effects, such as different subsidence and
compaction rates as well as local tectonics. It is in any case
noteworthy that no hints for significant sea-level oscillations
during the mid-Holocene to late Holocene, as proposed by
various authors (especially Balabanov, 2007), were detected
in our data.

5.3 Palaeo-environmental evolution of the Supsa delta
area

The sediment record elucidated by the drilling from the
Supsa area yields some hints for the landscape change that
has taken place since the mid-Holocene. While being a con-
tribution to the complex formation of the fan, the data from
individual cores can only provide local information. How-
ever, several repetitive patterns were identified, so that the
general process pattern can be revealed.

The sands in the lowermost part of sediment core SUP 10
closely resemble, in terms of geochemistry, sorting and grain
shape parameters (Figs. 7, 9 and 11), those of sediment core
PIC 2, suggesting a littoral relocation of deposits originating
from the Rioni; this may explain their differentiation from
the Supsa fan deposits. Due to their slightly better sorting
and a possible relocation, they were considered not to be de-
posits of the alluvial fan sensu stricto and were classified as
fluvio-marine deposits instead (Fig. 7). Considering the 25-
times higher sediment load of the Rioni today (Berkun et al.,
2015), this seems quite likely. However, there is no evidence
for a progradation of the Supsa fan to any of the investigated
sites before 3000 BCE (Fig. 12a). Instead, the growth of par-
alic (coastal) peat continued, comparable to the Rioni area

www.eg-quaternary-sci-j.net/68/119/2019/ E&G Quaternary Sci. J., 68, 119–139, 2019



134 H. Laermanns et al.: Coastal lowland and floodplain evolution along the Supsa River

Figure 12. Palaeoenvironmental evolution of the Supsa delta re-
gion and adjacent areas. The transformation from lagoonal condi-
tions (a) to an alluvial plain took place since at least 3000 BCE.
The Supsa River built a remarkable fan that prograded first north-
wards (b) and later shifted westwards (c). During the first millen-
nium BCE, Colchians and Greeks settled between the fan and the
coastline which is documented by ceramic finds and graves, among
other sources.

further north (Laermanns et al., 2017a). This holds true for
northern and western parts of the Supsa fan, where at the
sites of the sediment cores SUP 3 and SUP 4 peat growth
is indicated since the mid-fifth to the mid-fourth millennium
BCE (Figs. 5, 6 and 12, Table 1). This indicates that at least
since some time before 3000 BCE, a sand spit had evolved by
the longshore drift, which separated the research area from
the open sea. Since then, lagoonal conditions represented
the continuation of the Holocene transgression (Ryan, 2007;
Giosan et al., 2009; Fouache et al., 2012). When the growth
of the paralic peat could not keep pace with the ongoing rise
in sea level, it was covered by fine-grained sediments related
either to standing water bodies, such as shallow lagoons or
coastal lakes, or to alluvial deposits (for SUP 4, see Fig. 6).

In contrast to this general process, which can be assumed
for the entire Colchian plain during the mid-Holocene, the
evolution of the Supsa fan forms an outstanding element
of the local geomorphology. While in the open plain fine-
grained material dominated the stratigraphy, the Supsa River
introduced an exceptional share of coarser sediments on the
plain, related to the formation of the semi-circular alluvial
fan just north of the foothills of the Lesser Caucasus. Its nat-
ural shape is clearly visible and protrudes beyond the sur-
rounding plain, although the intensive agricultural use and
drainage systems have strongly reshaped the terrain.

Furthermore, the sandy sediment of the Supsa fan can be
separated from sandy deposits of the Rioni-dominated flood-
plain sediments by higher K and Fe contents, a higher grade
of sphericity and slightly poorer sorting (Fig. 10), which
most likely derived from the different geologic settings and
transport distances. The typical interdigitations of alluvial
fan-related distributary channels and fine-grained alluvial de-
posits are reflected in sediment core SUP 3 and in the up-
per part of SUP 10. The chronostratigraphy of SUP 3 in
the northern part of the fan indicates that channel deposits
of ∼ 2.40 m thickness reached that site after the mid-third
millennium BCE (Fig. 12b). Similar deposits were found in
sediment cores SUP 4 and SUP 10 in the western section of
the fan, although of different thickness and grain size; here,
these channel deposits accumulated considerably later, i.e. in
the first millennium CE (Fig. 12c). A comparable layer re-
curs in the northern sediment core SUP 3 as well, just above
a peat layer, which dates to the second half of the first mil-
lennium BCE. These results indicate that the main activity
and progradation of the Supsa fan shifted between the second
millennium BCE and the first millennium CE from north to
west.

Besides this general fan evolution several areas were
only marginally affected by the progradation. Sediment core
SUP 5, where only fine sediments were found, exemplifies
that close to the foothills of the Lesser Caucasus the qui-
escent depositional conditions of the central Colchian plain
have prevailed over a longer period. However, the neighbour-
ing sediment core SUP 6 shows river-dominated deposits
from the small tributary valley (Figs. 1, 12).

E&G Quaternary Sci. J., 68, 119–139, 2019 www.eg-quaternary-sci-j.net/68/119/2019/



H. Laermanns et al.: Coastal lowland and floodplain evolution along the Supsa River 135

In contrast, the area west of the Supsa fan, around the mod-
ern river mouth, reveals a different stratigraphy. In the sedi-
ment core SUP 7 (Fig. 2), coarse sand that is most likely of
littoral origin dominates, which is reflected by the relatively
high Ca/K and Ca/Fe ratios and the low Fe contents (Davies
et al., 2015). However, the lower sections resemble, to a cer-
tain extent, the (fluvial) deposits of the sediment cores taken
from the Supsa fan, although the main grain size is coarser
and comparable to the fluvial deposits of sediment core PIC 2
in the Rioni catchment. Plus, the sand is better sorted, which
indicates littoral relocation and reworking through longshore
drift (Folk and Ward, 1957; Hesp, 2002). The location in the
PCAs in Fig. 10 confirms the different composition and de-
position. Conditions gradually change upwards, document-
ing the increasing influence of the Supsa River at the site of
SUP 7.

Considering the sediment successions at all the investi-
gated sites we can assume that already before 3000 BCE the
research area was already characterized by standing water
bodies, likely related to lagoonal environments with fine-
grained sediments, separated from the open sea by a con-
tinuously evolving beach barrier complex. Due to contin-
ued riverine sediment input, the lagoons silted up (Berkun
et al., 2015) and extended peat bogs formed landwards of the
beach ridges. Comparable processes are known from the cen-
tral Kolkheti lowlands (Laermanns et al., 2017a), as well as
from areas further south (Connor et al., 2007; de Klerk et al.,
2009). The formation of the Supsa fan has advanced at least
since the third millennium BCE, first to the north and later to
the west.

5.4 Human occupation

Traces of human occupation in the research area can be found
in sediment core SUP 10, where the entire layer between 7.51
and 6.56 m b.s. is full of brick fragments, ceramic remains
and charcoal fragments. Obviously, a human settlement ex-
isted at or close to this coring site. The radiocarbon ages from
the uppermost part of the layer below and the uppermost
part of the archaeological stratum, indicate an occupation be-
tween 1893–1701 BCE and 778–990 CE (Table 1). The huge
age gap within a rather small vertical distance could have
been caused by the removal of sediments at the beginning
and during the settlement periods. Although the homogene-
ity of the brick fragments hints at a same origin, it remains
unclear if this settlement is of Colchian, Greek or Roman
and/or Byzantine origin. In any case, besides the artefacts,
the geochemical evidence, namely the sharp increase in Cu
and Zn values, confirms human activities.

The area of the findings is located between the present
shoreline in the west and the northern part of the Supsa fan in
the east. This suggests that ancient people settled in the vicin-
ity of the swampy but fertile back-barrier areas, which had
been built up by alluvial deposits since at least ca. 2000 BCE
(in the case of the SUP 10 site). According to the radio-

carbon ages, the gradual shift to a floodplain environment
was completed between the 9th and the 11th centuries CE
(Figs. 5, 6). Such settlement locations are known from differ-
ent sites along the Colchian coast, e.g. close to Ureki (Miron
and Orthmann, 1995; Gamkrelidze, 2012) or near Kobuleti,
where the ancient settlement of Ispani was situated in a simi-
lar back-barrier position (Connor et al., 2007; de Klerk et al.,
2009); it was later covered by sands.

6 Conclusions

Based on the analysis of eight sediment cores a significant
landscape change could be proven for the Supsa delta fan and
the adjacent areas on the Colchian plain. By using a combi-
nation of sedimentological and geochemical parameters, dif-
ferent depositional facies were identified. Their succession
reflects the palaeoenvironmental evolution of the area over
the last 6000 years. The southern part of the Colchian plain
underwent a similar morphogenesis as the areas of the Rioni
and other rivers further north (Laermanns et al., 2017a). Al-
though the complex setting of the delta forms a challenging
geo-archive, several general trends can be assumed.

After the deceleration of the postglacial sea-level rise
around 7000 years ago (Brückner et al., 2010), deltaic
progradation became the dominant landscape-forming
coastal process (Anthony et al., 2014). In the research area,
a beach barrier complex evolved, which led to the forma-
tion of extended lagoons. Thus, the area was separated from
the open sea by longshore-transported sediments. The Supsa
River debouched into this vast lagoon and later floodplain
environment. It has formed a remarkable alluvial fan at least
since the third millennium BCE. This fan stands out with
its elevated relief and a sediment stratigraphy that can well
be differentiated from the Rioni-dominated deposits of the
Colchian plain by grain-shape characteristics and geochem-
ical parameters. The beach barrier complex first developed
with material that had been eroded from cliff sections to the
south and later also by sediments that originated from the
Rioni and the Supsa rivers.

The indicated sea-level evolution must be considered with
caution due to limited information about subsidence and
compaction rates, the complex delta setting, and only a few
index points. Nevertheless, an overall continuous rise is sug-
gested, and the sea-level trend resembles the RSL curves
from the Taman Peninsula (Fouache et al., 2012) and the cen-
tral parts of the Colchian plain (Laermanns et al., 2017a).
However, considering the mentioned challenges, our results
should rather be taken as an indication for the sea-level trend,
not as a sea-level curve.

Data availability. All data presented in this study were collected,
analysed, and interpreted by the authors and are published here. If
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shown in the graphs (e.g. Fig. 5) so values are publicly accessible.
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Abstract: Until now, reliable chronological classifications based on numerical ages for many Pleistocene fluvial
deposits in the Alpine Foreland were rare. In this study, new numeric data (ESR, OSL, 14C) from
Middle and Upper (Late) Pleistocene Hochterrassen (high terraces) and Übergangsterrassen (tran-
sitional terraces) in the Bavarian Alpine Foreland are presented. The dating results imply that the
Hochterrassen gravel sensu stricto were deposited during the penultimate glacial (MIS 6, Rissian),
and that underlying older gravel accumulation are predominantly of penultimate interglacial (MIS 7,
Riss–Riss interglacial) age. In some areas of the Hochterrassen in the Danube valley south of Regens-
burg (interglacial Hartinger Schichten, Harting layers), and in some areas of the Rainer Hochterrasse
(basal gravel unit I), Hochterrassen gravels are underlain by much older interglacial gravel deposits.
These interglacial basal gravel deposits illustrate that the downcutting of these valleys far away from
areas of Pleistocene foreland glaciations happened predominantly during warm-temperate interglacial
or late-glacial periods. One last interglacial (MIS 5e, Riss–Würm interglacial) Hochterrasse is mor-
phologically preserved in the Isar valley. This Jüngere Moosburger Hochterrasse is composed of the
Fagotienschotter (Fagotia gravel, named after the gastropod Fagotia acicularis). The next younger
terraces are the Early to Middle Würmian (MIS 5d to MIS 3?) Übergangsterrassen (transitional ter-
races), whereas the younger one of the two Übergangsterrassen was formed most probably during the
Middle Würmian (MIS 3).

Kurzfassung: Chronostratigraphischen Einstufungen pleistozäner fluvialer Ablagerungen und Formen im Alpen-
vorland mangelt es bis heute an verlässlichen numerischen Altersdaten. Um diese Lücke etwas zu
schließen, werden in diesem Beitrag neue numerische Altersdatierungen (ESR, OSL, 14C) von den
mittel- und ober (jung)-pleistozänen Hochterrassen und Übergangsterrassen im Bayerischen Alpen-
vorland vorgestellt. Danach wurden die Hochterrassenschotter sensu stricto im vorletzten Glazial

Published by Copernicus Publications on behalf of the Deutsche Quartärvereinigung (DEUQUA) e.V.



142 G. Schellmann et al.: Middle and Upper Pleistocene terraces in the Bavarian Foreland

(MIS 6, Riss) und eventuell erhaltene ältere Sockelschotter vor allem im vorletzten Interglazial (MIS
7, inner-RißInterglazial) abgelagert. Das schließt allerdings nicht aus, dass unter einzelnen Hochter-
rassenschottern wie im Donautal südlich von Regensburg (interglaziale Hartinger Schichten) oder im
Bereich der Rainer Hochterrasse (basaler Schotterkörper I) auch noch ältere interglaziale Kieskörper
erhalten sein können. Die Relikte warmzeitlicher Sockelschotter weisen darauf hin, dass die Tiefer-
legung der Talsohlen in Tälern, die weiter von den alpinen Vorlandvergletscherungen entfernt sind,
verstärkt in den Inter- und Spätglazialen stattgefunden hat. Letztinterglazialer (Eem, MIS 5e) Herkunft
ist die im Isartal erhaltene Jüngere Moosburger Hochterrasse, deren Kieskörper nach den manchmal
enthaltenen Schneckenschalen der Gattung Fagotia acicularis auch als Fagotienschotter bezeichnet
wird. Die nächst jüngeren Terrassen sind die früh- bis mittelwürmzeitliche (MIS 5d bis MIS 3?) ältere
Übergangsterrasse 1 und die mittelwürmzeitliche (MIS 3) jüngere Übergangsterrasse 2.

1 Introduction

In the Northern Alpine Foreland, large river valleys like
the Danube (German: Donau) valley and its tributaries Iller,
Lech and Isar (Fig. 1) are characterised by well-developed
stepped fluvial terrace systems, which are partly connected
to terminal moraines of Quaternary glaciations in front of the
Alps. Penck and Brückner (1901–1909) described these mor-
phostratigraphic relationships between terminal moraines
and associated fluvial terraces (respectively fluvial gravel de-
posits) of different elevations for the first time. They named
the four glaciations (from old to young) Günz, Mindel, Riss,
and Würm and the associated terrace levels (from old to
young) Älterer Deckenschotter (Older Cover Gravel), Jün-
gerer Deckenschotter (Younger Cover Gravel), Hochterrasse
(HT, high terrace, high terrace gravels) and Niederterrasse
(NT, lower terrace; lower terrace gravel). In later studies, ad-
ditional glaciations like the “Donau glaciation” (Eberl, 1930)
and “Biber glaciation” (Schaefer, 1957) as well as further
fluvial terrace levels like the Hochschotter (highest cover
gravel) by Graul (1943) or the Übergangsterrassen (ÜT,
transitional terraces; transitional terrace gravel) by Schell-
mann (1988) have been differentiated.

This article focuses on the Middle to Upper (Late)
Pleistocene Hochterrassen and Übergangsterrassen of the
Danube, Isar, Lech and Iller rivers. It was Penck (1884)
who for the first time used the morphostratigraphic term
Hochterrasse for fluvial terraces that are situated some me-
tres (mostly 7 to 15 m) above the valley floors, and the term
Niederterrasse for those that are located in the valley floor
usually up to 2.5 m above the floodplains. Penck and Brück-
ner (1901–1909) attributed all Hochterrassen to the Ris-
sian (penultimate glaciation, late Middle Pleistocene) and
all Niederterrassen to the Würmian glaciation (last glacia-
tion, Upper Pleistocene) of the Alpine Foreland. In more re-
cent studies, further loess-covered terrace levels, the Lower
to Middle Würmian Übergangsterrassen (e.g. Schellmann,
1988, 2010; Unger, 1999; Kroemer, 2010; Doppler et al.,
2011; Schielein and Schellmann, 2016b), were described be-
tween the levels of the Hochterrassen and the Niederter-

rassen in some valleys (e.g. Danube, Isar, Lech valley). In
general, the locally specific morphological position of the
Übergangsterrassen and the loess cover is the reason for
an occasionally incorrect stratigraphic interpretation of the
Übergangsterrassen as Niederterrasse or Hochterrasse, re-
spectively.

Each of these different levels of fluvial terraces within the
range of some metres above the modern valley floors can be
subdivided additionally into further terrace sublevels with in-
dividual fluvial gravel deposits: in some valleys of the Bavar-
ian Alpine Foreland the Hochterrassen can be subdivided
morphologically into two (e.g. Penck and Brückner, 1901–
1909; Miara, 1996; Miara and Rögner, 1996) or three sub-
levels (e.g. Schellmann, 1988, 2017b, and further references
therein). The terrace gravels are sometimes superimposed on
older basal gravel units (e.g. Bibus and Strahl, 2000; Leger,
1988; Schellmann 1988, 1990, 2016b, 2017b; Schellmann
et al., 2010; Schielein et al., 2015). Likewise, the Lower to
Middle Würmian Übergangsterrassen are sporadically sub-
divided in two different sublevels (Schellmann, 2010, 2018b;
Doppler et al., 2011).

A detailed review of the current stratigraphical system for
Quaternary terrace units and for different terminal moraines
in southern Bavaria was presented by Doppler et al. (2011).
Here, we followed the stratigraphic nomenclature of the
Bavarian Geological Survey, which correlates the Würmian
to MIS 5d up to MIS 2, the Rissian to MIS 10 up to MIS
6, and the Mindelian to MIS12 and older (cf. Doppler et al.,
2011: Table 3).

All in all, Doppler et al. (2011) showed that secure chrono-
logical classifications based on numerical ages are rare for
many Pleistocene fluvial deposits in the Alpine Foreland.
Whereas the age of the Holocene terrace gravels (H) and
the Upper Würmian (MIS 2) Niederterrassen gravels in the
Bavarian Alpine Foreland is relatively well established by
numerous radiocarbon and dendrochronological data from
river channel sediments, palaeochannel fills or overlaying
floodplain deposits (e.g. Schellmann, 2010, 2016a, 2017a,
2018a; Doppler et al., 2011), numerical ages of the Mid-
dle Pleistocene Hochterrassen deposits (e.g. Schielein et al.,
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2015; Rades et al., 2018, and further references therein) and
of the Lower to Middle Würmian Übergangsterrassen de-
posits are much scarcer (e.g. Doppler et al., 2011; Schell-
mann, 2010).

The earliest attempts to numerically date the Übergang-
sterrassen and Hochterrassen in the Bavarian Alpine Fore-
land started in the late 1980s. Luminescence dating tech-
niques were used focusing on the age determination of the
loess cover and the palaeosols on top of the Hochterrassen
(Rögner et al., 1988; Zöller, 1995; Miara, 1996; Miara and
Rögner, 1996; Becker-Haumann and Frechen, 1997) or the
Übergangsterrassen (Buch and Zöller, 1990, see also discus-
sion by Schellmann, 2010; Zöller, 1995). Later, Fiebig and
Preusser (2003) presented the first infrared stimulated lumi-
nescence (IRSL) measurements on feldspar extracted from
sandy layers in Hochterrassen (see Sect. 5) deposits near
Ingolstadt, Neuburg and Rain. Thus far, luminescence dat-
ing remains the mainly used dating method in the Northern
Alpine Foreland. However, luminescence data from fluvial
deposits in the Northern Alpine Foreland often suffer from a
large scatter in equivalent dose estimates either due to insuf-
ficient signal intensities, aberrant luminescence properties,
incomplete bleaching of the samples, fading phenomena or
a combination of these (e.g. Klasen, 2008; Schielein et al.,
2015; Klasen et al., 2016; Trauerstein et al., 2017; Rades et
al., 2018).

In the light of these problems when dating fluvial sedi-
ments using luminescence, during the last few years we con-
centrated on electron spin resonance (ESR) dating of small
gastropods from the aeolian loess cover on top of the fluvial
gravel deposits and from shell-bearing clods of sandy loam
and marl in the gravel deposits of the Übergangsterrassen
and the Hochterrassen.

First ESR data have already been obtained by dating a rel-
atively large land-snail shell from a clod of marl in the basal
gravel of the Langweider Hochterrasse in the Lech valley
northwest of Augsburg (Schielein et al., 2015). At that loca-
tion, the upper gravel was dated by IRSL to the penultimate
glaciation (Rissian, MIS 6) around 160± 15 to 179± 20 ka.
One sample from the basal gravel unit yielded an IRSL age of
263±29 ka, whereas four further samples could not be dated
by IRSL. The land-snail shell of Succinea putris, embedded
in a loamy clod at a depth of approximately 11 m below the
surface, was dated by ESR to 204± 27 ka (Schielein et al.,
2015), which indicates a deposition of this basal gravel most
likely during MIS 7. The difficulty in dating this basal gravel
unit by luminescence and the discrepancy between IRSL and
ESR data illustrate the need for further investigations.

Recent ESR dating studies on small land-snail shells
demonstrate that ESR is a valuable additional method whose
upper dating limit supposedly extends beyond MIS 7, an age
range similar to that of mollusc shells or corals (e.g. Schell-
mann et al., 2018). While the ESR dating method can also en-
counter methodological problems, the most severe problem
of its application in this context is to find gastropods bear-

ing sediments, especially in the investigated fluvial gravel de-
posits, with sufficient amount of dating material (> 5 g shell
material), if present at all.

Here, we focused on the age of the Übergangsterrassen
and the Hochterrassen deposits in the Bavarian Alpine Fore-
land in the light of new numerical dating results (ESR, OSL,
and 14C). We also present some new information about the
gastropod fauna, which was found in the sampled aeolian
and fluvial sediments leading to the question of the climatic
conditions during terrace formation and its different gravel
deposits.

2 Regional context and investigated areas

All sample sites are located in the Bavarian Alpine Fore-
land (Fig. 1) and were sampled during geological field map-
pings of larger parts of the valley floors of the Danube, Lech,
Wertach and Isar rivers in the past years (Schellmann, 2010,
2016a, 2017a, 2018a). In these valleys, prominent flights
of Middle Pleistocene Hochterrassen and of early to mid-
dle Late Pleistocene Übergangsterrassen are preserved. All
of them are accumulation terraces and consist of some me-
tres (mostly 4 to 7 m) thick deposits of fluvial gravels and
sands which are often overlain by fine-grained aeolian loess
or sandy loess deposits. In particular, in areas with unusu-
ally thick fluvial gravel accumulations, the Hochterrassen
deposits are composed of two stacked gravel deposits with
an older fluvial facies at the base and a cold climate Hochter-
rassen deposit sensu stricto at the top. This was described
for the first time in the Danube valley downstream of Re-
gensburg (Fig. 1), where an interglacial fluvial facies (deter-
mined by pollen analysis) named the Hartinger Schichten
is preserved at the base of the oldest of three Hochter-
rassen levels (Schellmann, 1988, 1990; Schellmann et al.,
2010). In the same area, the unusually thick (up to 11.5
to 13.5 m) fluvial gravel deposits of the youngest Hochter-
rasse consist of a basal, approximately 8 m thick sand-rich
gravel unit with numerous limestone cobbles dislocated from
the nearby Jurassic Alb. This basal gravel unit was overlain
by an approximately 4 m thick, very coarse-grained gravel
deposit (the younger Hochterrassen deposit sensu stricto)
with numerous pebbles from the Alps, and with boulders
up to 1.2 m× 0.8 m× 0.4 m in diameter (Schellmann, 1988).
Schellmann (1988, p. 124) did not address the question of
whether the two gravel units have been deposited under dif-
ferent climatic conditions or if they only represent a local
phenomenon.

A predominantly sandy gravel unit at the base of coarse-
grained and cobble-rich Hochterrassen deposits has been
found during geological mapping of the upper Danube val-
ley (Fig. 1: Dillinger Hochterrasse) and in the Lech val-
ley (Fig. 1: Langweider Hochterrasse and Rainer Hochter-
rasse. Geological maps of these areas including explanations
were published by Schellmann (2016b, 2017b) and Schielein
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Figure 1. Location of Middle Pleistocene (Rissian) Hochterrassen and lower to middle Upper Pleistocene (Würmian) Übergangsterrassen
in the Bavarian Alpine Foreland including sampling sites mentioned in the text.

and Schellmann (2016a, b). From a lithostratigraphic point
of view, these basal gravel units could either be only sev-
eral hundreds to several thousands years older or even one
or more glacial–interglacial periods older than the super-
imposed penultimate glacial accumulation of the Hochter-
rassen gravel sensu stricto. In this respect, only numeric dat-
ing methods can give a more accurate chronostratigraphical
classification.

Numeric dating results are also essential for a geochrono-
logical classification of the Jüngere Moosburger Hochter-
rasse in the Isar valley west of Moosburg (Fig. 1: sam-
ple site d). A geological map of this area including expla-
nations has been published by Schellmann (2018b). Here,
Nathan (1953) for the first time found sand lenses with an
interglacial gastropod fauna like Fagotia acicularis embed-
ded in the Hochterrassen gravel. Therefore, this Hochter-
rassen deposit is also known by the name “Fagotienschot-
ter” (Fagotia gravel). Whereas Nathan (1953), Brunnacker
and Brunnacker (1962), Brunnacker (1966), and Jerz (1993)
postulated a last interglacial age, Kovanda (2006) assumed a
much older age, older than Mindel.

More numeric age data are also needed for the loess-
covered Lower to Middle Würmian Übergangsterrassen
(e.g. Doppler et al., 2011, and further references therein).
They are older than the pleniglacial (MIS 2) deposition
of the oldest Niederterrasse (i.e. NT1), younger than the
youngest penultimate glacial Hochterrassen deposits, and
younger than the accumulation of the interglacial Jüngere
Moosburger Hochterrasse. Übergangsterrassen are well pre-
served in the Danube valley near Dillingen (e.g. Schellmann,
2017b) and downstream of Regensburg (e.g. Schellmann,

2010), in the Isar valley near Moosburg (Schellmann, 2018b)
and at the confluence of the Isar and Danube valley (e.g.
Kroemer, 2010; Unger, 1999; Schellmann, 1988) for exam-
ple.

3 Sample sites and methods

Samples of ESR dating (snail shells and the surrounding
sediment within 30 cm in diameter) and for luminescence
dating were collected during geological field mapping of
Holocene, Late and Middle Pleistocene fluvial terraces along
the Danube, Lech, Wertach and Isar rivers over the past 10
years (Schellmann, 2010, 2016a, 2017a, 2018a).

Shells from land snails were sampled from loamy or marly
clods, which were embedded in fluvial gravel and sands of
the Langweider and Rainer Hochterrasse (Fig. 1: sample
site a and c), of the Dillinger Hochterrasse west of Höch-
städt (Fig. 1: sample site b), and of the Jüngere Moos-
burger Hochterrasse west of Moosburg (Fig. 1: sample site
d). These clods were eroded from the adjacent floodplain
or from islands in the riverbed during the deposition of the
terrace gravels. Shells from gastropods were also collected
from the sandy loess cover on the Übergangsterrasse in the
Isar valley south of Moosburg (Fig. 1: sample site e), and in
the Danube valley west of Natternberg near the Isar–Danube
confluence (Fig. 1: sample site f). Luminescence samples
were collected and dated from the sandy loess cover on the
Übergangsterrasse in the Iller valley northeast of Memmin-
gen (Fig. 1: sample site g). Here, Schaefer (1940, 1953)
and Brunnacker (1953) postulated that this loess-covered ter-
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race (named Fellheimer Feld) is older than the Würmian
pleniglacial Niederterrasse (named Erolzheimer Feld).

The accuracy of the ESR dating results was checked by
parallel dating of two Upper Würmian snail shells by the
accelerated mass-spectrometric (AMS) radiocarbon method
(Table 1). In addition, at three localities, the ESR data could
be compared with luminescence data (Fig. 1: sample sites a,
f, g). A further check was made by ESR dating of land-snail
shells from different clods of sandy loam, which were em-
bedded in the basal facies of the Dillinger Hochterrasse of
the Danube (Fig. 1: sample site b). The composition of the
gastropod fauna at some sample sites gave helpful palaeo-
ecological information on whether they lived in an inter-
glacial or glacial period. This is also useful to verify the reli-
ability of numeric dating results in general.

Samples for ESR dating were prepared in the sediment
laboratory of the University of Bamberg. After cleaning man-
ually, the thickness of the shell fragments was measured us-
ing a micrometer or reflection electron microscope (REM)
measurements. REM investigations of some shell thicknesses
were undertaken in the laboratory of the Department of
Building Preservation Sciences of the University of Bam-
berg. Both techniques yielded congruent results after hav-
ing measured the thickness from about 20 points per sam-
ple. Afterwards, the shells were carefully ground by hand
and sieved with a final grain size of 125 to 250 µm. The ESR
signals were measured in the ESR laboratory of the Institute
of Geography at the University of Cologne. Due to the small
amount of shell material it was necessary to put together a
mixture of different individuals to obtain sufficient material
for a single sample. In five cases, mixtures of different spec-
imens from one sample site had to be used (Table 1: Ba32,
Ba33, Ba42, Ba43, Ba56).

At some locations, particle sizes and carbonate content of
the loess cover were determined using the pipette method af-
ter Köhn and Köttgen and volumetrically after Scheibler.

3.1 ESR measurements and equivalent dose (DE)
calculations

A multiple aliquot additive-dose procedure was applied for
ESR DE determination. Depending on the amount of avail-
able sample material, 18 to 20 aliquots per sample were
used. For sample K5838 material for only 10 aliquots was
available. Due to limited sample material each aliquot has a
weight between 0.02 and 0.07 g (Table 1) instead of the com-
monly used 0.2 g. All aliquots were re-weighed after ESR
measurement to correct the corresponding ESR signal am-
plitudes if needed.

All samples were γ -irradiated by a 60Co source
(Helmholtz Center in Munich, effective dose rates of 0.8–
5.2 Gy min−1) prior to ESR measurements with maximal
doses up to 784 Gy for the Middle Pleistocene shells (Ta-
ble 1).

The ESR measurements were performed at room temper-
ature on a Bruker ESP 300E X-band spectrometer or on
a Bruker ELEXSYS 500 X-band spectrometer working at
a frequency of 9.7–9.8 GHz. Measurement conditions were
microwave power of 10, 25 or 101 mW, modulation ampli-
tude of 0.485 G, conversion time of 20.48 ms, time constant
of 163.84 ms and sweep time of 20.972 s. Depending on the
individual signal-to-noise ratio, between 5 and 40 scans were
used to record the ESR spectra. TheDE was derived from the
analysis of the dating signal at g = 2.0007 (Fig. 2), which
was successfully used by Schellmann and Kelletat (2001)
in the context of ESR dating of snail shells from aeolian-
ites in Cyprus. The investigated shells are largely composed
of aragonite, whereas some shells also contain some calcite
layers (Table 1; Fig. 2). Already the smallest traces of cal-
cite (< 2 %) exhibit six triplets of hyperfine Mn2+ lines in
the ESR spectra (Fig. 2a; e.g. Low and Zeira, 1972; Molod-
kov, 1988, 1993; Inoue et al., 2000), which may overlap
with the left shoulder of the ESR signal at g = 2.0007. In
such cases ESR dating is not possible with the method used
here. The signal peak at g = 2.0007 was determined by ad-
ditional measurements of a DPPH standard, an aragonitic
coral (Acropora palmata) from Cuba and an aragonitic mol-
lusc shell (Protothaca antiqua) from the Patagonian Atlantic
coast (Fig. 2b).

The DE–Dmax plot (DDP) procedure was used for DE
determination (Fig. 2c). This plateau screening method for
DE determination and some further details of ESR mea-
surement parameters, number of aliquots and irradiations
steps, timing of major U-uptake processes in mollusc shells
and corals have been described in detail by Schellmann and
Radtke (1999, 2001), and Schellmann et al. (2008). The DE
was calculated using a single saturation exponential func-
tion with the program “simplex-fit” (version 1993) written
by Rainer Grün.

3.2 Dose rate and age calculations

The natural radioactivity of the surrounding sediments (ex-
ternal dose rate) was determined by measuring the radioac-
tive elements uranium (U), thorium (Th) and potassium (K),
and the radioactivity of the snail shells (internal dose rate) by
measuring the internal U content. U and Th contents were de-
termined at the Jülich Research Centre and some samples at
the Landeslabor Berlin-Brandenburg by inductively coupled
plasma mass spectrometry (ICP-MS). The K content was
measured at the University of Bayreuth via inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) and
partly at the Bavarian Geological Survey via X-ray fluores-
cence (XRF) analysis. For some samples double analyses of
U, Th and K were performed and their mean value was used
for ESR age calculations (Table 1). Cosmic dose rates were
calculated following Prescott and Hutton (1994) using the
current depth of the sample below terrain surface. These es-
timates were used in the “ESR-Data V-6” software (Grün,
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Table 1. Samples and dose rate data, equivalent doses, ESR ages and AMS radiocarbon data.

Sample no. Ba08 Ba13 Ba32 Ba33 Ba43 Ba55 Ba56

Locality Do14/8b Do14/8b Is16/4 Is16/5 Is16/7 Is17/1b*1 Is17/1b*2
Stratigraphy ÜT ÜT ÜT ÜT Jüngere Moosburger HT Jüngere Moosburger HT Jüngere Moosburger HT
Sample depth (cm) 380± 10 380± 10 50± 10 105± 10 250± 20 200± 30 200± 30

Species Succinea putris Succinea putris Succinea putris Trochulus sp. Arianta arbustorum Arianta arbustorum Aegopinella cf. nitens
Succinella oblonga Succinea putris Aegopinella cf. nitens Trochulus hispidus

Stagnicola sp. Succinella oblonga
Trochulus hispidus

a Calcite (ESR, XRD) ∼ 2 % ∼ 2 % yes yes no yes yes
Thickness (µm) 290± 90 290± 90 100± 41 117± 39 214± 88 390± 104 112± 38
b Removed size (µm) 120 120 – – – – –
Weight/aliquot (g) 0.070 0.070 0.020 0.020 0.030 0.020 0.020
Aliquots (n) 20 20 19 18 20 20 20
Dmax (Gy) 784 592 140.2 131.9 562.9 544.25 544.25
U shell (ppm) 1.015± 0.015 1.015± 0.015 0.470± 0.130 0.530± 0.010 0.463± 0.012f 0.449± 0.006 0.430± 0.300
U sediment (ppm) 1.59± 0.015 1.59± 0.015 1.800± 0.040 1.000± 0.040 1.405± 0.065f 1.520± 0.030 1.520± 0.030
Th sediment (ppm) 7.70± 0.20 7.70± 0.20 3.10± 0.70 8.60± 0.50 6.50± 0.25f 5.10± 0.20 5.10± 0.20
K sediment (wt. %) 1.18± 0.03f 1.18± 0.03f 0.844± 0.02f 1.006± 0.06f 0.859± 0.02f 0.981± 0.07f 0.981± 0.07f

H2O (wt. %) 21± 4 21± 4 16± 3 14± 3 10± 3 12± 2 12± 2
D′ (µGy a−1) total 1429± 83 1429± 83 1858± 77 1583± 69 1407± 75 1288± 68 1499± 74
D′int (µGy a−1) 94± 14 94± 14 32± 10 40± 7 66± 12 69± 11 55± 39
D′cos (µGy a−1) 127± 2 127± 2 199± 4 182± 3 147± 4 156± 7 156± 7
DE (Gy) 43.6± 2.6 43.7± 2.6 30.4± 4.7 36.7± 1.6 182.3± 20.3 168.6± 16.4 177.6± 20
Age (EU) 30.5± 2.6 ka 30.6± 1.9 ka 16.4± 2.6 ka 23.2± 1.4 ka 130± 16 131± 14 119± 15
Age (LU) 31.6± 2.7 ka 31.8± 2.0 ka 16.4± 2.6 ka 23.5± 1.4 ka 130± 16 131± 14 119± 15
c 14C age (years) 16 160± 40 14C BP 18 680± 60 14C BP
d cal BP (2σ ) 19 324–19 670 cal BP 22 385–22 715 cal BP
e 14C Lab. no. Beta 470 771 Beta 485 050

Sample no. Ba12 Ba09 Ba11 Ba14 Ba15 Ba42 K5838

Locality Le14/3 Do13/8 Do13/8li Do13/8 Do14/9 Le16/5c Le11/31
Stratigraphy Langweider HT Dillinger HT Dillinger HT Dillinger HT Dillinger HT Rainer HT, unit II Rainer HT, unit II
Sample depth (cm) 200± 50 530± 15 530± 20 530± 15 560± 10 480± 20 660± 15

Species Trochulus hispidus Arianta arbustorum Arianta arbustorum Fruticicola fruticum unknown Helicodonta obvoluta unknown
Aegopis verticillus

a Calcite (ESR, XRD) yes ∼ 2 % no no no yes no
Thickness (µm) 53± 10 283± 68 283± 68 220± 80 250± 30 168± 126 550± 50
b Removed size (µm) – – – – – – –
Weight/aliquot (g) 0.020 0.060 0.050 0.026 0.035 0.020 0.022
Aliquots (n) 20 20 20 20 20 20 10
Dmax (Gy) 640 784 784 640 592 562.9 534
U shell (ppm) 1.140± 0.030 0.197± 0.006 0.183± 0.006 0.173± 0.004 0.330± 0.030 0.350± 0.020 0.500± 0.010
U sediment (ppm) 1.23± 0.01 1.59± 0.09 0.74± 0.06 0.68± 0.06 0.33± 0.10 1.906± 0.014 2.070± 0.030
Th sediment (ppm) 1.82± 0.01 4.70± 0.80 4.80± 0.20 4.75± 0.50 3.03± 0.10 5.10± 0.20 3.19± 0.10
K sediment (wt. %) 0.42± 0.10 1.11± 0.03f 1.12± 0.02f 1.12± 0.02f 1.02± 0.10 0.981± 0.07f 0.750± 0.020
H2O (wt. %) 15± 5 17± 3 17± 3 20± 4 20± 4 21± 4 25± 5
D′ (µGy a−1) total 963± 73 1102± 62 1132± 53 1122± 72 926± 57 1391± 110 893± 43
D′int (µGy a−1) 152± 29 34± 6 32± 6 32± 6 56± 11 58± 11 96± 4ˆ
D′cos (µGy a−1) 160± 10 106± 2 106± 3 106± 2 102± 1 111± 3 88± 2
DE (Gy) 150.7± 16.6 222.1± 13.7 240.6± 19.5 223.2± 21.2 190.8± 13.8 291.7± 35.8 191.5± 18.5
age (EU) 156± 21 ka 202± 17 ka 213± 20 ka 199± 23 ka 206± 20 ka 210± 31 214± 23
age (LU) 172± 23 ka 202± 17 ka 213± 20 ka 199± 23 ka 206± 20 ka 210± 31 214± 23

a Calcite (ESR) yes or no indicates with Mn2+ or without Mn2+ lines. b Thickness (µm) reduced by etching with 2 % HCl approximately 1 to 2 min. c AMS 14C ages (Beta
Analytic Florida). d Calibrated with IntCal13 (CALIB Rev. 7.0.4); due to hard-water effect the real age is most probably younger than the atmospheric calibrated 14C age. e Beta –
Beta Analytic Florida. MAMS – Curt-Engelhorn-Zentrum Archäometrie Mannheim. f Mean value of double or triple analysis; U, Th analysis by ICP-MS, K analyses by ICP-OES
or RFA. ESR age calculation uses: k factor of 0.07± 0.01 (Grün, 2007; Grün and Katzenberger, 1994); initial 234U/238U ratio 1.0± 0.2; density of shell 2.95± 0.02 g cm−3 EU –
age calculation assuming early U uptake or LU – linear (continuous) U uptake.

2009) to calculate the age of a sample. The water content
of the surrounding sediments was measured in the field us-
ing an electronic soil moisture meter. Measured values were
used for ESR age calculations with relative errors of 15 % to
30 % (Table 1).

Fortunately, all dated snail shells have low internal U con-
tents, often below 0.5 ppm (Table 1). Thus, ESR ages are the
same or do not differ significantly when they are calculated
under the assumption of an early (EU) or a linear (LU) U
uptake model (Table 1). Even so, mollusc shells seem to in-
corporate U after death very quickly in a few thousand years
(e.g. Schellmann et al., 2008), and consequently ESR age

calculation of Pleistocene shells should prefer an early U up-
take model, whereas ESR age calculations of Holocene shells
should be checked with different U-uptake models.

In the context of ESR age calculation we further used
(a) an alpha efficiency (k factor) of 0.07± 0.01 following
Grün (2007) and Grün and Katzenberger (1994), and we as-
sumed (b) an initial 234U/238U value of 1.0± 0.2, a value
commonly found in soils and sediments (e.g. Borylo and
Skwarzec, 2014; Vigier and Bourdon, 2012; Srivastava et
al., 2012, and further references therein). Weißhaar (2000,
Fig. 4.11) for example reported 234U/238U values of about
0.95 to 1.18 for fluvial gravel, sand, silts and clays in a 280 m
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Figure 2. ESR spectra of a penultimate interglacial (MIS 7) land-snail shell (Arianta arbustorum) with aragonite and minor calcite crystal
structure (calcite content approx. 2 % measured by XRD); (a) ESR screenings with a 650 G (top), and 50 G (bottom) scan width. The latter
shows a strong signal growth of the dating signal at g = 2.0007 after gamma irradiation to doses of up to 784.1 Gy. The extra-wide ESR
screening of 650 G shows six triplets (I to VI) of ESR hyperfine Mn2+ lines in the ESR spectrum; (b) g-value determination of the dating
signal of Ba09 using a DPPH, a MIS 5e aragonite coral sample, and a Holocene aragonite mollusc shell for calibration; (c) additive dose
response curve and DE–Dmax plot (DDP) of the sample Ba09. Only for this sample, the ESR signal amplitude is the mean value of two
separate ESR measurements using different microwave powers of 25.3 and 101 mW, respectively.

deep sediment core of the Quaternary river Neckar alluvial
fan deposit (southern Germany).

3.3 Radiocarbon and luminescence data

To check the reliability of the ESR dating results, two Late
Würmian snail shells were also dated using the radiocarbon
(14C) method (Table 1). Data were calibrated without a hard-
water correction using the atmospheric “IntCal13” calibra-

tion set (Reimer et al., 2013) and the software CALIB (ver-
sion 7.0.2; Stuiver and Reimer, 1993). It needs to be consid-
ered that the hard-water effect, which may occur as a result of
incorporating 14C-free inorganic carbon from dissolved an-
cient carbonates during shell crystallisation (e.g. Xu et al.,
2011, and further references therein), limits the reliability
of land-snail 14C age dating results. Measured 14C ages can
be a few years, some hundreds of years or even up to 2000
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or 3000 years too old (e.g. Goodfriend and Stipp, 1983; Pi-
gati et al., 2010; Xu et al., 2011). In our research area, the
river channel and floodplain deposits of the Danube, Isar, and
Lech rivers have high carbonate contents; hence 14C ages
should be influenced by a hard-water effect of some hun-
dreds of years. This assumption is derived from radiocarbon
dates of reworked charcoal or organic plant fragments and
associated snail shells in fluvial deposits of the Alpine Fore-
land rivers Lech (Gesslein, 2013, p. 43) and Danube (Schell-
mann, 2017b), which have shown age differences of 570 and
500 years, respectively. Since the exact value of the hard-
water effect is unknown, the calendar age should be younger
than the atmospheric calibrated 14C ages in Table 1.

ESR data are compared to published luminescence dat-
ing results from the same or neighbouring outcrops (Kroe-
mer, 2010; Schielein et al., 2015). Additionally, we present
two new OSL data (Table 2), sampled from the sandy loess
cover on the Übergangsterrasse (i.e.,Fellheimer Feld) in the
Iller valley (Fig. 1: sample site g). The luminescence samples
were taken from the loess deposits in opaque tubes and pre-
pared under subdued red light in the luminescence laboratory
at the University of Bayreuth. Both samples were sieved and
treated with 10 % HCl and 10 % H2O2 to remove any carbon-
ates and organic material. The fine-grain (4–11 µm) quartz
fraction was segregated by etching with H2SiF6 and enriched
by settling using Stokes law. The suspension of deminer-
alised water and 1.5 mg of fine-grain quartz was dispensed
onto 9.8 mm wide stainless-steel discs. The measurements
for DE estimation were conducted on Risø DA-20 lumines-
cence readers following the standard SAR protocol of Mur-
ray and Wintle (2003). OSL emission was filtered through a
U-340 filter after stimulation with blue LEDs (125 ◦C, 40 s).
The seven or nine measured aliquots of each sample were all
accepted and yielded dose values from which medianDE val-
ues were calculated. For dose rate estimation, uranium and
thorium concentrations were measured by alpha-counting
and the potassium contents by ICP-OES. Conversion factors
from Adamiec and Aitken (1998) were used. Furthermore,
the geographic position, recent depth below surface, altitude,
and density of the overlying sediment were included in the
cosmic dose rate calculations (Prescott and Hutton, 1994) as
well as water contents, which were measured in the field con-
sidering a relative error of 25 %. Dose rate and age calcula-
tions were conducted in ADELE software (Kulig, 2005).

4 Results

4.1 ESR, radiocarbon and luminescence data from the
Übergangsterrasse in the Danube, Isar and Iller
valley

Ages are obtained from the Upper Würmian sand loess cover
on the Übergangsterrasse (ÜT) in the Danube valley north
of the Isar valley mouth (Fig. 1: sample site f; Fig. 3 and Ta-
ble 1: sample Ba33), in the Isar valley near Moosburg (Fig. 1:

sample site e; Figs. 4, 5 and Table 1: sample Ba32), and in
the Iller valley southwest of Fellheim (Fig. 7: sample site g;
Table 2).

The ÜT in the Danube valley west of the Nattern-
berg was first described by Schellmann (1988, 1990) and
Unger (1999), and then later by Kroemer (2010), who pub-
lished first numeric age data based on luminescence dating
of feldspar (Fsp.) and quartz (Qu.) (Fig. 3). The lumines-
cence dating was by Nicole Klasen (University of Cologne).
The luminescence data from the base of the loess cover on
the ÜT confirm an Upper Würmian (MIS 2) age of around
18.8± 1.0 ka (Fsp.) and 23.1± 2.8 ka (Qu.). Furthermore, a
sandy layer in the fluvial gravel deposits of the ÜT was dated
to 36.0±1.9 ka (Fsp.) and 30.4±3.7 ka (Qu.), implying a late
Middle Würmian (MIS 3) age of the fluvial aggradations of
the ÜT in this area (Kroemer, 2010).

In the current study, land-snail shells were sampled from
the base of the sandy loess covering the unweathered sandy
gravel deposits of the Übergangsterrasse (Fig. 3) and were
dated by ESR and 14C. Due to the small amount of shell ma-
terial, sample Ba33 represents a mixture of the three species
Trochulus sp., Succinea putris and Stagnicola sp. (Table 1).
The resulting ESR age of 23.2± 1.4 ka agrees very well
with the quartz age of ca. 23.1± 2.8 ka published by Kroe-
mer (2010). Within error, it also agrees well with the AMS
14C age of 18 680± 60 BP of the gastropod collected in this
study. The atmospheric calibrated age without hard-water
correction is about 22 966 to 22 525 cal BP (Table 1: Ba33).
If a hard-water effect of a few hundreds of years is assumed,
the radiocarbon age would also be within the error range of
the ESR age.

Further small terrestrial gastropods for ESR and radio-
carbon dating were taken from the gravel pit Schulz in the
younger Übergangsterrasse 2 (ÜT2) of the Isar (Fig. 1: sam-
ple site e) west of Langenpreising (Figs. 4, 5). Some kilome-
tres south of the location an older Übergangsterrasse (ÜT1)
is preserved (Fig. 4), 0.5 to 2 m above the ÜT2. Details about
the distribution and stratigraphy of the Übergangsterrassen
and other Middle and Upper Pleistocene terraces of the Isar
in this region, including some numeric data, are published in
Schellmann (2018b). Similar to other valleys of the Bavarian
Alpine Foreland, the gravelly, horizontal and occasionally
also trough-bedded braided river deposits of the Übergang-
sterrassen are covered by sandy loess of fine to medium grain
sizes (Fig. 5). The upper part of the 7 to 9 m thick gravel de-
posit of the ÜT2 and its loess cover are exposed in the gravel
pit west of Langenpreising (Fig. 5; Table 1: sample Ba32).
The calcareous, often sandy loess deposit is between 0.6 and
1.3 m thick and lies on top of the unweathered sandy gravel
deposits of the Übergangsterrasse. A fossil palaeo-soil in the
form of a very weak Gelic Gleysol and the high content of
sandy grain sizes (Fig. 5) are characteristic of many Upper
Würmian loess deposits in Bavaria.

An Upper Würmian age of this loess cover is confirmed
by the ESR and 14C dating results of land-snail shells. They
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Table 2. Samples and dose rate data, equivalent doses, and OSL ages.

Sample Location Depth Grain size Radionuclide Water content Dose rate No. De Age
(m) (µm) concentrations (%) (Gy/ka) aliquots (Gy) (ka)

U (ppm) Th (ppm) K (%)

Iller12/1 ÜT 1.65 4–11 3.05 6.41 1.23 20 2.46 9 76.2 31
(Fellheimer Feld) ± 0.19 ± 0.63 ± 0.12 ± 5 ± 0.34 ± 4.0 ± 4

Iller12/3 ÜT 1.50 4–11 3.59 6.30 1.25 20 2.60 7 75.4 29
(Fellheimer Feld) ± 0.20 ± 0.64 ± 0.13 ± 5 ± 0.40 ± 5.3 ± 4

Figure 3. ESR, 14C and luminescence data from the Übergangsterrasse in the Danube valley west of the village Stauffendorf; (a) geological
map with location of sample site; (b) geological profile with ESR and 14C dating results, and some luminescence data from Kroemer (2010)
(Fig. 1: sample site f; Table 1: sample Ba33).

were sampled from the unweathered sandy loess layers above
and below the weak Gelic Gleysol. The sample Ba32 is a
mixture of several individuals of the species Succinea putris
(Fig. 5; Table 1). The ESR age of 16.4±2.6 ka seems under-
estimated compared to the atmospheric calibrated AMS 14C
age of 19 670–19 324 cal BP. Considering a hard-water effect
of a few hundred years, the radiocarbon age would possibly
agree with the ESR age within error range.

These data from the Übergangsterrassen in the Danube
and Isar valley indicate an Upper Würmian age of the loess
cover. This is also the case for the loess cover on the
Übergangsterrasse in the Iller valley southwest of Fellheim
(Fig. 1: sample site g). A formation prior to the Würmian
pleniglacial of this loess-covered transitional terrace was first
assumed by Schaefer (1940, 1953) and Brunnacker (1953).
They demonstrated that the 1 to 2 m, sometimes more than
4 m thick, layers of Würmian loess and loess loam overlay
the unweathered gravel deposit without any fossil interglacial
soil horizon. In a gravel pit southwest of Fellheim, the more
than 10 m thick, horizontally and trough-bedded gravel de-
posits (Fig. 6: Photo 1) and its up to 1.6 m thick cover of
sandy loess (Fig. 7) were recently exposed. Only the upper
20 to 30 cm of the gravel layers were very slightly weath-
ered with some mellow sandstones and dolomites, but with-
out any significant decalcification (Fig. 7). A few species of
cold-climate land-snail shells of Succinella oblonga (n= 8)
and Pupilla muscorum (n= 6), and one shell of Cochlicopa

lubrica were sampled from the bottom layer of the loess sed-
iments. Unfortunately, not enough material for ESR dating
could be sampled. However, two OSL samples of the bottom
loess itself yielded ages of 29±4 and 31±4 ka, respectively
(Fig. 7, Table 2).

All in all, the fluvial gravel deposits of the described Über-
gangsterrassen areas in the valleys of the Iller, Isar and
Danube rivers are older than the Upper Würmian loess cover
on top of their gravel deposits. Most probably, the younger
one of the currently known two Übergangsterrassen, the
ÜT2, is at least of late Middle Würmian age (MIS 3). This is
indicated by the luminescence data of Kroemer (2010) from
the Übergangsterrasse of the Danube west of Natternberg
(Fig. 3). The age of the older ÜT1 is still unknown. This ter-
race is younger than the last interglacial Fagotia gravel (see
next section), most probably of Early Würmian age (MIS 5d
to MIS 4).

4.2 ESR data and gastropod fauna from the Jüngere
Moosburger Hochterrasse (Fagotienschotter, Isar
valley)

Two different levels of Hochterrassen are preserved between
the Isar and lower Amper valley in the vicinity of Moosburg
(Fig. 4) and were described in detail by Schellmann (2018b).
The Ältere Moosburger Hochterrasse (Older Moosburger
high terrace) is elevated about 15 to 16 m above the flood-

www.eg-quaternary-sci-j.net/68/141/2019/ E&G Quaternary Sci. J., 68, 141–164, 2019



150 G. Schellmann et al.: Middle and Upper Pleistocene terraces in the Bavarian Foreland

Figure 4. Middle and Late Pleistocene terraces of the Isar valley
west and south of Moosburg modified after Schellmann (2018b).

plain of the river Isar, the Jüngere Moosburger Hochterrasse
(Younger Moosburger high terrace) about 10 to 14 m.

The fluvial gravel deposits of both Hochterrassen have
thicknesses of about 5 to 7 m, which are covered by Wür-
mian loess mostly with thicknesses of 1 to 5 m. The Mid-
dle Pleistocene gravel deposits underlying the Hochterrassen
are elevated above the fluvial gravel deposits of the adjacent
Würmian and Holocene terraces of the Isar valley.

The Jüngere Moosburger Hochterrasse is situated be-
tween the valleys of Isar and Amper (Fig. 4). This terrace
deposit has been known for many years under the name
Fagotienschotter (Fagotia gravel), named after the gastro-
pod Fagotia acicularis. Biostratigraphically (mollusc con-
tent) these gravel deposits are supposed to be as old as the
last interglacial (Nathan, 1953; Brunnacker and Brunnacker,
1962; Brunnacker, 1966; Jerz, 1993) or older than the El-
sterian glaciation in northern Germany as postulated by Ko-

vanda (2006). All these authors agree on the interglacial
habitus of the gastropod fauna; only the age interpretation
is controversial.

Gastropod samples for dating were collected from a small
gravel pit west of Moosham (Fig. 1: sample site d; Fig. 8).
Here, marly clods bearing land-snail shells are intercalated
in the Fagotienschotter. This new collection of land-snail
species is similar to the collection of Nathan (1953). The in-
terglacial character of the gastropod fauna is demonstrated
by some interglacial species like Aegopinella nitens and by
some further species that prefer warm temperate climatic
conditions (Table 3). The floodplain of the river Isar, con-
taining small standing waters and swamps and rich in high
shrubs, could have been the habitat from which the snails
derive. Species indicating dryness or open landscapes are al-
most completely absent.

Land-snail shells were collected from two separate marly
clods (Fig. 8: Is 16/7 and Is17/1b) and dated by ESR. A
mixture of land-snail shells of the species Aegopinella cf.
nitens, Arianta arbustorum, Succinella oblonga and Trochu-
lus hispidus yielded a last interglacial ESR age of 130±16 ka
(Table 1: Ba43). In the other marly clod, a few individuals of
Arianta arbustorum also resulted in a last interglacial ESR
age of 131±14 ka (Table 1: Ba55) and a shell mixture of Ae-
gopinella cf. nitens and Trochulus hispidus in an ESR age of
119± 15 ka (Table 1: Ba56).

From a morphostratigraphic point of view, the Jüngere
Moosburger Hochterrasse (or Fagotia gravel) is older than
both Übergangsterrassen deposits of Lower to Middle Wür-
mian age southwest of Moosburg. And it also is younger than
the Rissian Ältere Moosburger Hochterrasse, which is pre-
served in the west of the Jüngere Moosburger Hochterrasse
(Fig. 4; details in Schellmann, 2018b). The gastropod fauna,
which is preserved in marly or sandy clods or in sand lenses
in the gravel deposits of the Jüngere Hochterrassen, indicates
a warm temperate interglacial age of this deposit (Nathan;
1953, Brunnacker and Brunnacker, 1962; Brunnacker, 1965;
Kovanda, 2006); the three ESR ages provide clear evidence
for a deposition during the last interglacial (MIS 5e).

4.3 ESR data and gastropod fauna from the basal
gravel unit of the Dillinger Hochterrasse

In the Danube valley between the villages Sontheim, Dillin-
gen and Höchstädt (Fig. 9), Hochterrassen are widely pre-
served, especially north of the river. Graul (1962) was
the first one to separate this extensive Hochterrassen area
into three sublevels, and Leger (1988) and Bibus and
Strahl (2000) found that the middle level of these three
Hochterrassen levels, the Dillinger Hochterrasse, is com-
posed of two stacked gravel deposits. This is the case in ar-
eas where the otherwise typically 5 to 8 m thick Dillinger
Hochterrassen gravel reaches unusual thicknesses of about
10 to 13.5 m (Fig. 9). For details about the Dillinger Hochter-
rasse including the history of research, a geological map and
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Table 3. Shells from gastropods collected from sand lenses and clods of marl and sand embedded in the Jüngere Moosburger Hochterrassen
gravel (Fagotia gravel).

Nathan (1953) A B1 B2

1. Forest snails sensu stricto

! Aegopinella nitens × × – 65
! Helicodonta obvoluta × – – –
! Monachoides incarnatus × – – –
! Platyla polita × – – –

2. Further shade-preferring species

Arianta arbustorum – × 1 17
! Cepaea sp. – – – 1
! Cepaea nemoralis × – – –
! Discus rotundatus × – – –
(!) Fruticicola fruticum × – – –

Trochulus striolatus × – – –
! ? Trochulus villosus – – – 1

Vitrea crystallina – – – 1
Vitrea sp. × – – –

! Vitrinobrachium breve × – – 1

3. Ubiquists

Agriolimacidae/Limacidae × – – –
! Carychium tridentatum × – – –

Cochlicopa lubrica × × 48
Nesovitrea hammonis – – – 17
Nesovitrea petronella – × – 1
Succinella oblonga – × – 17
Trochulus hispidus × × 2 31

4. Open-land species

! Cecilioides acicula × – – –
Vallonia costata – × – 1

5. Water- and swamp-preferring molluscs

(!) Ancylus fluviatilis × – – –
Anisus leucostoma × – – –
Anisus vortex × – – –

(!) Bithynia tentaculata × – – –
(!) Carychium minimum × – – –
!! Esperiana daudebartii (Fagotia acicularis) × – – –

Galba truncatula × – 1 –
Gyraulus acronicus × – – –
Gyraulus laevis × – – –

!! Lithoglyphus sp. × – – –
(!) Oxyloma elegans – – 12 1?

Pisidium amnicum × – – –
(!) Pisidium moitessierianum × – – –

Pisidium ponderosum × – – –
Planorbis planorbis × – – –
Radix balthica × – – –

(!) Segmentina nitida × – – –
Stagnicola corvus × – – –
Valvata cristata × – – –

(!) Valvata piscinalis × – – –
Unionacea × – – –

6. Indifferent

Clausiliidae × – – –

A – sample Is 16/97 collected 2016; B1 – sample Is 17/1a collected 2017; B2 – sample Is 17/1b collected 2017 in
the gravel pit west of Moosham. !! interglacial indicator species: ! interglacial species; (!) predominately warm
temperate species, sometimes also distributed in interstadials.
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Figure 5. ESR and 14C dating results of small terrestrial gastropods from the sand loess cover on the Übergangsterrasse 2 west of Langen-
preising, Isar valley (Fig. 1: sample site e; Table 1: sample Ba32); (a) geological map modified after Schellmann (2018b) with location of
the sample site Ba32; (b) geological profile with dating results and some laboratory analysis (carbonate content, grain sizes); (c) photo of the
Übergangsterrassen gravel (left) and its sandy loess cover with sample location Ba32 (right).

a revised fluvial terrace stratigraphy of the Danube valley in
this region, see Schellmann (2017a, b).

Like the Fagotienschotter in the Isar valley, the basal
gravel formation of the Dillinger Hochterrasse in the Danube
valley west of Höchstädt (Fig. 1: sample site b, Fig. 9) also
contains a warm-temperate interglacial mollusc fauna, which
is embedded in sandy layers and predominantly in loamy and
sandy clods. It was Leger (1988) who for the first time de-
scribed an interstadial or interglacial gastropod fauna embed-
ded in sandy gravel deposits of the Dillinger Hochterrasse
west of the village of Höchstädt.

Gastropods shells have been collected from sandy layers
and loamy and sandy clods at different sections in a gravel pit
on the Dillinger Hochterrasse west of Höchstädt (Fig. 10).
This location is only some hundred metres away from the
site sampled by Leger (1988). The clods were deposited in
frozen state in the basal gravel formation of the Dillinger
Hochterrasse and have been reworked from a nearby for-
mer floodplain. Only in the eastern part of the gravel pit, this

large-scale cross-bedded basal gravel unit reaches up to the
gravel surface below the last glacial (Würmian) loess cover
(Fig. 10b). In most parts of the gravel pit, the basal gravel unit
is overlain by another few-metres-thick gravel unit deposited
by a braided river (Fig. 10c). Gastropod shells were sampled
in the eastern part of the gravel pit from two sandy layers
(Table 4) and from two loamy and sandy clods (Fig. 10b).
The collected gastropod fauna contain a few interglacial in-
dex species like Discus perspectivus and Esperiana daude-
bartii (Fagotia acicularis) and some other warm temperate
species like Helicodonta obvoluta and Monachoides incar-
natus (Table 4).

ESR dating of Arianta arbustorum (Ba09) and of Frutici-
cola fruticum species (Ba14) gave almost identical ages of
202± 17 and 199± 23 ka, respectively (Fig. 10b: Do13/8;
Table 1: Ba09 and Ba14). The ESR age of 213± 20 ka of a
further Arianta arbustorum shell from a neighbouring clod
of loamy sand in this part of the gravel pit is within the er-
ror range of the other ages from this gravel unit (Fig. 10b:
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Table 4. Shells from gastropods collected from sandy gravel deposits of the Dillinger Hochterrasse in the eastern part of the gravel pit
Höchstädt.

(1) (2) (3) (4) (5) Total

1. Shade-preferring species

1a. Forest snails

! Acanthinula aculeata – – 1 – – 1
! Aegopinella sp. – – – – 1 1
!! Discus perspectivus – – 3 – – 3
! Helicodonta obvoluta – – 2 – – 2
! Monachoides incarnatus – – 1 2 – 3

1b. Other shade-preferring species

Arianta arbustorum – 5 5 6 16
! Cepaea hortensis 1 – ? – – 1

Clausilia pumila – – 3 3 – 6
(!) Fruticicola fruticum 1 – 3 3 2 9
? Trochulus cf. coelomphalus – – 4 6 4 14

2. Ubiquists

! Carychium tridentatum – – – 2 1? 2
Eucobresia diaphana – – – 1 – 1

3. Open-land species

(!) Vallonia pulchella – – 1 – 2 3

4. Water- and swamp-preferring mollusc

!! Esperiana daudebartii (Fagotia acicularis) 1 – – – – 1
Pisidium amnicum – 1 – – – 1
Succinea putris 1 – – – – 1

Helicidarum (indet.) – × ××× × ××

!! interglacial index species ! interglacial species (!) predominately warm temperate species. (1) gastropods collected from
sandy layer during July 2013. (2) gastropods collected from sandy layer during October 2013 (Do 13/5). (3) gastropods
collected from a loamy and sandy clod during October 2013 (Do 13/8li). (4) gastropods collected from another loamy and
sandy clod during October 2013 (Do 13/8re). (5) gastropods collected from both loamy and sandy clods during October
2013 (Do 13/8).

Figure 6. Horizontally and trough-bedded gravel deposits of the
Übergangsterrasse (Fellheimer Feld in the Iller valley south of the
village Fellheim (Fig. 1: sample site g).

Do13/8li; Table 1: Ba11). Gastropod shells from the western
part of the gravel pit (Fig. 10c: Do14/9, Ba15; Table 1: Ba15)
also yield a MIS 7 age of 206± 20 ka. This shell-bearing
clod was also deposited in the sandy and large-scale cross-
bedded basal gravel unit. The overlying unit of a medium-
to coarse-gravel facies is horizontally bedded, which is typi-
cal of braided river deposits. This overlying gravel unit was
deposited by the Danube under cold climate conditions most
probably during MIS 6. Under warm climate conditions like
the Holocene the Danube is a meandering river in this re-
gion with sandy gravel channel deposits, which are large-
scale cross-bedded (Schellmann, 2017b).

In general, these ESR dating results from the Dillinger
Hochterrasse illustrate that ESR ages of different species of
land-snail shells and from different clods of sandy loam in a
gravel pit yield highly congruent ages. All ESR data from
the basal gravel unit in the gravel pit west of the village
Höchstädt are of penultimate interglacial (MIS 7) age. These
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Figure 7. Luminescence dating results from the base of the sandy loess cover on top of the Übergangsterrassen gravel south of the village
Fellheim (Fig. 1: sample site g; luminescence data are listed in Table 2); (a) geological map with location of the sample site Iller 12/01;
(b) photo of the loess cover in the gravel pit Wild; (c) soil profile with some laboratory analysis (carbonate content, grain sizes), and two
luminescence ages.

dating results confirm the regional stratigraphy (Schellmann,
2017b) and match the warm temperate climate indicated
by the gastropod species. The 2 to 5 m thick superimposed
gravel unit with its braided river facies type is most probably
of penultimate glacial age (Rissian, MIS 6).

4.4 ESR and luminescence data from the Langweider
Hochterrasse (Lech valley)

Similar to the Dillinger Hochterrasse in the Danube valley,
a subdivision of the Middle Pleistocene fluvial gravel de-
posits of the Langweider Hochterrasse between Lech and
Schmutter valley in two different gravel formations has
been discussed for decades (Schäfer, 1957; Scheuenpflug,
1979, 1981; Aktas and Frechen, 1991; Schellmann, 2016b;
Schielein and Schellmann, 2016a). All these studies assume
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Figure 8. Marly and fine-sandy clods in the gravel deposits of the Jüngere Moosburger Hochterrasse (Fagotia gravel) west of Moosham,
Amper valley (Fig. 1: sample site d; Table 1: samples Ba43, Ba55, Ba56). Small gastropods were collected and ESR dated from two separate
clods in the years 2016 (sample Is16/07, Ba43) and 2017 (sample Is17/1, Ba55, Ba56); (a) geological map (modified after Schellmann,
2018b) with location of sample sites; (b) soil profile with ESR dated gastropod shells (species are listed in Table 3).

Figure 9. Distribution (a) and geological cross section (b) of the Dillinger Hochterrasse on the northern valley side of the river Danube
between the villages Sontheim, Dillingen and Höchstädt (modified after Schellmann, 2017b).

a deposition of the 6 to 8 m thick top unit of the Langwei-
der Hochterrasse during the penultimate glacial (Rissian),
whereas the age of the basal gravel unit with thicknesses of
2 to 4 m remained uncertain. It was Schielein et al. (2015)
who presented first luminescence data from both gravel units
(Fig. 11) and one ESR age from the basal gravel deposit
(Fig. 11: Le 11/26c; sample site: A11 Nachwegäcker). The
luminescence data indicate a Rissian age of the superimposed
gravel. Four IRSL samples from the basal gravel unit im-
ply an age older than MIS 6, whereas the ESR dating of one
large shell of Succinea putris refers to a deposition during
the penultimate interglacial (MIS 7).

Small shells of the land-snail species Trochulus hispidus
were collected from a clod of marl in the superimposed
gravel (Fig. 11: sample site A7; Table 1: sample Ba12). The
ESR age of 156±21 ka is similar to IRSL ages of 160±15 ka

and of 163±19 ka from sandy layers in the same gravel unit.
Within error range, the ESR and luminescence ages also fit
to two IRSL dates of 170± 18 and 179± 20 ka from the su-
perimposed gravel in the neighbouring outcrop A8 Burghof
W (Fig. 11). It can be stated that the superimposed gravel of
the Langweider Hochterrasse was most likely accumulated
during the penultimate glacial (MIS 6, Rissian), whereas the
basal gravel unit has a minimum age of MIS 7 (Schielein
et al., 2015). Most probably, the basal gravel formation may
be correlated with the basal gravel deposit of the Dillinger
Hochterrasse.
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Figure 10. ESR dating results of an interglacial gastropod fauna from the basal gravel unit of the Dillinger Hochterrasse in the gravel pit
Höchstädt W (Fig. 1: sample site b; Table 1: samples Ba09, Ba11, Ba14, Ba15); (a) geological map (modified after Schellmann, 2016b) with
location of sample sites Do13/8 and Do14/9; (b) photo of sample site Do13/8 and ESR ages of the samples Ba09, Ba11, Ba14; (c) photos of
the location Do14/9 with a large scale cross-stratified basal gravel unit and a horizontally bedded (braided river) top gravel unit (left), and
the location and ESR age of sample Ba15 (right).

Figure 11. ESR and luminescence data from the stacked gravel deposits of the Langweider Hochterrasse in the gravel pit A7 Burghof E
(Fig. 1: sample site a); (a) geological map (modified after Schellmann, 2018b; Schielein and Schellmann, 2016a) with location of sample
sites; (b) photo with the newly dated ESR sample Ba12, and with some luminescence and ESR ages from Schielein et al. (2015). The latter
are from the same outcrop (*), or from the nearby gravel pits A8 Burghof W (**) and A11 Nachwegäcker (***).

4.5 ESR and luminescence data from the Rainer
Hochterrasse and from its loess cover (Lech valley)

Following the Lech valley downstream, a further high terrace
is conserved near the confluence of Lech and Danube rivers:
the Rainer Hochterrasse (Fig. 1: sample site c; Fig. 12).
In contrast to Schaefer (1966), a clear morphostratigraphic

subdivision of the Rainer Hochterrasse could not be con-
firmed (Schielein and Schellmann, 2016b) as already stated
by Kilian and Löscher (1979). Only small areas of the signif-
icantly lower elevated surfaces of the Übergangsterrasse can
be differentiated from the higher elevated areas of the Rainer
Hochterrasse (Fig. 12).
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Figure 12. Geological map of the Rainer Hochterrasse with con-
tour lines of the base level (m a. s.l.) of the Quaternary gravel de-
posits and location of the gravel pit Münster N mentioned in the
text.

The uniform terrace level of the Rainer Hochterrasse in-
cluding some periglacial dry valleys is elevated about 10 to
14 m above the valley floor of the Lech and Danube rivers
and its Würmian and Holocene terraces. The gravel deposits
and the 1 to 3 m thick loess and sand loess cover reach thick-
nesses of 7 to 13 m in total. The base of the gravel deposits
in the area of the Rainer Hochterrasse is about 8 to 10 m
higher than the base level in the adjacent Upper Würmian and
Holocene valley bottom (Fig. 12). In a southwest–northeast-
orientated elongated depression extending in the central ar-
eas of the high terrace, a maximum thickness of the Quater-
nary sediments up to 15 m is reached (Fig. 12; Kilian and
Löscher, 1979).

In one gravel pit north of the small village of Münster
(gravel pit Münster N), which has been investigated by differ-
ent researchers (e.g. Tillmanns et al., 1982, 1983; Schielein
et al., 2015; Schielein and Schellmann, 2016b), the follow-
ing summarised section has been exposed since 2016. Here,
the Hochterrassen gravel is covered by 1 to 2.5 m thick
loess sediments. In periglacial depressions, some decimetres
thick layers of solifluidal reworked silts, sands and gravels
(Fig. 14) are present. Up to three slightly rusty and grey
Gelic Gleysols (tundra gley, Nassboden) may be preserved
in the upper part of the fine-sandy loess cover. Similar weak
Gelic Gleysols are most common in Upper Würmian loess
deposits in Germany. In the lower part of a 2.6 m thick
fine-grained infill of a periglacial trough valley, a stack of

Figure 13. Images of the different fluvial gravel deposits of the
Rainer Hochterrasse and the Würmian loess cover exposed in the
gravel pit Münster N (Fig. 1: sample site c) during the last few years;
(a) images of the loess cover exposed during the year 2009; (b) im-
ages of the three gravel units I to III exposed during the years 2016
and 2017; (c) image of the three gravel units I to III exposed during
the year 2017.

two humic horizons (Humuszonen) was preserved (details
in Schielein and Schellmann, 2016b), which are compara-
ble to the Lower (Early) Würmian Mosbacher Humuszonen
(e.g. Semmel, 1968). Light reddish-brown spots in the up-
per part of the lower humic horizon correlate most prob-
ably to the “gefleckten Horizont” (spotted horizon) of Ro-
hdenburg (1964) and might have been developed through
acidic conditions by bleaching along plant roots. The Upper
to Lower Würmian age of this loess cover is confirmed by the
luminescence ages of 19.3± 2.2 ka (Fsp.) and 19.8± 2.7 ka
(Qu.) from the top of the sandy loess cover, and of 95±12 ka
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Figure 14. Generalised standard profile of the different sediment
units of the Rainer Hochterrasse exposed in the gravel pit Münster
N (Fig. 1: sample site c) during the last few years. IRSL data from
the loess cover are from Schielein et al. (2015); the ESR dating
results of an interglacial gastropod fauna from the gravel unit II and
the faunae collections are new.

(Fsp.) from the base of the lower humic horizon (Fig. 14;
Schielein et al., 2015).

Below the loess cover, a fossil interglacial soil horizon (Bt
horizon of a Luvisol; Fig. 14) with a mean thickness of 0.3
to 0.5 m is widely preserved on top of the high terrace grav-
els. In several outcrops, the 8 to 14 m thick sandy gravel de-
posits of the Rainer Hochterrasse can be subdivided into two

stacked gravel units as previously mentioned by Tillmanns et
al. (1982, 1983) and Schielein et al. (2015). In the aforemen-
tioned gravel pit Münster N, a third gravel unit is exposed
below the other units near the groundwater table (Fig. 13).
This very sandy and often large-scale cross-bedded or some-
times trough-bedded gravel unit I is often preserved approx-
imately up to 1 to 2 m above the groundwater level (Fig. 14).
The light colour of unit I is due to its high sand content of
about 35 % and allows a clear separation from both superim-
posed gravel units, whose sand content is significantly lower
(Fig. 14). The more than 1.5 m thick gravel unit II is predom-
inately composed of fine to medium gravels but may contain
coarse- and medium-sand layers with thicknesses of up to
1 m (Schielein et al., 2015). Sometimes epigenetic cryotur-
bations or small ice-wedge casts (Fig. 13) are preserved at
the top of the gravel unit II. These periglacial features are
overlain discordantly by the 2 to 5 m thick gravel deposits of
unit III. The latter consists of medium and coarse gravel with
many stones in a sandy matrix (Fig. 14), shows horizontal
and trough-bedding, and exhibits strong syngenetic cryotur-
bations within the upper part of the unit (Fig. 13) as already
described by Tillmanns et al. (1982, 1983).

In general, gravel units I and II are both large-scale cross-
bedded, which indicate a deposition by a meandering or a
moderate branching river like the Holocene river Lech. In
contrast, the superimposed gravel unit III was accumulated
by a braided river as it is characteristic of river morphology
in this region under Pleistocene cold climate conditions.

Single clods of marl or sand can be preserved from the
groundwater level up to the top of the gravel deposits. A
separation of the whole gravel deposit by one significant
layer of marly clods (“Mergelbatzenhorizont”) as described
by Tillmanns et al. (1982, 1983) was not comprehensible. All
gravel units contain marly or loamy clods sometimes con-
centrated near the base of a gravel unit but often irregular
within the gravel unit. As already described by Tillmanns
et al. (1982, 1983) these clods sometimes contain shells of
predominately cold (Columella columella, Pupilla musco-
rum, Succinea oblonga, Trichia hispida) and rarely warm
(Ena montana, Discus rotundatus, Aegopinella sp., Helicon-
donta obvoluta, Cepaea sp.) gastropod fauna. A cold cli-
matic or interstadial gastropod fauna could be sampled from
a marly clod embedded at the base of gravel unit III at ap-
prox. 5.5 m below terrace surface (Fig. 14: Le16/2). This clod
contained shells from the following species: Cochlicopa lu-
brica, Pupilla muscorum, Neostyriaca corynodes, Succinella
oblonga, Trochulus hispidus, Vallonia costata and Vallonia
pulchella. Shells from Cochlicopa lubrica, Pupilla musco-
rum, Succinella oblonga, Vallonia costata and Vallonia pul-
chella have been sampled also from marly clods with cold
climatic gastropod fauna in 5 to 6 m below terrace surface by
Tillmanns et al. (1982).

Both the cold climatic habitus of the gastropod fauna and
the strong syngenetic cryoturbations clearly point to a depo-
sition of gravel unit III under periglacial, stadial or intersta-
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dial climatic conditions older than the Early to Late Würmian
loess and older than the interglacial Bt horizon on top of the
gravel deposits. The upper gravel unit is most probably of
penultimate glacial (Rissian, MIS 6) age.

In contrast, two loamy clods from gravel unit II contain
interglacial fauna. The following warm temperate species
could be sampled from a loamy clod from gravel unit II
in 4.8 m below surface (Fig. 14: Le16/5c): Aegopis verti-
cillus, Cepaea sp. (nemoralis?), Cochlodina laminata, He-
licodonta obvoluta, Isognomostoma isognomostomos and
Monachoides incarnatus. A further loamy clod from gravel
unit II in a depth of 6.5 m below surface contains shells of the
warm temperate species Aegopinella sp., Helicodonta obvo-
luta, and Monachoides incarnatus (Fig. 14: Le16/1). These
species have already been sampled by Tillmann et al. (1982)
in this outcrop area from a marly clod with warm climatic
gastropod fauna at approx. 5 m below terrace surface.

Helicodonta obvoluta and Aegopis verticillus shells from a
loamy clod (Fig. 14: Ba42) and one large shell fragment from
a layer of fine-sandy loam (Fig. 14: K5838) yielded almost
identical ESR ages of 210±31 and 214±23 ka, respectively.
Hence, the formation of gravel unit II during penultimate in-
terglacial (MIS 7) is very likely. Schielein et al. (2015) pub-
lished four luminescence (IRSL, OSL) ages from one sand
layer at the top of gravel unit II in a nearby gravel pit, but the
data scatter between MIS 7 and MIS 9.

The age of the underlying gravel unit I is still open. It could
have been deposited under warm climate conditions as indi-
cated by the sedimentological observations, perhaps during
the MIS 7 interglacial period.

5 Discussion

Numerical age data (ESR, OSL, 14C) indicate that the forma-
tion of the two Übergangsterrassen (ÜT1, ÜT2) in the Bavar-
ian Alpine Foreland took place before the Upper Würmian
(MIS 2) and thus before the formation of the oldest Niedert-
errasse 1 (NT1) and the loess accumulation on top of the flu-
vial gravel deposit during MIS 2 (Table 5). In the valley of the
river Isar in the vicinity of the village of Moosburg, it could
be shown by geological mapping that both Übergangster-
rassen are younger than the Jüngere Moosburger Hochter-
rasse (i.e. Fagotia gravel) of MIS 5e age. Luminescence data
by Kroemer (2010) from a sandy layer in the fluvial gravel
deposit of the ÜT2 in the Danube valley west of the Nat-
ternberg imply a late Middle Würmian age (MIS 3). This
correlates well with the fact that only Upper Würmian loess
covers the Übergangsterrassen gravel. Previously, Buch and
Zöller (1990; see also discussion by Schellmann, 2010) pub-
lished early Upper Würmian luminescence ages of 25.4±2.4
and 24.1±2.4 ka respectively from the base of the loess cover
on the younger Übergangsterrasse (ÜT2; Schellmann, 2010)
of the Danube southeast of Regensburg (Fig. 1). Buch and

Table 5. Stratigraphical overview for the formation of Middle and
Upper Pleistocene gravel deposits in the Bavarian Alpine Foreland.

Zöller (1990) called this loess-covered terrace level “Deck-
niveau der Niederterrasse”.

In contrast to the younger Übergangsterrasse (ÜT2), the
age of the older ÜT1 is still unknown. But the ÜT1 is
younger than the MIS 5e old Jüngere Moosburger Hochter-
rasse. Therefore, the ÜT1 is most likely of Early Würmian
age (MIS 5d to MIS 4). Doppler et al. (2011, p. 354) assume
that the relatively young OSL data of ∼ 70 to ∼ 90 ka by
Fiebig and Preusser (2003) for parts of the Rainer Hochter-
rasse, for the Neuburger as well as the Ingolstädter Hochter-
rasse most likely point to a classification as Übergangster-
rasse.

At this point, a short but stratigraphically important di-
gression to northern Germany may be excused. In the Up-
per Weser valley between the villages of Hamelin (Hameln
in German) and Rinteln, an Übergangsterrasse is preserved
(Schellmann, 1994). The terrace is younger than the Drenthe
glaciation (MIS 6; Lang et al., 2018) of the valley and older
than the Upper Weichselian (Upper Pleistocene) Niederter-
rasse 1. At the gravel pit Franke (geological map in Schell-
mann, 1994: Fig. 6), Winsemann et al. (2015) postulated on
the basis of one luminescence dated sample (79± 3 ka) a
loess-covered lower middle terrace (Untere Mittelterrasse),
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which can likely be correlated to the Übergangsterrasse
mapped by Schellmann (1994) in this area.

Until now, the only known terrace of last interglacial age
in the Bavarian Alpine Foreland was the Jüngere Moosburger
Hochterrasse (Fagotia gravel). The interglacial formation of
this gravel deposit has been known for many years by the
finding of shells from interglacial gastropod fauna embed-
ded in sand lenses and loamy clods. They were described
first by Nathan (1953), Brunnacker and Brunnacker (1962),
and Brunnacker (1965). The ESR data (Table 1) of three shell
samples with ages of 131±14, 130±16 and 119±15 ka point
to a last interglacial (MIS 5e) age of this terrace (Table 5) in-
stead of an age older than the Elsterian glaciation in northern
Germany as postulated by Kovanda (2006).

Generally, the Hochterrassen in the Bavarian Alpine Fore-
land were formed under cold climatic conditions during the
Rissian period. Therefore, they are covered by loess sed-
iments of Würmian age only, and just a relict of one in-
terglacial soil (Bt horizon of a Luvisol) may be preserved
at the top of their fluvial gravel deposits. Most recently,
Mayr et al. (2017) published new numeric age data with
Würmian ages from the loess cover and its palaeosoils pre-
served on an interglacial soil relict (Bt horizon of a Luvi-
sol) at the top of the fluvial gravel deposit of the Augs-
burger Hochterrasse (Fig. 1). In some river valleys, espe-
cially in such areas with unusual thick fluvial sediment ac-
cumulations, older gravel deposits (basal gravel) may have
been covered by the extensive Hochterrassen gravel accumu-
lations (top gravel) during the Rissian. IRSL and ESR data
from the top gravel of the Langweider Hochterrasse in the
Lech valley indicate a penultimate glacial (MIS 6) age of the
top gravel unit (Table 5). Similar old luminescence data have
been published by Becker-Haumann and Frechen (1997) and
Frechen (1999) from the gravel deposits of the Augsburger
Hochterrasse. This penultimate glacial age (MIS 6) corre-
sponds very well with the MIS 6 age of the high terrace in
the type locality of the Rissian (Penck and Brückner, 1901–
1909) at the northeastern margin of the former Rhine glacier.
There, Rades et al. (2018) dated “high terrace gravels” in the
gravel pit Scholterhausen (Biberach am Riß) via single-grain
feldspar luminescence to an age range between 149±15 and
179± 17 ka. These ages may correspond with luminescence
data of 116± 17 ka and 142± 15 (OSL), and 122± 18 and
210±24 ka (IRSL) by Bickel et al. (2015) on sediments from
glaciofluvial deposits linked to penultimate glaciation in the
Eastern Alps. In contrast, Fiebig and Preusser (2003) dated
sediments from the gravel pit Münster via IRSL, which they
associated with the Rainer Hochterrasse. They yielded Early
Würmian ages between ∼ 66 and ∼ 81 ka. Whereas Rades
et al. (2018) assume an anomalous fading of these samples,
Schielein et al. (2015) state that these samples could be de-
rived from gravel deposits of the Übergangsterrasse and not
of the Rainer Hochterrasse.

A penultimate glacial age of the superimposed top gravel
unit in the Langweider, Dillinger and Rainer Hochterrasse is

also implied by penultimate interglacial ages of the underly-
ing older gravel units. But the luminescence (IRSL) dating of
sandy layers in the basal gravel of the Langweider Hochter-
rasse seems to reach its upper dating limit (Schielein et al.,
2015). Only one of the five luminescence samples allowed
a proper age estimation. Its age of 263± 29 ka indicates a
deposition between MIS 7 and MIS 8. In contrast, the ESR
age of a Succinea putris shell of 204± 27 ka (Schielein et
al., 2015) implies a deposition during the penultimate in-
terglacial MIS 7. The latter agrees very well with the MIS
7 ESR ages of four land-snail shells from the basal gravel
unit of the Dillinger Hochterrasse with ages of 199± 23,
202± 17, 206± 20, and 213± 20 ka, and two ESR ages of
210± 31 and 214± 23 ka from the medium-gravel unit II of
the Rainer Hochterrasse (Table 1). The reliability of these
MIS 7 dating results is additionally strengthened by the in-
terglacial character of gastropod fauna collected from the
basal, medium-gravel deposits of the Dillinger and Rainer
Hochterrasse. Most probably, the basal gravel formation of
the Jüngere Hochterrasse (HT1 sensu Schellmann, 1988) in
the Danube valley downstream of Regensburg, which is also
preserved in some metres deep troughs eroded in the Tertiary
basement, may correlate with these older penultimate inter-
glacial gravel deposits at the base of the Rainer and Dillinger
Hochterrasse.

The oldest gravel units at the base of Hochterrassen de-
posits are the sand-rich gravel unit I of the Rainer Hochter-
rasse and the interglacial peat and gravel deposits of the
“Hartinger Schichten” at the base of the oldest Hochterrasse
south of Regensburg (Schellmann, 1988; Schellmann et al.,
2010). Their ages are still unknown.

Interglacial gravel units at the base of superimposed
cold climatic Hochterrassen gravels illustrate that fluvial
downcutting in some valley parts far away from areas of
Pleistocene glaciations happened not only in the Würmian
late glacial and Early Holocene (e.g. Schellmann, 2010;
Schielein et al., 2011), but also during older interglacial
periods. In some valley parts, this erosion reached down
to the surface of the recent valley floor or even below. In
the Lech valley south of Augsburg, the deepest valley ero-
sion most probably was reached during the last interglacial.
There, older gravel deposits embedded in a deep trough in
the Miocene molasse basement are distributed below cal-
careous sinter sediments, the “Hurlacher Kalktuff” (Jerz and
Mangelsdorf, 1989; Gesslein, 2013). Both the fluvial and the
sinter sediments contain an interglacial mollusc fauna (Ko-
vanda, 1989). They were dated by uranium–thorium (U–Th)
to approx. 120 ka (MIS 5e) (Jerz and Mangelsdorf, 1989).
However, in many valleys of the Bavarian Alpine Foreland
(Danube, lower Lech, Isar, Amper, Schmutter, Große Laber),
the Würmian late glacial and Holocene erosion undercut the
base level of older Pleistocene river dynamics (e.g. Schell-
mann, 2010; Schielein, 2012; Schellmann, 2016a, 2017a,
2018a).

E&G Quaternary Sci. J., 68, 141–164, 2019 www.eg-quaternary-sci-j.net/68/141/2019/



G. Schellmann et al.: Middle and Upper Pleistocene terraces in the Bavarian Foreland 161

As demonstrated, ESR dating of gastropods appears to
be a viable alternative to luminescence methods applied to
quartz (OSL) and feldspar (IRSL). The latter are the usually
used methods for dating fluvial and glaciofluvial deposits in
the Northern Alpine Foreland. However, luminescence data
from Pleistocene fluvial deposits often show a large scatter-
ing of the dating results, and often show a low accuracy (e.g.
Klasen, 2008; Klasen et al., 2016; Schielein et al., 2015;
Rades et al., 2018; Trauerstein et al., 2017). In addition to
providing an independent age control, ESR dating of gas-
tropods also offers the advantage of a higher upper dating
limit, which is supposedly larger than MIS 7, most proba-
bly similar to that of marine mollusc shells and corals (e.g.
Schellmann et al., 2018). But in most fluvial–glaciofluvial
and aeolian deposits, often only very small gastropod shells
are preserved, which necessitates the reduction of the sam-
ple size of individual aliquots to a minimum (up to ca. 0.02 g
instead of the commonly used 0.2 g). In some instances, it
is even necessary to mix some specimen from the same or
even different species. However, the mixture of individuals
or different species as well as the reduction of sample weight
seems not to influence the dating results.

6 Conclusions

In summary, the here presented new numeric age data per-
mit a more accurate chronostratigraphic classification of the
Würmian Übergangsterrassen ÜT1 and ÜT2, and of some
of the stacked Hochterrassen deposits in the Bavarian Alpine
Foreland. ESR, 14C and luminescence data imply that loess
sedimentation on the ÜT starts in the early Upper Würmian
(MIS 2), and luminescence data by Kroemer (2010) imply
an accumulation of the younger ÜT2 gravel deposit dur-
ing the late Middle Würmian (MIS 3). The ÜT1 is older
than the ÜT2 and younger than the last interglacial (MIS
5e) formation of the Jüngere Moosburger Hochterrasse. In
this respect, the ÜT1 was formed after MIS 5e and before
MIS 3. MIS 5e old ESR data from interglacial gastropod
fauna embedded in the Jüngere Moosburger Hochterrasse
(Fagotia gravel) indicate a formation during the last inter-
glacial as it was already assumed on basis of morphostratig-
raphy (e.g. Brunnacker, 1965; Schellmann, 2018b) and gas-
tropod assemblages (Nathan, 1953; Brunnacker and Brun-
nacker, 1962; Brunnacker, 1966). Most of the Hochterrassen
deposits in the Bavarian Alpine Foreland were formed during
the penultimate glacial (MIS 6). This is pointed out by lumi-
nescence and ESR data from the youngest gravel deposits
(top gravel unit) of the Langweider Hochterrasse. A deposi-
tion under cold climate conditions is indicated by the occur-
rence of syngenetic cryoturbations and cold gastropod fauna,
which were already described by many studies in the past.
However, most remarkable are the ESR dating results of snail
shells from the gravel unit below the MIS 6 top gravel unit in
some areas of the Langweider, Dillinger and Rainer Hochter-

rasse. All ESR data imply a deposition of these sandy basal
gravel units during the penultimate interglacial (MIS 7), and
the warm temperate habitus of the gastropod assemblages
supports this assumption.

All in all, the ESR ages and their error ranges are mostly
within the age interval of luminescence (IRSL, OSL) or ra-
diocarbon dating results. The ESR dating of small terrestrial
gastropods allows differentiating land-snail shells of Upper
or Middle Würmian (last glacial), penultimate glacial (MIS
6) or penultimate interglacial (MIS 7) age and with error
ranges between ca. 10 % and 15 %.

Data availability. Most of the data are included in the paper. ESR
raw data are stored at the Department of Physical Geography of the
University of Bamberg. They are still part of further research but
can be obtained upon reasonable request.

Author contributions. Fieldwork (geological mapping, descrip-
tions, sampling) was carried out by GS and PS. ESR measurements
were performed by CB and PS under the supervision of GS. ESR
age calculations were done by GS and luminescence age calcula-
tions by PS. Analysis of the gastropod fauna remains was carried
out by WR. GS prepared the manuscript and figures.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special issue
“Connecting disciplines – Quaternary archives and geomorpholog-
ical processes in a changing environment”. It is a result of the First
Central European Conference on Geomorphology and Quaternary
Sciences, Gießen, Germany, 23–27 September 2018.

Acknowledgements. This study was funded by the Bavarian
Environment Agency (LfU) in the framework of the EU-funded
project “Informationsoffensive Oberflächennahe Geothermie” and
by the University of Bamberg. We thank Ernst Kroemer and Ger-
hard Doppler (Bavarian Geological Survey) for numerous field ex-
cursions and technical support. We also would like to greatly thank
Helmut Brückner (University of Cologne) for permission to use his
ESR facilities and Rainer Drewello (University of Bamberg) for
permission to use his REM facilities. We are also very thankful to
Roland Beer (University of Bamberg), who did much of the nec-
essary laboratory work, including thickness measurements of the
shells and γ irradiation of the aliquots at the Helmholtz Center in
Munich, and to Matthias Will, who did some luminescence mea-
surements at the ”Zöller” laboratory at the University of Bayreuth.
Last but not least, we would also like to thank Silke Schwieger
(Bamberg) for the very dedicated GIS and graphic work. The help-
ful comments of Ernst Kroemer, Johanna Lomax and an anonymous
reviewer contributed to improving the manuscript.

www.eg-quaternary-sci-j.net/68/141/2019/ E&G Quaternary Sci. J., 68, 141–164, 2019



162 G. Schellmann et al.: Middle and Upper Pleistocene terraces in the Bavarian Foreland

References

Adamiec, G. and Aitken, M.: Dose-rate conversion factors: update,
Ancient TL, 16, 37–50, 1998.

Aktas, A. and Frechen, M.: Mittel- bis jungpleistozäne Sedi-
mente der Hochterrassen in der nördlichen Iller-Lech-Platte,
Sonderveröff, Geol. Inst. Univ. zu Köln, 82, 19–41, 1991.

Becker-Haumann, R. and Frechen, M.: Vergleichende Lumineszen-
zdatierungen mit IRSL und TL am Deckschichtenprofil Bobin-
gen/Lechtal, Z. Geol. Wiss., 25, 617–633, 1997.

Bibus, E. and Strahl, M.: Zur Gliederung und Altersstellung der
bayerischen Hochterrassen nördlich des Donauriedes, Z. Geo-
morph. N.F., 44, 211–232, 2000.

Bickel, L., Luthgens, C., Lomax, J., and Fiebig, M.: Luminescence
dating of glaciofluvial deposits linked to the penultimate glacia-
tion in the Eastern Alps, Quaternary Int., 357, 110–124, 2015.

Borylo, A. and Skwarzec, B.: Activity disequilibrium between 234U
and 238U isotopes in natural environment, J. Radioanal. Nucl.
Chem., 300, 719–727, 2014.

Brunnacker, K.: Die bodenkundlichen Verhältnisse der
würmeiszeitlichen Schotterfluren im Illergebiet, Geologica
Bavarica, 18, 113–130, 1953.

Brunnacker, K.: Die Deckschichten und Paläoböden über dem
Fagotien-Schotter westlich von Moosburg, N. Jb. Geol. Paläont.
Mh., 1966, 214–227, 1966.

Brunnacker, M. and Brunnacker, K.: Weitere Funde pleistozäner
Molluskenfaunen bei München, Eiszeitalter u. Gegenwart, 13,
129–137, 1962.

Buch, M. W. and Zöller, L.: Gliederung und Thermolumineszenz-
Chronologie der Würmlösse im Raum Regensburg, Eiszeitalter
u. Gegenwart, 40, 63–84, 1990.

Doppler, G., Kroemer, E., Rögner, K., Wallner, J., Jerz, H., and
Grottenthaler, W.: Quaternary Stratigraphy of Southern Bavaria,
E&G Quaternary Sci. J., 60, 23, https://doi.org/10.3285/eg.60.2-
3.08, 2011.

Eberl, B.: Die Eiszeitenfolge im nordlichen Alpenvorlande – Ihr
Ablauf, ihre Chronologie auf Grund der Aufnahmen des Lech-
und Illergletschers, Benno Filser Verlag, Augsburg, 427 pp.,
1930.

Fiebig, M. and Preusser, F.: Das Alter fluvialer Ablagerungen aus
der Region Ingolstadt (Bayern) und ihre Bedeutung für die
Eiszeitenchronologie des Alpenvorlandes, Z. Geomorph. N.F.,
47, 449–467, 2003.

Frechen, M.: Upper Pleistocene loess stratigraphy in Southern Ger-
many, Quat. Geochronol., 18, 243–269, 1999.

Gesslein, B.: Zur Stratigraphie und Altersstellung der jungquartären
Lechterrassen zwischen Hohenfurch und Kissing unter Verwen-
dung hochauflösender Airborne-LiDAR-Daten, Bamberger Ge-
ographische Schriften, SF 10, 148 pp., 2013.

Goodfriend, G. A. and Stipp, J. J.: Limestone and the problem of
radiocarbon dating of land-snail shell carbonate, Geology, 11,
575–577, 1983.

Graul, H.: Zur Morphologie der Ingolstädter Ausräumungsland-
schaft, Forschungen zur deutschen Landeskunde, 43, 114 pp.,
1943.

Graul, H.: Eine Revision der pleistozänen Stratigraphie des
schwäbischen Alpenvorlandes, Petermann Geogr. Mitt., 106,
253–271, 1962.

Grün, R.: Electron Spin Resonance Dating, Encyclopedia of Qua-
ternary Science, 2, 1505–1516, 2007.

Grün, R.: The DATA program for the calculation of ESR age esti-
mates on tooth enamel, Quat. Geochronol., 4, 231–232, 2009.

Grün, R. and Katzenberger, O.: An alpha irradiator for ESR dating,
Ancient TL, 12, 35–38, 1994.

Inoue, K., Hirai, M., Ikeya, M., and Yim, W.: Calibration method
for ESR Signal intensity of calcitic shells, Appl. Magn. Reson.,
19, 255–269, 2000.

Jerz, H.: Das Eiszeitalter in Bayern – Erdgeschichte, Gesteine,
Wasser, Boden, Schweizerbart, Stuttgart, 243 pp., 1993.

Jerz, H. and Mangelsdorf, J.: Die interglazialen Kalksinterbildun-
gen bei Hurlach nördlich Landsberg am Lech, Eiszeitalter u.
Gegenwart, 39, 29–32, 1989.

Kilian, R. and Löscher, M.: Zur Stratigraphie des Rainer
Hochterrassen-Schotters östlich des unteren Lechs, Heidelberger
Geographische Arbeiten, 49, 210–217, 1979.

Klasen, N.: Lumineszenzdatierung glazifluvialer Sedimente im
nördlichen Alpenvorland, Ph.D. thesis, University of Cologne,
Germany, 209 pp., 2008.

Klasen, N., Fiebig, M., and Preusser, F.: Applying luminescence
methodology to key sites of Alpine glaciations in Southern Ger-
many, Quaternary Int., 420, 249–258, 2016.

Kovanda, J.: Fossile Mollusken in Kalksinterbildungen (Dauchen)
am Lechufer östlich von Hurlach (nördlich Landsberg/Lech),
Eiszeitalter u. Gegenwart, 39, 33–41, 1989.

Kovanda, J.: “Fagotia-Faunen” und quadriglazialistisches strati-
graphisches System des Pleistozäns im nördlichen Alpenvorland
im Vergleich zu einigen Fundorten im Bereich der nordischen
Vereisung Deutschlands, J. Geol. Sci. Anthrop., 26, 5–37, 2006.

Kroemer, E.: Fluviale Geomorphodynamik der Donau im Bereich
des Rückstaus durch das Isarmündungsgebiet bei Deggendorf
(Niederbayern) und Aussagen zur späthochglazialen und spät-
glazialen Entwicklung, Bamberger Geographische Schriften, 24,
79–87, 2010.

Kulig, G.: Erstellung einer Auswertsoftware zur Altersbestimmung
mittels Lumineszenzverfahren unter besonderer Berücksichti-
gung des Einflusses radioaktiver Ungleichgewichte in der 238U-
Zerfallsreihe, B.Sc. Thesis, TU Bergakademie Freiberg, Ger-
many, 2005.

Lang, J., Lauer, T., and Winsemann, J.: New age constraints for the
Saalian glaciation in northern central Europe: Implication for the
extent of ice sheets and related proglacial lake systems, Quater-
nary Sci. Rev., 180, 240–259, 2018.

Leger, M.: Géomorphologie de la vallée subalpine du Danube entre
Sigmaringen et Passau, Thèse du doctorat, Univ. Paris VII, 621
pp., 1988.

Low, S. and Zeira, S.: ESR spectra of Mn2+ in heat-treated Arago-
nite, Am. Mineral., 57, 1115–11124, 1972.

Mayr, C., Matzke-Karasz, R., Stojakowits, P., Lowick, S. E.,
Zolitschka, B., Heigl, T., Mollath, R., Theuerkauf, M., Weck-
end, M.-O., Bäumler, R., and Gregor, H.-J.: Palaeoenviron-
ments during MIS 3 and MIS 2 inferred from lacustrine
intercalations in the loess–palaeosol sequence at Bobingen
(southern Germany), E&G Quaternary Sci. J., 66, 73–89,
https://doi.org/10.5194/egqsj-66-73-2017, 2017.

Miara, S.: Deckschichtenuntersuchungen zur Gliederung der
Rißeiszeit beiderseits der Iller im Gebiet des Rhein- und Il-
lergletschers (westliches Alpenvorland, Deutschland), Jahres-

E&G Quaternary Sci. J., 68, 141–164, 2019 www.eg-quaternary-sci-j.net/68/141/2019/

https://doi.org/10.3285/eg.60.2-3.08
https://doi.org/10.3285/eg.60.2-3.08
https://doi.org/10.5194/egqsj-66-73-2017


G. Schellmann et al.: Middle and Upper Pleistocene terraces in the Bavarian Foreland 163

berichte und Mitteilungen des oberrheinischen geologischen
Vereins N.F., 78, 359–374, 1996.

Miara, S. and Rögner, K.: Die glazifluvialen Sedimente im unteren
Günztal (Bayerisch Schwaben/Deutschland) nach morpho- und
pedostratigraphischen Befunden sowie TL-Daten, Eiszeitalter u.
Gegenwart, 45, 32–47, 1996.

Molodkov, A.: ESR Dating of Quaternary Shells: recent advances,
Quaternary Sci. Rev., 7, 477–484, 1988.

Molodkov, A.: ESR-Dating of Non-marine Mollusc Shells, Appl.
Radiat. Isot., 44, 145–148, 1993.

Murray, A. S. and Wintle, A. G.: The single aliquot regenerative
dose protocol: Potential for improvements in reliability, Radiat.
Meas., 37, 377–381, 2003.

Nathan, H.: Ein interglazialer Schotter südlich Moosburg in Ober-
bayern mit Fagotia acicularis Fėrussac (Melanopsenkies), Geo-
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Abstract: We present new 10Be surface exposure ages from two selected locations in southern Norway. A to-
tal of five 10Be samples allow a first assessment of local deglaciation dynamics of the Scandinavian
Ice Sheet at Dalsnibba (1476 m a.s.l.) in southwestern Norway. The bedrock ages from the summit
of Dalsnibba range from 13.3± 0.6 to 12.7± 0.5 ka and probably indicate the onset of deglaciation
as a glacially transported boulder age (16.5± 0.6 ka) from the same elevation likely shows inheri-
tance. These ages indicate initial deglaciation commencing at the end of the Bølling–Allerød intersta-
dial (∼ 14.7–12.9 kyr BP) and ice-free conditions at Dalsnibba’s summit during the Younger Dryas.
Bedrock samples at lower elevations imply vertical ice surface lowering down to 1334 m a.s.l. at
10.3± 0.5 ka and a longer overall period of downwasting than previously assumed. Two further 10Be
samples add to the existing chronology at Blåhø (1617 m a.s.l.) in south-central Norway. The 10Be
erratic boulder sample on the summit of Blåhø sample yields 20.9± 0.8 ka, whereas a 10Be age of
46.4± 1.7 ka for exposed summit bedrock predates the Late Weichselian Maximum. This anoma-
lously old bedrock age infers inherited cosmogenic nuclide concentrations and suggests low erosive
cold-based ice cover during the Last Glacial Maximum. However, due to possible effects of cryotur-
bation and frost heave processes affecting the erratic boulder age and insufficient numbers of 10Be
samples, the glaciation history on Blåhø cannot conclusively be resolved. Comparing the different
timing of deglaciation at both locations in a rather short west–east distance demonstrates the complex
dynamics of deglaciation in relation to other areas in southern Norway.

Kurzfassung: Es werden neue 10Be Oberflächenexpositionsdatierungsalter zweier ausgewählter Lokalitäten in Süd-
norwegen vorgestellt. Insgesamt fünf 10Be Altersdatierungen erlauben eine erste Bewertung der
lokalen Deglaziationsdynamiken des Skandinavischen Eisschildes auf Dalsnibba (1476 m ü.d.M.,
über dem Meeresspiegel) im westlichen Südnorwegen. Die Expositionsalter des anstehenden
Grundgesteins zwischen 13.3±0.6 und 12.7±0.5 ka vom Gipfel der Dalsnibba indizieren den Beginn
der Deglaziation, da das Alter des glazial transportierten Blocks (16.5±0.6 ka) von ähnlicher Höhen-
lage stammt und dieser wahrscheinlich eine ererbte kosmogene Nuklidkonzentration besitzt. Dies
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deutet auf eine beginnende initiale Deglaziation am Ende des Bølling–Allerød interstadial (∼ 14.7–
12.9 kyr BP) und einen eisfreien Gipfel der Dalsnibba während der Jüngeren Dryas hin. Exposition-
salter für Grundgestein in niedrigerer Höhenlage weisen auf ein anschließendes Absinken der ver-
tikalen Eisausdehnung auf 1334 m ü.d.M. um 10.3± 0.5 ka sowie auf eine länger anhaltende Eiss-
chmelzperiode als bisher angenommen hin. Es werden zwei zusätzliche Datierungen zur bereits beste-
henden Deglaziationschronologie von Blåhø (1617 m ü.d.M.) im zentralen Südnorwegen präsentiert.
Das 10Be Alter eines erratischen Blocks auf Blåhø ergibt 20.9± 0.8 ka und das erzielte Alter von
46.4±1.7 ka eines Grundgesteinsaufschluss am Gipfel liegt zeitlich vor dem Spätweichsel-Maximum
(LGM). Das ungewöhnlich hohe Grundgesteinsalter lässt sich auf eine ererbte kosmogene Nuklid-
konzentration sowie eine Bedeckung mit wenig erosivem, kaltbasalen Eis auf Blåhø während des
LGM schließen. Allerdings ist eine abschließende Bewertung der Vergletscherungsgeschichte Blåhø
schwierig, da mögliche Effekte von Kryoturbation und Frosthebungsprozessen das Alter des Blocks
beeinflusst haben könnten und die Anzahl der Expositionsdatierungen unzureichend ist. Der Vergleich
des unterschiedlichen Beginns der Deglaziation in beiden Untersuchungsgebieten in geringer West–
Ost Distanz deutet auf komplexe dynamische Deglaziationsprozesse in Relation zu anderen Gebieten
in Südnorwegen hin.

1 Introduction

The growth and decay of Quaternary glaciers and ice sheets
has had fundamental implications for environmental changes
worldwide (Ehlers and Gibbard, 2007). Based on numeri-
cal terrestrial or marine radiocarbon and cosmogenic nuclide
surface exposure ages in addition to pollen stratigraphy, the
chronology of the last deglaciation of the Scandinavian Ice
Sheet (SIS) following the Last Glacial Maximum (LGM,
26.5–20 kyr; Clark et al., 2009) and related ice marginal po-
sitions in Norway are generally perceived as well constrained
(Hughes et al., 2016; Stroeven et al., 2016; Patton et al.,
2017). The detailed vertical extent of the SIS in Norway
for this period remains, however, uncertain over large areas.
Scenarios ranging from maximum models with a central ice
dome (Sollid and Reite, 1983; Mangerud, 2004) to minimum
models implying a thin multi-domed ice sheet and larger ice-
free areas (Dahl et al., 1997; Wohlfarth, 2010) are the topic
of ongoing discussion. The knowledge of the vertical dimen-
sion of the LGM ice sheet could provide crucial information
on palaeoenvironmental factors like sea-level changes, atmo-
spheric and oceanic circulation, (de-)glaciation patterns, ice-
sheet erosion rates, landscape evolution, and englacial ther-
mal boundaries (Winguth et al., 2005; Rinterknecht et al.,
2006; Goehring et al., 2008). The interpretation of bedrock
with different degree of weathering in mountain areas af-
fected by Quaternary glaciation can, therefore, be important
for determining ice-sheet behaviour and thickness during the
last glaciation periods (Brook et al., 1996; Briner et al., 2006;
McCarroll, 2016). There are several concepts to explain the
limit between differently weathered bedrock (trimline) sepa-
rating highly weathered uplands comprising blockfields and
tors from relatively unweathered lower exposures of freshly
eroded glacial features (Rea et al., 1996; Briner et al., 2006).
The two most discussed scenarios suggest on the one hand

the preservation of highly weathered uplands by a cover of
non-erosive cold-based ice; thus the trimline would reflect an
englacial thermal boundary. The alternative explanation sug-
gests that the trimline represents the true upper vertical ice
surface and erosional limit of a former warm-based ice sheet
with ice-free nunatak areas above that boundary (Stroeven et
al., 2002).

The rise of terrestrial cosmogenic nuclides (TCNs) for
surface exposure dating as a key tool to yield numeri-
cal ages of landforms and bedrock surfaces representing
specific glacier and ice sheet dynamics has revolutionized
deglaciation chronologies (Dunai, 2010), especially for set-
tings where organic material is not available for dating. TCNs
have been frequently used to reconstruct glacial chronologies
worldwide, often utilizing ages derived from erratic boulders
or bedrock surfaces (Dunai, 2010; Stroeven et al., 2016, and
references therein). To successfully apply TCNs and to es-
tablish timing and rates of the last deglaciation, it is nec-
essary that any cosmogenic nuclide produced prior to the
last deglaciation has been removed by erosion (Briner et al.,
2006; Dunai, 2010). Consequently, the erosive capacity of
an ice sheet is mirrored in the concentration of cosmogenic
nuclides, as the degree of erosion governs the level of in-
heritance (Harbor et al., 2006). Erosive capacity is largely
causally connected to the basal temperature regime of the
ice and its related ability to move by basal sliding. There-
fore, cosmogenic nuclide concentrations may also serve as a
tool to identify englacial thermal boundaries between warm-
based and cold-based zones or estimate palaeo-ice thickness
of entirely warm-based glaciers (Kleman, 1994).

The SIS constituted the largest unit of the Eurasian ice
sheet (Hughes et al., 2016). Despite the progress with re-
constructing volume, margins and timing, the information
from terrestrial sources about the former ice cover is limited
(Patton et al., 2016). Only a few deglaciation studies have
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been carried out in the Geiranger Fjord area in southwestern
Norway, where our first selected site, Dalsnibba, is located
(e.g. Fareth, 1987; Aarseth et al., 1997). These studies have
mostly relied on 14C dates which have repeatedly been ques-
tioned (e.g. Donner, 1996). Hence, only limited numerical
age data are available and there is a need for more reliable
data for a better understanding of deglaciation dynamics in
this area. Our second selected site at Blåhø was previously
studied by several authors focussing on deglaciation follow-
ing the LGM (e.g. Nesje et al., 1994; Goehring et al., 2008;
Marr et al., 2018). We provide additional ages from an erratic
boulder and from a bedrock outcrop to improve the image of
the glaciation history.

In the wake of growing evidence for a more dynamic
SIS through the last glacial cycle (Rinterknecht et al., 2006;
Mangerud et al., 2010), it is essential to establish a robust
deglaciation chronology, particularly for its inner mountain-
ous region, to understand landform evolution and ice sheet
dynamics. Given the importance of ice sheets with respect to
the climate system, a better understanding of their evolution
and the rate and timing of their ice retreat across the moun-
tainous parts of southern Norway is necessary. Here, we re-
port cosmogenic 10Be surface exposure ages from boulder
and bedrock surfaces of two selected mountain sites in south-
western and south-central Norway to improve our knowledge
on the (de)glaciation history (Fig. 1). Our main study objec-
tives were as follows:

1. to apply terrestrial cosmogenic 10Be dating and to de-
termine 10Be surface exposure ages from the collected
boulder and bedrock samples

2. to present the first estimate for the timing of initial local
deglaciation for Dalsnibba in Opplendskedalen based
on 10Be

3. to assess and further improve the existing deglaciation
chronology for Blåhø in the light of new 10Be ages pre-
sented in this study

4. to explore the ice sheet dynamics and characteristics
during the deglaciation in the selected areas in southern
Norway.

2 Study area

2.1 Dalsnibba

Dalsnibba (62◦4′43 N, 7◦17′35 E; 1476 m a.s.l.) is located
in Opplendskedalen on the Geirangerfjellet in the western
part of south-central Norway. The summit area is domi-
nated by glacially eroded bedrock outcrops which are mod-
erately weathered, but there is no blockfield on Dalsnibba.
The general morphology was strongly influenced by Quater-
nary glaciations with well-developed glacial valleys and deep
fjords constituting prevailing macro-landforms (Holtedahl,
1967; Klemsdal and Sjulsen, 1988). Four bedrock samples

from glacially eroded bedrock surfaces and one glacially
transported boulder sample taken at four elevations ranging
from 1334 to 1476 m a.s.l. were analysed. We aimed for sam-
pling along a vertical transect from Dalsnibba to the valley
bottom of Opplendskedalen at ∼ 1050 m a.s.l. However, in-
accessibility and/or inappropriate sampling sites prohibited
us from doing so. Sub-oceanic climatic conditions prevail at
the site with mean annual air temperature between 0 and 2 ◦C
(1971–2000) and mean annual precipitation between 2000
and 3000 mma−1 (1971–2000) (http://www.senorge.no, last
access: 18 April 2019). The gneiss bedrock is mainly quartz
dioritic to granitic and partly migmatitic and is part of the
so-called Western Gneiss Region (Tveten et al., 1998). The
sampled boulder had the equivalent lithological composition.

The ice retreat following the LGM probably saw the ice
margin approaching the inner parts of Storfjorden during
the Bølling–Allerød interstadial (∼ 14.7–12.9 kyr BP; Pat-
ton et al., 2017) when the glacier probably experienced
several short standstills in the Geiranger Fjord (Longva et
al., 2009). Glaciers readvanced during the Younger Dryas
(YD, 12.9–11.7 cal. kyr BP; Lohne et al., 2013) and created
moraines at the fjord mouth (Longva et al., 2009). Little
is known about the vertical ice limit during the YD; An-
dersen et al. (1995) suggest a thickness of 800–1200 m in
fjords that became ice-free during the Bølling–Allerød inter-
stadial. The final deglaciation following the YD in the fjords
in western Norway generally falls between 11.2± 0.4 and
10.9± 0.2 cal. kyr BP (cf. Nesje and Dahl, 1993; calibration
from Hughes et al., 2016, applied).

2.2 Blåhø

Blåhø (61◦53′51 N, 9◦16′58 E; 1617 m a.s.l.) is located in Ot-
tadalen in the central part of southern Norway. Smooth undu-
lating surfaces at summit level are present, with three lower
peaks – Rundhø (1556 m a.s.l.), Veslrundhø (1514 m a.s.l.)
and Storhøi (1455 m a.s.l.) – part of the mountain ridge. The
Blåhø summit is covered by an autochthonous blockfield ex-
tending down to a trimline at ∼ 1500 m a.s.l. (Nesje et al.,
1994). Two samples were collected at the summit: one from
a bedrock slab at the eastern edge of the blockfield and one
from an erratic boulder. Climatic conditions are continental,
with a mean annual temperature of −2 to −1 ◦C and a mean
annual precipitation of 750–1000 mma−1 at the summit and
less than 500 mma−1 (1971–2000) in the valley (http://www.
senorge.no); it is among the driest areas in Norway. The
area is dominated by quartz-rich Precambrian bedrock. The
summit itself is dominated by meta-conglomerate and meta-
sandstone on higher and lower slopes, respectively (Tveten
et al., 1998). The sampled erratic boulder from the summit is
quartz pegmatite.

The (de)glaciation history of Blåhø has attracted re-
searchers’ attention for decades (e.g. Nesje et al., 1994;
Goehring et al., 2008; Marr and Löffler, 2017). It has been
debated whether the summit was covered by cold-based ice
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Figure 1. Study areas in southern Norway and the location of Dalsnibba in the west and Blåhø in the east (modified after Löffler and Pape,
2004).

(Goehring et al., 2008) or remained ice-free during the LGM
(Nesje et al., 1994). Goehring et al. (2008) established a
deglaciation chronology following the LGM, commencing
at 25.1± 1.8 ka based on a 10Be age from an erratic boul-
der at the summit to 11.7± 1.0 ka at the lowermost sample
(1086 m a.s.l.).

3 Methods

3.1 Material and measurement

Surface exposure dating utilizes the in situ build-up of cos-
mogenic nuclides like 10Be, 26Al or 36Cl by secondary cos-
mic rays to assess the duration of surface exposure at or near
the earth’s surface (Balco et al., 2008). The calculation of
surface exposure ages using cosmogenic nuclide concentra-
tions from glacial landforms is based on several assumptions.
Exposure ages obtained using a single nuclide species are
often considered minimum ages, as it is assumed that the
samples were constantly exposed at the surface during one
single period only, and that they neither contain an inherited
nuclide concentration nor were they affected by significant
snow shielding or erosion (Stroeven et al., 2002; Briner et
al., 2006). In this study, we measured the 10Be concentra-
tion of five bedrock (-bed) and two boulder (-bo) samples
(Fig. 2). We targeted bedrock outcrops to provide additional
new data to existing datasets (Goehring et al., 2008) and to
explore the potential thermal and erosional properties of the
ice sheet (Harbor et al., 2006; Dunai, 2010) because errat-
ics on top of (glacially modified) bedrock may (Fabel et al.,
2002; Dunai, 2010), but not necessarily, provide deglaciation
ages (cf. Heymann et al., 2011). It has to be acknowledged,
however, that our limited 10Be ages (n= 7), especially in the

eastern study area, allow us to improve and assess the ex-
isting deglaciation chronology rather than construct an inde-
pendent one.

The samples were collected by hammer and chisel, and
only boulders broader than 20 cm in diameter were se-
lected for measurement to minimize the probability of post-
depositional disturbance. All samples were obtained from
flat surfaces (dip< 5◦) with at least 25 cm distance from any
edges for the large boulder and the longest distance possible
from the edges of the smaller boulder. Both bedrock sam-
ples were obtained from locations with weathered surfaces
and/or lichen cover to avoid surfaces so intensively weath-
ered that slabs had potentially broken off the boulder surfaces
(Fig. S5 in the Supplement). We sampled from local topo-
graphic highs to minimize the influence of snow cover. Ge-
ographical coordinates and elevations of sampling locations
were recorded with a handheld GPS. Topographic shielding
was derived from compass and clinometer measurements at
each sample site.

After crushing and sieving, between ca. 10 to 44 g of
purified quartz was extracted from the rock samples using
the approach of Kohl and Nishiizumi (1992). Quartz sam-
ples were spiked with around 300 µg of a commercial beryl-
lium solution (Scharlab, 1000 mgL−1, density 1.02 gcm−3)
before being dissolved in a concentrated HF/HNO3 mix-
ture. Preparation of the purified quartz as AMS (accelerator
mass spectrometry) targets was undertaken in tandem with
a reagent blank. Target preparation chemistry was under-
taken in the clean laboratory at the University of Cologne
using the single-step column approach described by Bin-
nie et al. (2015). Beryllium hydroxide was co-precipitated
with Ag, according to Stone et al. (2004), for pressing
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Figure 2. Detailed sampling locations at (a) Dalsnibba and (b) Blåhø. The bedrock samples in both study areas are labelled as -bed, the
boulder samples as -bo. The calculated 10Be ages of every sample are reported with 1σ uncertainty in ka. The contour line intervals are a
distance of 50 m (source: http://www.kartverket.no, last access: 14 January 2019).

into AMS targets. Measurements of 10Be/9Be were under-
taken at CologneAMS (Dewald et al., 2013), normalized
to the revised standard values reported by Nishiizumi et
al. (2007). Uncertainties in the blank-corrected 10Be concen-
trations were derived by propagating (summing in quadra-
ture) the 1 SD uncertainties in the AMS measurements of the
blanks and the samples along with an estimated 1 % uncer-
tainty (1 SD) in the mass of 9Be added as a carrier.

3.2 Exposure age calculations

The 10Be surface exposure ages were calculated with the on-
line exposure age calculator version 3, formerly known as
the CRONUS-Earth online exposure age calculator (Balco et
al., 2008; Balco, 2017; http://hess.ess.washington.edu/, last
access: 30 April 2019). The spallation-induced regional pro-
duction rate for western Norway (normalized to sea-level
high latitude) was used, as surfaces of unknown age can be
dated more precisely due to the proximity of the calibra-
tion site (Goehring et al., 2012a, b). We applied the time-
dependent LSD scaling model of Lifton et al. (2014) and
used the 07KNSTD flag in the online calculator. A rock den-
sity of 2.6 gcm−3 was applied for all samples. We did not
correct our ages for atmospheric pressure anomalies, tem-
poral shielding by snow, sediment or vegetation. Erosion of
1 mmkyr−1 was applied in the online calculator, a compara-
ble erosive capacity in summit areas as presented by Ander-
sen et al. (2018a) for Reinheimen, close to Blåhø.

One parameter required within the calibration process for
calculating 10Be age is the elevation of the sampled bedrock
or boulder surface. Any correction for the effect of post-

glacial glacio-isostatic uplift is, however, quite challenging.
No detailed local uplift data for Dalsnibba are available, but
an estimate of ca. 100 m total uplift based on reports of for-
mer shoreline displacement or modelling attempts seems rea-
sonable (Svendsen and Mangerud, 1987; Fjeldskaar et al.,
2000; Steffen and Wu, 2011). For Blåhø, the total postglacial
uplift is estimated at around 300 m (Morén and Påsse, 2001).
However, this postglacial uplift cannot be described as a lin-
ear function as data from other localities in western Norway
highlight (e.g. Fjeldskaar, 1994; Helle et al., 2007). An ini-
tial strong uplift during Allerød halted during the Younger
Dryas and resumed after its termination with high uplift
rates in the Early Holocene that subsequently significantly
decreased (Lohne et al., 2007). According to newest mod-
elling by Fjeldskaar and Amatonov (2018) the calculated
uplift between Allerød and Younger Dryas at around Dal-
snibba would summarize to around 50 m, i.e. half of the sug-
gested total postglacial glacio-isostatic uplift. Because post-
glacial uplift first becomes relevant for 10Be age calculation
after exposure of the sampled surface, a circular reference
emerges as surface exposure age (the unknown factor itself)
needed to be known to precisely determine the amount of up-
lift that had already occurred according to established models
(cf. Jones et al., 2019). To resolve this problem and simplify
the correction for postglacial uplift, we assume initial fast
uplift between 13 and 11.5 kyr totaling 50 m following Fjeld-
skaar and Amatonov (2018), followed by linear uplift during
the Holocene that accounts for the remaining 50 m. The re-
sulting reduction for sample elevation is ca. 30 m for Dal-
snibba. Following similar considerations for Blåhø, a max-
imum reduction of 150 m in relation to modern elevation is
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considered. However, the alternative influence of ca. 100 m
reduction and no uplift correction are also assessed because
of a likely non-linear uplift function, with maximum uplift
during or immediately following deglaciation. The results
of different uplift scenarios on Blåhø ages are presented in
Table S3 in the Supplement. A reduction of sample eleva-
tion of ca. 100 m averaged over the entire surface exposure
time seems reasonable and needs to be treated as a maximum
value as Early Holocene uplift rates may be underestimated.
Finally, with respect to all potential uncertainties with the
calculation and calibration of 10Be surface exposure age es-
timates (production rates, selected scaling schemes, etc.), our
simplified postglacial uplift correction appears appropriate.

4 Results

AMS analysis gave 10Be/9Be ratios ranging from 1.65×
10−12 to 8.69×10−14. The reagent blank prepared alongside
the samples gave a 10Be/9Be value of 6.47× 10−15, and the
blank subtractions were < 4 % of the total number of 10Be
atoms measured in the samples, aside from sample DanBed2,
which yielded less quartz, resulting in a blank subtraction
that was 7.5 % of the total.

The cosmogenic exposure ages calculated for all samples
from Dalsnibba and Blåhø are shown in Fig. 2 and Table 1.
The boulder sample from the summit of Dalsnibba (DanBo)
was the oldest from this site at 16.5± 0.6 ka. The 10Be ages
from Blåhø are 46.4± 1.7 ka (BlaBed) for the bedrock from
the blockfield, whereas the boulder resting on the block-
field gave 20.9± 0.8 ka (BlaBo). The recalculated ages for
Goehring et al. (2008) are presented in Table S4. Results
for the effect of different glacio-isostatic uplift rates for Dal-
snibba and Blåhø are presented in Tables S2 and S3. The
considered uplift of 30 m vs. no uplift for Dalsnibba results
in a ∼ 3 % age increase. An uplift of 100 m at Blåhø leads to
∼ 9 % older ages if compared to no correction for no uplift.
For the maximum scenario of 150 m uplift the corresponding
value is a ∼ 14 % age increase.

5 Discussion

5.1 Methodological considerations and processes
affecting 10Be concentrations

We collected our rock samples from three different set-
tings: bedrock outcrops from weathered debris/blockfields,
glacially eroded bedrock surfaces, and boulders. Erosion of
the sampled surfaces or undetected shielding (e.g. snow or
vegetation cover) would lower the nuclide concentrations
and consequently lead to underestimated ages (Stroeven et
al., 2002; Hughes et al., 2016). Further, samples collected
above the weathering limit, where outcrops are prone to sur-
face degradation by severe frost weathering, also result in an
underestimation of the true surface exposure (Brook et al.,
1996).

The uplift model used by Goehring et al. (2008) applied on
Blåhø reveals ∼ 22 % older ages from high-elevation sam-
ples (> 1400 m a.s.l.). The recalculated data from Goehring
et al. (2008) applying our uplift correction approach (with
100 m) give an estimated age difference of ∼ 9 %. A total
uplift of 150 m results in ∼ 14 % older ages, which is closer
to the value obtained by Goehring et al. (2008). For further
discussion we rely on the most realistic option with a total
uplift of 100 m for Blåhø.

The impact of snow cover on the 10Be ages was esti-
mated on the basis of Gosse and Philipps (2001) with recent
snow conditions (data from http://www.senorge.no, averaged
1958–2019). By assuming 150 cm during 9–10 months in the
west and 40 cm for 7–8 months (snow density 0.3 gcm−3) in
the east are representative of this interglacial, the 10Be calcu-
lations could result in 18 %–20 % too young ages in the west
and 4.2 %–4.8 % in the east. It needs, however, to be pointed
out that it is impossible to assess whether modern snow con-
ditions are representative of the conditions during the entire
Holocene with its known climate variability (Nesje, 2009).
We are aware that due to our limited dataset it is impossible to
make conclusive statements about the glaciation history, es-
pecially for Blåhø, and to definitively identify geological bias
and sample outliers (Stroeven et al., 2016). Furthermore, our
restrictions to a single cosmogenic nuclide (10Be) does not
allow us to obtain information on any complex burial his-
tory that would require pairing 10Be with other nuclides like
26Al (Fabel et al., 2002). Nevertheless, we assume our results
to have the capacity to contribute to the discussion of the
timing of deglaciation in both areas because of their gener-
ally coherent ages in relation to previously published timings
of deglaciation between 11.2±0.4 and 10.9±0.2 cal. kyr BP
(cf. Nesje and Dahl, 1993; calibration from Hughes et al.,
2016, applied) in the west and 21.8±1.6 ka (Goehring et al.,
2008, recalculated) in the east. Recent findings indicate the
timing of the last deglaciation at 11± 0.2 ka in Reinheimen,
located between our study areas (Andersen et al., 2018a).

5.2 Timing of deglaciation at Dalsnibba

The obtained 10Be surface exposure ages from Dalsnibba of-
fer the possibility of presenting the first age constraints for
local deglaciation based on cosmogenic nuclides. The inter-
nal consistency of our 10Be exposure ages from glacially
eroded bedrock surfaces with their post-LGM age implies
that glacial erosion was sufficient to remove any inherited
nuclide concentration, and that the bedrock had been contin-
uously exposed since. This supports the concept that glaciers
in fjord landscapes were highly effective erosional agents and
consequently warm-based (Aarseth et al., 1997; Matthews et
al., 2017), especially in the valleys. This is in agreement with
Landvik et al. (2005), who claim that frozen-bed conditions
throughout the growth and decay of glaciers in coastal envi-
ronments are unlikely. However, there are blockfield-covered
summits between the fjords which are mostly located at a

E&G Quaternary Sci. J., 68, 165–176, 2019 www.eg-quaternary-sci-j.net/68/165/2019/

http://www.senorge.no


P. Marr et al.: 10Be-based exploration of the timing of deglaciation 171

Table 1. Sample and laboratory data and calculated 10Be surface exposure ages.

Sample Sample Latitude Longitude Altitude Sample Topographic Blank-corrected Uncertainty (1σ ) External Exposure
ID type (◦) (◦) (m a.s.l.) thickness shielding 10Be conc. blank-corrected uncertainty age

(cm) (105 atg−1) 10Be conc. (year) (year)
(103 atg−1)

DanBed1 Bedrock 62.047639 7.274044 1476 4.8 0.999935 2.04 8 1100 12700± 500
DanBed2 Bedrock 62.049925 7.275275 1418 3.5 0.999997 1.70 13 1200 11000± 800
DanBed3 Bedrock 62.049314 7.270258 1464 5.9 0.999976 2.10 8 1200 13300± 600
DanBed5 Bedrock 62.048295 7.287856 1334 4.7 0.999544 1.48 6 900 10300± 500
DanBo Boulder 61.897524 9.282407 1438 6.5 1 2.60 10 1500 16500± 600
BlaBed Bedrock 61.897700 9.284238 1615 2.4 1 7.49 26 4200 46 400± 1700
BlaBo Boulder 62.044505 7.274839 1617 2.8 1 3.59 14 1900 20900± 800

All ages are calculated using version 3 of the calculator code found at https://hess.ess.washington.edu/ (last access: 30 April 2019) (Balco et al., 2008; Balco, 2017). The western
Norway 10Be production rate (Goehring et al., 2012a, b) is applied with standard atmosphere and pressure “std” and a rock density of 2.6 g cm−3. The time-dependent LSD scaling
model of Lifton et al. (2014) was used. An uplift for 30 m for Dalsnibba and 100 m for Blåhø was assumed as well as an erosion of 1 mm kyr−1.

higher altitude above the blockfield boundary, indicating that
they were potentially protected by cold-based ice (Brook et
al., 1996). The two uppermost bedrock ages and the glacial
boulder are from comparable altitudinal settings, whereas the
boulder is ∼ 3.8 to 3.2 ka older than the bedrock samples.
This points to inherited cosmogenic nuclide inventory, and
we therefore interpret the uppermost bedrock ages ranging
from 13.3± 0.6 to 12.7± 0.5 ka as the timing of deglacia-
tion on Dalsnibba. The bedrock ages mark the subsequent
lowering of the ice surface; by plotting sample age with al-
titude (Fig. S4, R2

= 0.91) the dynamics of ice surface low-
ering through time becomes clear. As the lowermost sam-
ple in this study is at 1334 m a.s.l. (which cannot cover the
spectrum until the final downmelt of the ice), the exposure
age of the valley bottom of Opplendskedalen (7.47±0.73 ka
at 1045 m a.s.l.; Marr et al., 2019) is used to determine the
ice surface lowering rate. This gives an ice surface lower-
ing of about 430 m within ∼ 5.8 ka. We calculate a thinning
rate of ∼ 7.3 cma−1, which is comparable to the inland thin-
ning rate determined by Linge et al. (2007) of 5 cma−1. We
explain this with the persistence of a small ice cap on Dal-
snibba and/or glacial readvances (with related fluctuations of
the vertical ice limit) as the YD in the valleys probably led to
a prolonged ice coverage. Our results from the western study
site have three important implications in terms of the local
glaciation history:

1. We suggest that the vertical ice limit must have ex-
ceeded 1476 m a.s.l. to be able to transport and deposit
the boulder at its location. This contrasts to some extent
with the view that ice thickness in coastal areas was sup-
posed to be relatively thin due to effective ice drainage
(Nesje et al., 1987), but it needs to be considered that
Dalsnibba is located at the innermost fjord head of the
Geiranger Fjord. Some authors anyway infer the possi-
bility of nunataks on high coastal surfaces in western
Norway (Mangerud, 2004; Winguth et al., 2005). In the
light of our results, we have to reject the possibility that

Dalsnibba was a nunatak during the LGM but suggest
that the summit was covered by warm-based ice.

2. The timing of deglaciation between 13.3± 0.6 and
12.7±0.5 ka overlaps with the Bølling–Allerød intersta-
dial, during which the summit of Dalsnibba was prob-
ably ice-free, and coincides with when the deglaciation
reached Storfjord (Longva et al., 2009). Subsequently,
Dalsnibba was not affected by the Younger Dryas read-
vance. Our results indicate that the deglaciation on Dal-
snibba began at the end of the Bølling–Allerød or later,
and Dalsnibba constituted a nunatak during the Younger
Dryas.

3. There is only sparse information on the final deglacia-
tion in the Scandinavian mountains; it is supposed to
have commenced shortly after ∼ 10 ka (cf. Hughes et
al., 2016). In Reinheimen, east of Dalsnibba, Andersen
et al. (2018a) suggest 11± 0.2 ka as the timing of the
last deglaciation. With our 10Be results it is difficult to
constrain the final deglaciation as our lowermost sample
was collected at 1334 m a.s.l. However, we can clearly
state that the ice persisted at∼ 1330 m a.s.l. until 10.3±
0.5 ka when the final local deglaciation was partly in-
ferred for the region 11.2±0.4 and 10.9±0.2 cal. kyr BP
(cf. Nesje and Dahl, 1993; calibration from Hughes
et al., 2016, applied). Therefore, our results open up
the possibility that the ice coverage at Dalsnibba lasted
longer than previously anticipated and also longer than
in the Reinheimen area, unless the last part of deglacia-
tion was characterized by a sudden collapse of the re-
maining ice.

5.3 Implications of 10Be exposure ages from Blåhø

The 10Be ages from the blockfield support the overall inter-
pretation that these relict features have survived glaciation
with little or no erosion, which indicates long-term land-
form preservation (Rea et al., 1996; Linge et al., 2006). By
acknowledging the widely accepted scenario that anoma-
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lously high 10Be concentrations of bedrock samples, such
as BlaBed, are the consequence of cold-based ice cover, the
blockfield boundary might represent the former englacial
boundary between cold-based and warm-based ice (Fabel
et al., 2002; Marquette et al., 2004). This implies that the
bedrock sample is likely compromised by inherited 10Be
from previous exposure followed by preservation beneath
cold-based ice (Linge et al., 2006). This scenario appears re-
alistic for the Blåhø bedrock sample, which, consequently,
confirms the presence of non-erosive cold-based ice in line
with several models suggesting thick ice coverage for this
part of Norway (Stroeven et al., 2002; see Goehring et al.,
2008). Notably, few of the weighted average bedrock ages
from Reinheimen (Andersen et al., 2018a) show inheritance
and provide ages of ∼ 11 ka. This may point towards dif-
ferent thermal basal ice conditions within a short distance.
Cosmogenic 10Be and 26Al nuclide concentration data indi-
cate that some repeatedly glaciated sites have experienced
negligible glacial erosion over the entire Quaternary (Briner
et al., 2006; Harbor et al., 2006). Therefore, the inherited
cosmogenic nuclides must have accumulated during multiple
phases of exposure and have subsequently been preserved by
cold-based ice (Hughes et al., 2016). Subtracting the expo-
sure age since deglaciation (∼ 21 ka) the surface experienced
∼ 25 kyr of prior exposure. By using the ice coverage mod-
elled by Mangerud et al. (2010) and Hughes et al. (2016),
we evaluate the 10Be concentration accumulation over time
(Stroeven et al., 2002). With this approach it seems possible
that the bedrock sample on Blåhø was first exposed at the sur-
face during the Early Weichselian or the Eemian interglacial.
Some authors suggest even older blockfield ages (e.g. Linge
et al., 2006). In this scenario, boulder ages are often consid-
ered to reflect the timing of deglaciation (Marquette et al.,
2004; Goehring et al., 2008). Following this, our boulder age
of 20.9±0.8 ka reflects the beginning of deglaciation, which
agrees with the termination of the LGM (Fig. 3). This and
the recalculated boulder age of 21.8± 1.6 ka (Goehring et
al., 2008) supports their statement of the onset of deglacia-
tion around this time. However, alternative interpretations of
these boulder ages cannot be rejected, e.g. age overestima-
tion due to post-depositional shielding by burial and subse-
quent exhumation by frost heave, deposition prior to LGM
followed by long-term shielding, or deposition during a read-
vance following LGM (Briner et al., 2006; Heymann et al.,
2011). But Marr et al. (2018) show evidence that the block-
field stabilized ∼ 18 ka during severe periglacial conditions,
which indicates the absence of ice cover close to the inferred
time of boulder deposition.

The alternative interpretation of the bedrock 10Be nuclide
concentration assumes continuous surface exposure since at
least 46.4±1.7 ka. Geomorphic evidence, such as periglacial
activity of the summit blockfield until 18 ka, challenges the
inferred presence of cold-based ice on Blåhø during the LGM
(Marr et al., 2018). Recently, Andersen et al. (2018b) stated
that high-elevation low-relief areas in south-central Norway

Figure 3. The ages are plotted against the North Greenland
Ice Core Project (North Greenland Ice Core Project members,
2004) δ18O with 10Be ages. The key cold climate events are the
Younger Dryas (YD), Older Dryas (OD), Last Glacial Maximum
(LGM) and Skjonghelleren Stadial (SKJ); data are from Clark et
al. (2009), Mangerud et al. (2010), Lohne et al. (2013) and Hughes
et al. (2016).

were not covered by cold-based but warm-based ice as they
calculated significant erosion rates. Therefore, whether the
consistent trimline represents an englacial boundary remains
ambiguous as englacial thermal boundaries may change fre-
quently and may be unstable over long time periods (Nesje
et al., 1987). However, decisive statements on glaciation his-
tory based on a single age are not possible; to resolve this
issue on Blåhø, more numerical age data are necessary.

5.4 Implications for the regional glaciation history

The time difference of about 6–9 kyr for deglaciation be-
tween Dalsnibba and Blåhø is noteworthy. Taking into ac-
count the timing of deglaciation at 11±0.2 ka in Reinheimen
(Andersen et al., 2018a), located between our study areas,
the deglaciation pattern in southern Norway was spatially
and temporally variable. In relation to these ages the summit
of Blåhø became apparently ice-free relatively early during
deglaciation, whereas Dalsnibba at the inner fjord head of
Geiranger Fjord became ice-free around 2 kyr later than the
Reinheimen plateau. This means that during the YD read-
vance Reinheimen must have still been ice-covered, but the
summit of Dalsnibba was already ice-free.

6 Conclusion

In this paper we present seven in situ cosmogenic 10Be sur-
face exposure ages from two selected mountain locations in
southern Norway. Despite uncertainties related to the uncer-
tainties of our 10Be surface exposure ages and the limited
dataset, we can delineate age constraints for the timing of
deglaciation in the Geirangerfjellet in southwestern Norway.
Further, we contribute new age estimates to the previously es-
tablished deglaciation chronology for Blåhø in south-central
Norway. The following conclusions can be drawn from this
study:
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1. According to the summit bedrock exposure ages rang-
ing from 13.3±0.6 to 12.7±0.5 ka, deglaciation of the
summit of Dalsnibba in Opplendskedalen commenced
during the termination of the Bølling–Allerød intersta-
dial. The summit successively remained ice-free during
the Younger Dryas. However, the ice cover in the val-
ley below the summit lasted longer (until 10.3±0.5 ka)
than previously assumed. In contrast to other studies,
our results conclude that Dalsnibba was not a nunatak
but covered by warm-based ice during the LGM.

2. The bedrock age from Blåhø (46.4± 1.7 ka) indicates
long-term weathering history and exposure predating
the LGM. Most likely, inherited cosmogenic nuclides
preserved through shielding by non-erosive cold-based
ice are responsible for its old age. However, possible
post-depositional disturbance of the boulder and the
lack of larger suitable datasets restrict its interpretation.

3. The different timing of deglaciation in both selected
sites and in nearby Reinheimen implies complex
deglaciation patterns within a spatially limited area. The
vertical extent of the Younger Dryas readvance seems to
have been less pronounced in the inner fjord areas.
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Abstract: Today, on the Sanetti Plateau in the Bale Mountains of Ethiopia, only fragmented patches of Erica
species can be found at high altitudes (between 3900 and 4200 m a.s.l.). However, it is hypothesized
that during the later part of the last glacial period and the early Holocene the plateau was extensively
covered by Erica shrubs. Furthermore, it is assumed that the vegetation was later heavily destroyed
by human-induced fire and/or climate change phenomena. The objective of this study is to contribute
to paleovegetation reconstructions of the Sanetti Plateau by evaluating the potential of stable isotopes
(δ13C and δ15N) and sugar biomarkers for distinguishing the dominant plant species, including Erica,
and the soils below the plants. In a companion paper (Lemma et al., 2019a) we address the same issue
by evaluating lignin-derived phenols and leaf-wax-derived n-alkane biomarkers.

The stable carbon (δ13C) and nitrogen (δ15N) isotope values of the plant samples range from
−27.5 ‰ to −23.9 ‰ and −4.8 ‰ to 5.1 ‰, respectively. We found no significant δ13C and δ15N
differences between the dominant plant species. Mineral topsoils (Ah horizons) yielded more posi-
tive values than plant samples and organic layers (O layers), which reflects mineralization processes.
Moreover, the δ15N values became generally more negative at higher altitudes. This likely indicates
that the N cycle is more closed compared to lower altitudes. δ15N maxima around 4000 m a.s.l. point to
fire-induced opening of the N cycle at the chosen study sites. Erica species yielded the lowest overall
total sugar concentration (ranging from 58 to 118 mg g−1), dominated by galactose (G) and mannose
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(M). By contrast, Festuca species revealed much higher total sugar concentrations ranging from 104 to
253 mg g−1, dominated by the pentose sugars arabinose (A) and xylose (X). Although a differentiation
between Erica versus Festuca, Alchemilla and Helichrysum is possible based on (G+M) / (A+X)
ratios, Erica cannot be unambiguously distinguished from all other plant species occurring on the
Sanetti Plateau. In addition, plant-characteristic (G+M) / (A+X) sugar patterns change during soil
organic matter formation in the Ah horizons. This can be likely attributed to degradation effects and
soil microbial build-up of galactose and mannose. In conclusion, soil degradation processes seem to
render sugar biomarker proxies unusable for the reconstruction of the past extent of Erica on the
Sanetti Plateau, Bale Mountains, Ethiopia. This finding is of relevance beyond our case study.

Kurzfassung: Das Sanetti Plateau in den Bale Bergen Äthiopiens ist in seinen höheren Lagen (zwischen 3900 und
4200 m ü. NN) durch das fragmentarische Vorkommen von Erica geprägt. Möglicherweise kam Er-
ica während des Spätglazials und dem Frühholozän dagegen flächendeckend auf dem Plateau vor
und wurde erst im Laufe des Holozäns durch Klimaveränderungen und menschlich verursachte Feuer
zurückgedrängt. Das Ziel unserer Studie war es herauszufinden, ob sich die im Untersuchungsgebiet
dominant vorkommenden Pflanzenarten einschließlich Erica und die sich unter der jeweiligen Veg-
etation entwickelten Böden anhand ihrer Stabilkohlenstoff- und Stickstoffisotopien (δ13C und δ15N)
sowie ihrer Zucker-Biomarkermuster chemotaxonomisch unterscheiden lassen. In einem Begleitar-
tikel (Lemma et al., 2019a) verfolgen wir dasselbe Ziel anhand von Lignin-bürtigen Phenolen und
Blattwachs-bürtigen n-Alkan-Biomarkern.

Die δ13C und δ15N-Werte für die untersuchten Pflanzen reichen von −27,5 ‰ bis −23,9 ‰
bzw. von −4,8 ‰ bis +5,1 ‰ und weisen keine signifikanten Unterschiede zwischen den domi-
nanten Pflanzenarten auf. Positivere δ13C und δ15N-Werte in den Ah Horizonten im Vergleich zu den
Pflanzenproben und O-Lagen lassen sich mit der Mineralisations-bedingten Anreicherung von 13C
und 15N in Böden erklären. Tendenziell negativere δ15N-Werte mit zunehmender Höhe spiegeln ver-
mutlich wider, dass der N-Kreislauf klimatisch bedingt in größeren Höhen zunehmend geschlossen
ist. Lokale δ15N Maxima in etwa 4000 m Höhe können sehr gut mit der hier feuerbedingten Öff-
nung des N-Kreislaufs erklärt werden. Erica weist mit 58 bis 118 mg g−1 die niedrigsten Zucker-
Konzentrationen auf; es dominieren die Zucker Galactose und Mannose (G und M). Im Gegensatz
dazu variieren die Zucker-Konzentrationen im weit verbreitet vorkommenden Gras der Gattung Fes-
tuca zwischen 104 und 253 mg g−1; hier dominieren die Zucker Arabinose und Xylose (A und X).
Obwohl Erica anhand des (G+M) / (A+X) Verhältnisses von Festuca, Alchemilla und Helichrysum
chemotaxonomisch unterschieden werden kann, gilt dies nicht für weitere untersuchte Pflanzenarten
wie Kniphofia und Lobelia. Darüber hinaus offenbaren die Datenreihen Pflanze – O-Lage – Ah-
Horizont, dass die zum Teil pflanzencharakteristischen (G+M) / (A+X) Verhältnisse systematis-
chen Veränderungen unterliegen. Dies kann vermutlich auf Degradation und den bodenmikrobiellen
Aufbau von Galaktose und Mannose zurückgeführt werden und legt nahe, dass weder anhand von
δ13C und δ15N, noch anhand von Zuckerbiomarkern eine verlässliche Rekonstruktion der Vegetation
auf dem Sanetti Plateau möglich ist.

1 Introduction

The Bale Mountains in the southeast of Ethiopia consti-
tute the largest area with afroalpine and Ericaceous vege-
tation on the African continent (Hedberg, 1951; Miehe and
Miehe, 1994). The area is best known for its large numbers
of local endemic flora such as Lobelia rhynchopetalum, Lo-
belia scebelii and Senecio species (Hillman, 1986). Similar
to other tropical high-altitude mountains in East Africa such
as Mount Kenya, Mount Kilimanjaro and Mount Meru, the
vegetation of the Bale Mountains is characterized by altitu-

dinal zones (or belts) with an afromontane forest belt, an Er-
icaceous belt and an afroalpine belt (Hedberg, 1969; Miehe
and Miehe, 1994).

Vegetation reconstructions in the Bale Mountains have
been done using mainly pollen records from pit cores
(Hamilton, 1982) and sediments (Bonnefille, 1983; Bon-
nefille and Hamilton, 1986; Umer et al., 2007). Bonnefille
(1983) reported, for the Gadeb basin north of the Bale Moun-
tains, on the abundant occurrence of Erica pollen in sedi-
ments of a Pliocene lake between 2.5 and 2.4 myr. Pollen
records from Mount Badda (north-northwest of the Bale
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Mountains) and the Danka valley (Bale Mountains) sug-
gest that the upper limit of the Ericaceous belt (3830 to
4040 m a.s.l.) developed between 8000 and 3500 years BP
(Bonnefille and Hamilton, 1986; Miehe and Miehe, 1994).
A pollen study from Gerba Guracha in the Bale Mountains
(Umer et al., 2007) showed that the vegetation after deglacia-
tion at about 16 cal kyr BP mainly consisted of grasses.
Only with the beginning of the Holocene at 11 cal kyr BP
did the Ericaceous belt rise and extend across the Sanetti
Plateau, according to Miehe and Miehe, 1994. From about
4.5 cal kyr BP Erica shrubs and forests decreased in area and
altitude and the afroalpine ecosystem with Alchemilla and
Poaceae species expanded on the Sanetti Plateau. Accord-
ing to Kidane et al. (2012), Miehe and Miehe (1994), Umer
et al. (2007), and Wesche et al. (2000), the most likely ex-
planation for the decrease in Erica is fire caused by human
invasion. Increasing aridity during the mid to late Holocene
(Tiercelin et al., 2008) may have contributed to the destruc-
tion of the Erica woodlands on the Sanetti Plateau as well.
However, the reason for the contemporary occurrence of only
fragmented patches of Erica is still not clear.

At present, human impact is steadily increasing (Belayneh
et al., 2013), despite large areas having been protected within
the Bale Mountains National Park since 1970 (Hillman,
1986). During fieldwork in February 2015 and 2017, we
observed people in the Bale Mountains mainly subsisting
on pastoralism and illegal logging, thus increasingly placing
the natural resources and wildlife under immense pressure,
leading to deforestation, overgrazing and frequent fire occur-
rence. Wildfires have likely been a common phenomenon in
the Bale Mountains for a long time. However, they seem to
have become more severe in recent years (Johansson, 2013).

During the past decades the analyses of stable carbon
(δ13C) and nitrogen (δ15N) isotopes have significantly con-
tributed to a better understanding of (paleo-)ecological pro-
cesses (Tiunov, 2007). This technique has high potential for
tracing biogeochemical processes and for reconstructing past
and current interactions between humans, plants and the sur-
rounding environment (Dawson et al., 2002; Zech, 2006;
Zech et al., 2011a). Furthermore, δ13C analyses of soils and
sediments are particularly used to reconstruct alpine vegeta-
tion changes in terms of C3 versus C4 photosynthetic path-
way (Glaser and Zech, 2005; Zech et al., 2011b). Stable iso-
topes have been previously used in Ethiopia for reconstruct-
ing vegetation history (Gebru et al., 2009; Levin et al., 2011)
and to infer land use and land cover change (Eshetu and Hög-
berg, 2000; Liu et al., 2007; Solomon et al., 2002) as well as
physiological processes (Krepkowski et al., 2013). Gebru et
al. (2009) found that the vegetation has changed from C3 to
C4 during the late Holocene (3300 years BP) in Tigray due
to agricultural expansion. Eshetu and Högberg (2000) sug-
gested that the vegetation shifted from grassland to forest in
the Menagesha forest and Wendo Genet areas several hun-
dred years ago.

Given that pollen preservation is often poor in soils due
to oxidation (Brewer et al., 2013; Hevly, 1981; Li et al.,
2007) there have been large efforts during the last decades
toward developing proxies based on organic molecules that
are specific to certain plant and vegetation types (chemotax-
onomy) in order to contribute to the reconstruction of veg-
etation changes. This is mostly done with lipid biomark-
ers (Jansen et al., 2006a, b, 2008; see our companion pa-
per, Lemma et al., 2019a, for further details). In addition,
Kebede et al. (2007) have used amplified fragment length
polymorphisms (AFLPs) to infer the phylogeographical his-
tory of the afromontane species (Lobelia giberroa) in the
Bale Mountains. Sugar monomers build up polysaccharides
such as cellulose and hemicellulose (Simoneit, 2002). While
arabinose and xylose are very abundant in plants, fucose
and rhamnose are important components of bacterial cell
walls. Fucose and rhamnose are therefore often used as prox-
ies for microbe-derived organic matter in soils (Sauheitl
et al., 2005). Moreover, sugar biomarkers were proposed
and applied as proxies for paleovegetation reconstructions
(Glaser and Zech, 2005; Prietzel et al., 2013). For instance,
Jia et al. (2008) could chemotaxonomically distinguish be-
tween lichens, Sphagnum and vascular plants based on the
ratio (mannose+ galactose) / (arabinose+ xylose) and per-
centage of (rhamnose+ fucose). Similarly, Hepp et al. (2016)
suggested the sugar ratios fucose /(arabinose+ xylose) and
(fucose+ xylose) / arabinose as proxies in paleolimnological
studies for distinguishing between terrestrial versus aquatic
sedimentary organic matter.

The objectives of this study were to evaluate (i) whether
the dominant plant and vegetation types of the afroalpine
region of the Bale Mountains can be distinguished chemo-
taxonomically based on their stable carbon and nitrogen iso-
topic composition and/or sugar biomarkers and (ii) whether
the isotope and biomarker patterns of plants are reflected in
the soils below correspond to contemporary plants. Note that
in our companion paper (Lemma et al., 2019a) we address
the same questions but instead focusing on other biomark-
ers, namely lignin-derived phenols and leaf-wax-derived n-
alkanes. Overall the results of our two companion studies
were meant to form a modern-day calibration for reconstruct-
ing the Late Quaternary vegetation history (mainly of Erica)
on the Sanetti Plateau of the Bale Mountains.

2 Material and methods

2.1 Study site

The study was conducted in the Bale Mountains National
Park, located in the Oromia Region of Ethiopia (Fig. 1) be-
tween 6◦40′ and 7◦10′ N and 39◦30′ and 39◦58′ E (Miehe
and Miehe, 1994, Tiercelin et al., 2008; Umer et al., 2007).
It covers an area of 2200 km2 and an altitudinal range from
1400 to 4377 m a.s.l., including the second highest peak in
the country (Tullu Dimtu). The intertropical convergence
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Figure 1. Map of the Bale Mountains showing the vegetation zones and study sites along the northeastern–southwestern transect (modified
from Miehe and Miehe, 1994). Dominant vegetation types sampled comprise the Ericaceous and afroalpine belt.

zone (ITCZ), altitudinal and topographic features are the ma-
jor factors influencing precipitation in the Bale Mountains
(Miehe and Miehe, 1994; Bonnefille, 1983). Most of the
year, the Bale Mountains are strongly influenced by south-
easterlies originating from the Indian Ocean that provide
monsoonal precipitation. A recent study done by Lemma et
al. (2019b) suggested that the Bale Mountains receive pre-
cipitation from the Arabian Sea and southern Indian Ocean
during the dry and wet season, respectively. The area expe-
riences two rainy seasons: one lasting from March to June
and a second heavy rainy season from July to October. In
Dinsho (the Bale Mountains National Park headquarters at
3070 m a.s.l.), mean annual precipitation is 1069 mm and
mean annual temperature is 11.8 ◦C. Monthly mean max-
imum and minimum temperatures are 19.9 and 3.4 ◦C, re-
spectively (Ethiopian Metrological Services Agency, 2004–
2015). Kidane et al. (2012) emphasized, however, that the
mountains experience a highly variable climate from north
to south as a result of altitudinal difference and the influence
of lowland hot air masses. Extreme temperature variation be-
tween the wet and dry seasons is a common phenomenon on
the Sanetti Plateau.

The afromontane forest of the Bale Mountains is di-
vided into a southern declivity, or zonation of Harenna
forest (1450 to 3200 m a.s.l. to the southwest), and north-
ern declivity (drier montane forest 2200 to 3750 m a.s.l.).
These vegetation zones are dominated by Podocarpus falca-
tus, Warburgia ugandensis, Pouteria adolfi-friederici, Cro-

ton macrostachyus, Juniperus procera, Hagenia abyssinica
and Hypericum revolutum (Friis, 1986; Lisanework and Mes-
fin, 1989; Yineger et al., 2008). Regions above 3500 m.a.s.l.,
including the tree line ecotone in eastern Africa, which is
comprised of a number of taxa with small sclerophyllous
leaves, are characterized as Ericaceous vegetation (Miehe
and Miehe, 1994). This vegetation is commonly found on
most African mountains, especially in the Atlas Range in
North Africa, the Tibesti Mountains of the central Sahara,
the Ethiopian Highlands and in the mountains of eastern
Africa that extend southwards to Malawi (Jacob et al., 2015;
Messerli and Winiger, 1992). This vegetation zone stretches
from 3500 to 3800 m a.s.l. and it becomes patchy on the
Sanetti Plateau above 3800 m a.s.l.. It is continuously dom-
inated by shrubs and shrubby trees such as Erica arborea,
Erica trimera, Hypericum revolutum and perennial shrubs
or herbs such as Alchemilla haumannii, Anthemis tigreen-
sis, Helichrysum citrispinum, H. splendidum, H. gofense,
Senecio schultzii, Thymus schimperi and Kniphofia foliosa
(Friis et al., 2010). Some of these species are also found in
the afroalpine belt, since the upper and lower boundaries of
this belt are very difficult to define. The afroalpine vegeta-
tion, which extends from 3800 to 4377 m a.s.l., is more open
and richer in grass. It is mainly characterized by a combi-
nation of giant Lobelia (Lobelia rhynchopetalum), species
of Helichrysum, shrubby species of Alchemilla, grasses
(Festuca richardii, Agrostis quinqueseta and Pentaschistis
pictigluma) and the creeping dwarf shrub Euryops prostata.
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The soils in the Bale Mountains National Park are often
shallow, rich in stones and with organic layers (O layers),
mineral topsoils (Ah horizons), mineral subsoils (B horizons)
and parent material (C horizons). Some soils are clearly strat-
ified with bolder rich surface layers (O, A, B) above fine tex-
tured ash layers (2C). They are derived from volcanic mate-
rials such as lava of various kinds, basalt and agglomerates
(Miehe and Miehe 1994) and can be classified as Andosols,
Cambisols and Leptosols (Abbate et al., 2015; Billi, 2015;
Yimer et al., 2006). In addition, Gleysols and Histosols oc-
cur frequently in depressions.

2.2 Sample collection

Leaf and soil samples were collected along a northeast
(3870 to 4134 m a.s.l.) to southwest (2550 to 4377 m a.s.l.)
transect (Fig. 1). Leaf samples were taken from dominant
plants comprising: Erica arborea L. (n= 5), Erica trimera
(Engl.) Beentje (n= 5), Alchemilla haumannii Rothm (n=
5), Helichrysum splendidum Thunb. L. (n= 2), Lobelia
rhynchopetalum Hemsl. (n= 1), Kniphofia foliosa Hochst.
(n= 1) and Festuca abyssinica Hochst. ex A. Rich. (n= 6)
(Fig. 2). Erica leaves were collected from the upper part of
the crown. Moreover, 23 mineral topsoils (Ah horizons) from
each sampling site were collected in order to test whether
these horizons represent the typical biogeochemical features
of the standing vegetation. Additionally, where available, hu-
mified organic layers (O layers) excluding litter were sam-
pled (n= 15).

2.3 Sample analyses

Soil samples were air dried and sieved (< 2 mm). An aliquot
of plant and soil samples was ground using a ball mill and
weighted into separate tin capsules. Total organic carbon
(TOC), total nitrogen (TN), and the natural abundance of 13C
and 15N of the samples were measured using an elemental
analyzer coupled to an isotope ratio mass spectrometer (EA-
IRMS). Samples were converted into CO2 and NO2 by an
oxidation reactor filled with tungsten trioxide and aluminum
oxide and cobalt (II, III) oxide (silvered) (1020 ◦C). Subse-
quently, NO2 was further reduced to N2 by a reduction re-
actor filled with copper wires (650 ◦C). Water was removed
by a magnesium perchlorate trap. Helium (purity 99.9997 %)
was used as carrier gas at 100 mL min−1. The precision of
the stable isotope analyses as determined by replication mea-
surements of standards was 0.3 ‰ and 0.2 ‰ for δ13C and
δ15N, respectively.

Sugar monomers in the plant and soil samples were ex-
tracted hydrolytically with 10 mL 4M trifluoroacetic acid
(TFA) and 100 µg of myo-inositol (as internal standard) for
4 h at 105 ◦C, following the method described by Zech and
Glaser (2009). This extraction procedure does not liberate
considerable amounts of monosaccharides from cellulose
(Amelung et al., 1996). Therefore, this fraction is sometimes

called “non-cellulosic polysaccharides” (NCP) in the liter-
ature (e.g., Prietzel et al., 2013). The hydrolyzed samples
were filtered through a vacuum suction system and the fil-
trates were collected in 100 mL conical flasks. The filtrates
were then evaporated using rotary evaporators in order to re-
move the acid and the water that were added to the samples.
In order to remove humic substances and cations, the redis-
solved samples were passed through XAD and Dowex resin
columns, respectively, following Amelung et al. (1996), and
the filtrates were collected in 50 mL conical flasks. The fil-
trates were dried using rotary evaporators and a freeze drier.
The purified neutral sugars were transferred into Reacti-
Vials. Derivatization of the freeze-dried sugars was done
with N-methyl-2-pyrrolidone (NMP) at 75 ◦C for 30 min in
a heating block. After cooling, 400 µL of BSTFA (N, O-
Bis(trimethylsilyl)trifluoracetamide) were added to the vials
and the samples were heated again to 75 ◦C for 5 min. The
samples were transferred to auto-sampler vials after cool-
ing and measured using gas chromatography (SHIMADZU
GC-2010, Kyoto, Japan) equipped with a flame ionization
detector (FID). Sugars were separated on a Supelco SPB-5
column (length, 30 m; inner diameter, 0.25 mm; film thick-
ness, 0.25 µm) using helium as carrier gas. The temperature
was ramped from 160 to 185 ◦C, held for 4 min, then ramped
to 240 ◦C and held for 0 min, and finally ramped to 300 ◦C
and held for 5 min. The temperature of the injector was set at
250 ◦C. Hierarchical cluster analysis and notch box plots for
the sugar biomarkers data were done by using the R software
(version 3.4.4, 15 March 2018).

3 Results and discussion

3.1 Elemental composition, δ13C and δ15N of dominant
plants

Total organic carbon and nitrogen contents were used to cal-
culate TOC /TN ratios in order to characterize and possi-
bly distinguish the investigated plant types. The leaf sam-
ples yielded values covering a wide range from 14.5 (Lo-
belia) to 80.4 (Erica). The boxplot diagrams in Fig. 3a de-
pict that plant leaves are characterized by significantly higher
TOC /TN ratios compared to corresponding O layers and
Ah horizons. Mean TOC /TN values for all investigated
dominant plants are > 40, thus confirming the finding of
Zech (2006) and Zech et al. (2011b) from Mt. Kilimanjaro
that subalpine and alpine vegetation has typically very high
TOC /TN values.

The δ13C values of Erica are not significantly different
from the other plants (Fig. 3b). Note that Kniphofia has a
more positive value, but a statistical comparison could not
be applied because only one sample is available. No signifi-
cant variation in stable isotopes among the rest of dominant
plant species could be detected either. Overall, the δ13C val-
ues of all investigated plants range from −27.5 (Erica) to
−23.9 ‰ (Kniphofia); thus, they are well within the typical
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Figure 2. Photos showing plant species investigated in this study: (a) Erica trimera (3870 m a.s.l.), (b) Festuca abyssinica (3920 m a.s.l.),
(c) Alchemilla haumannii (3947 m a.s.l.), (d) Helichrysum splendidum (4377 m a.s.l.), (e) Kniphofia Foliosa (3930 m a.s.l.) and (f) Lobelia
rhynchopetalum (3922 m a.s.l.).

range for C3 plants. The occurrence of (sub)alpine C4 plants
similar to those on Mt. Kenya (Street-Perrott et al., 2004;
Young and Young, 1983) is hitherto not confirmed for the
Bale Mountains based on the admittedly quite limited plant
sample set presented here. However, the absence of C4 would
be in agreement with the findings of Zech et al. (2011b)
from Mt. Kilimanjaro. Furthermore, our δ13C leaf data do
not reveal a dependence on altitude, as reported by Körner et
al. (1991) for a global dataset. This likely reflects that local
climatic conditions and other factors exert a higher control in
our study area. The δ15N values for leaf material range from
−4.8 (Erica) to 5.1 ‰ (Alchemilla). Such a relatively large
δ15N variability is well described for plants and can be ex-
plained by different nitrogen sources being taken up and by
different mechanisms of N uptake including mycorrhizae be-
ing present. Similar to the δ13C results, δ15N values of Erica
are not significantly different from other plants (Fig. 3c).

3.2 Elemental composition, δ13C and δ15N in O layers
and Ah horizons

Apart from revealing similarities and/or differences in
TOC /TN, δ13C and δ15N between the dominant plants,
Fig. 3a furthermore reveals that TOC /TN ratios generally

strongly decrease from leaf material over O layers to the
respective Ah horizons. This reflects the preferential loss
of carbon versus nitrogen during mineralization (Meyers,
1994). At the same time, this decrease implies that TOC /TN
ratios of plants cannot be used as a straight-forward proxy for
paleovegetation reconstructions in archives that are prone to
organic matter degradation and mineralization.

According to Fig. 3b, the O layers tend to have slightly
more negative δ13C values compared to leaf material. By
contrast, Ah horizons have generally more positive δ13C val-
ues. We explain the former finding with the preferential loss
of an easily degradable 13C-enriched organic matter pool,
like sugars during a very early stage of leaf litter degrada-
tion. The later finding is in agreement with numerous studies
(Ehleringer et al., 2000; Garten et al., 2000; Natelhoffer and
Fry, 1988) reporting on increasing δ13C values with increas-
ing soil depths. This 13C enrichment in soils is usually ex-
plained by the preferential enzymatically controlled loss of
12C during soil organic matter degradation (Farquhar et al.,
1982; Friedli et al., 1986; Zech et al., 2007). It may be note-
worthy that two Ah horizons of the northeastern part of the
transect yielded very positive δ13C values of −21.2 ‰ and
−19.1 ‰, respectively, which are higher than expected for
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Figure 3. Boxplot diagrams showing (a) TOC /TN and (b) δ13C and (c) δ15N results for leaves (L), O layers and Ah horizons of the inves-
tigated dominant vegetation types in the Bale Mountains. The upper and lower bold lines indicate the 75th and 25th quartiles, respectively,
and the middle bold line shows the median. The lines extending outside the box (whiskers) show variability outside the quartiles and notches
indicate the 95 % confidence interval. White circles represent outliers. Note that short horizontal single lines are due to small sample sizes.

soils that have developed under pure C3 vegetation. Given
that our plant sample set is rather small, it cannot be ex-
cluded that those soils received litter from C4 grasses and
we encourage further studies in order to clarify whether C4
grasses occur in the Bale Mountains like on Mt. Kenya or not
(see Sect. 3.1).

Like δ13C, δ15N of soils is also reported to be strongly af-
fected by soil organic matter degradation and mineralization
(Natelhoffer and Fry, 1988; Zech et al., 2007). It is hence
not surprising that the investigated Ah horizons are clearly
15N-enriched compared to the leaf samples (Fig. 3c). Fur-
thermore, the O layers and the Ah horizons across the altitu-
dinal transects of the Bale Mountains reveal a general trend
toward more negative values with increasing altitude (Fig. 4).
Similar findings were reported for the southern and northern
slopes of Mt. Kilimanjaro (Zech et al., 2011a, b) and reflect
that the N cycle is open at lower altitudes as it is character-
ized by higher temperatures. By contrast, at higher altitudes
N mineralization and N losses are reduced (closed N cycle)
due to lower temperatures. As an exception from this over-

all trend, the O layers reveal a maximum between 3920 and
3950 m a.s.l. and the Ah horizons reveal two maxima around
3950 as well as around 4130 m a.s.l. Given that O layers and
Ah horizons act as integrated recorders of the N cycle taken
from periods of several years and hundreds of years, respec-
tively, those maxima indicate that at the respective sampling
sites the N cycle was open and significant N losses occurred
during the past. Several studies emphasized already that the
subalpine and alpine zones in the Bale Mountains are heavily
affected by human-induced fires (Johansson, 2013; Kidane et
al., 2012; Miehe and Miehe,1994; and Wesche et al., 2000).
Therefore, we attribute this opening of the N cycle to the re-
peated burning (and thus loss) of the relatively 15N-depleted
vegetation cover.

3.3 Sugar concentrations and patterns of dominant
plants

As shown in Fig. 5, the overall non-cellulosic sugar concen-
trations in leaves range from 58 to 253 mg g−1. We found
high contents in Festuca and Alchemilla, whereas Erica is
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Figure 4. δ15N results of O layers and Ah horizons along altitudinal
transects of the Bale Mountains.

characterized by relatively low non-cellulosic sugar concen-
trations. This has implications for paleovegetation recon-
structions because plants producing lower amounts of sug-
ars are less represented in soils and sedimentary archives. A
comparable example for such an issue is leaf-wax-derived n-
alkane biomarkers not being sensitive enough for coniferous
trees due to the very low n-alkane concentrations of conifer-
ous needles (Zech et al., 2012).

Nevertheless, a hierarchical cluster analysis performed for
leaves on the basis of their individual sugar monomers ara-
binose, fucose, galactose, mannose, rhamnose, ribose, xy-
lose, glucuronic acid and galacturonic acid resulted in three
main groups, suggesting that a chemotaxonomic differenti-
ation of the dominant vegetation types on the Bale Moun-
tains may be possible (Fig. 6). The first group mainly rep-
resents Kniphofia, Alchemilla and Helicrysum species indi-
cating close similarity between them. The second group pre-
dominantly contains Erica spp. and the third group is mainly
composed of Festuca spp. This result allows the conclusion
that the plant species under study vary in their foliar sugar
composition. Erica and Festuca vary especially clearly in
their sugar signatures.

Both Jia et al. (2008) and Prietzel et al. (2013) used the
ratio of galactose and mannose versus arabinose and xy-
lose ((G+M) / (A+X)) in particular, in order to distinguish
between different vegetation types. In the Bale Mountains,

Figure 5. Total sugar concentrations of the investigated plant leaves
along altitudinal transects of the Bale Mountains. The upper and
lower bold lines indicate 75th and 25th quartiles, respectively, and
the middle bold line shows the median. The lines extending out-
side the box (whiskers) show variability outside the quartiles and
notches indicate the 95 % confidence interval. White circles repre-
sent outliers. Note that short horizontal single lines are due to small
sample sizes.

Figure 6. Cluster formation based on non-cellulosic sugar
biomarker concentrations of leaf samples from the dominant veg-
etation types in the Bale Mountains.

Erica leaves yielded significantly higher (G+M) / (A+X)
ratios compared to Alchemilla, Festuca and Helichrysum
(Fig. 7a). Hence, one might be tempted to recommend the
(G+M) / (A+X) ratio as a proxy in soils and sediments for
reconstructing Erica distribution during the past. Note that
the (G+M) / (A+X) ratios around 1 for Erica, Kniphofia
and Lobelia are clearly higher than the ratios reported to be
typical for plants according to Oades (1984). By contrast, the
fucose to arabinose and xylose ratios (F / (A+X)) are very
low, as expected for plants (cf. Hepp et al., 2016), with a
mean value of 0.05± 0.05 (n= 25). Erica is characterized
by higher ratios than Festuca (Fig. 7b).

3.4 Sugar patterns of O layers and Ah horizons

The characteristic (G+M) / (A+X) and F / (A+X) ratios
for the dominant vegetation types are not well reflected in
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Figure 7. Boxplot diagram showing the (a) (G+M) / (A+X) and
(b) F / (A+X) ratios of leaves (L), O layers and Ah horizons, re-
spectively, along the altitudinal transect across the Bale Mountains.
The upper and lower bold lines indicate 75th and 25th quartiles, re-
spectively, and the middle bold line shows the median. The lines
extending outside the box (whiskers) show variability outside the
quartiles and notches indicate the 95 % confidence interval. White
circles represent outliers. Note that short horizontal single lines are
due to small sample sizes.

the respective O layers and Ah horizons (Fig. 7). Rather,
the ratios generally increase, indicating that both arabi-
nose and xylose are preferentially degraded or that galac-
tose, mannose and fucose are built-up by soil microorgan-
isms. This later interpretation is in agreement with Oades
(1984), who reported that soil microorganisms are charac-
terized by (G+M) / (A+X) ratios > 2. The F / (A+X) ra-
tios of 0.18±0.07 observed for Ah horizons in this study are
well within the range reported for terrestrial soils by Hepp et
al. (2016). Apart from soil microorganisms, a considerable
contribution of root-derived sugars, including root exudates,
is very likely as well (Gunina and Kuzyakov, 2015). More
systematic respective biomarker studies, similar to, for in-
stance, the one carried out by Prietzel et al. (2013) are there-
fore encouraged in order to address this effect more quanti-
tatively in the future.

As a result, soils under Alchemilla and Festuca yield
(G+M) / (A+X) ratios similar to those of Erica leaves.

This has severe implications for paleovegetation reconstruc-
tions based on sugar biomarkers and resembles degradation
problems reported for lignin-derived phenol and leaf-wax-
derived n-alkane biomarkers (Lemma et al., 2019a; Zech et
al., 2012). In the case of the Bale Mountains, only fresh
leaves or leaf material that has undergone little degradation
(as it may hold true in anoxic lacustrine sediments) allow
a chemotaxonomic differentiation between Erica and other
dominant vegetation types, such as Alchemilla, Festuca and
Helichrysum. Given that by contrast good preservation of
sugar biomarkers is usually not the case in soils, we con-
sider neutral sugar biomarkers unsuitable for reconstructing
former Erica expansion from paleosols in our study area and
instead encourage studies focusing on other biomarkers.

4 Conclusions

Having investigated plant material, O layers and Ah horizons
along altitudinal transects, we found no clear evidence for the
modern-day occurrence of C4 grasses in the Bale Mountains.
Neither δ13C nor δ15N values allow a clear chemotaxonomic
differentiation of Erica from other dominant vegetation types
such as Alchemilla, Festuca and Helichrysum. TOC /TN ra-
tios strongly decrease and both 13C and 15N become gener-
ally enriched from the leaves to the Ah horizons due to degra-
dation and mineralization. δ15N is furthermore generally
more negative at higher altitudes, which reflects a low de-
gree of mineralization and overall a relatively closed N cycle
due to low temperatures. δ15N maxima around 4000 m a.s.l.
indicate the likely fire-induced opening of the N cycle at the
respective study sites. Erica leaves are characterized by rela-
tively low total sugar concentrations and can be chemotax-
onomically distinguished from the other dominant vegeta-
tion types mainly because of their higher relative amounts
of galactose and mannose. However, these sugar monomers
are produced by soil microorganisms as well. Therefore, soils
under Alchemilla and Festuca yielded (G+M) / (A+X) ra-
tios similar to those of Erica leaves, and even in soils un-
der Erica this ratio significantly increased. This suggests that
sugar biomarkers alone do not allow the establishment of a
straight-forward proxy for reconstructing the former expan-
sion of Erica on the Sanetti Plateau. Therefore, future work
should emphasize alternative promising molecular markers,
such as tannin-derived phenols and terpenoids. In addition,
black carbon should be analyzed in order to reveal the im-
pact of fire on the extent of the Ericaceous vegetation.

Data availability. The data are archived in the following
Zenodo repository: https://doi.org/10.5281/zenodo.3371636,
available at: https://zenodo.org/record/3371636\T1\textbackslash#
.XVrf3N4zbIU.
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Abstract: Erica is a dominant vegetation type in many sub-afroalpine ecosystems, such as the Bale Mountains
in Ethiopia. However, the past extent of Erica is not well known and climate versus anthropogenic
influence on altitudinal shifts are difficult to assign unambiguously, especially during the Holocene.
The main objective of the present study is to chemotaxonomically characterize the dominant plant
species occurring in the Bale Mountains using lignin phenols and n-alkane biomarkers and to ex-
amine the potential of those biomarkers for reconstructing vegetation history. Fresh plant material,
organic layer and mineral topsoil samples were collected along a northeastern and a southwestern al-
titudinal transect (4134–3870 and 4377–2550 m a.s.l., respectively). Lignin-derived vanillyl, syringyl
and cinnamyl phenols were analyzed using the cupric oxide oxidation method. Leaf-wax-derived n-
alkanes were extracted and purified using Soxhlet and aminopropyl columns. Individual lignin phenols
and n-alkanes were separated by gas-chromatography and detected by mass spectrometry and flame
ionization detection, respectively.

We found that the relative contributions of vanillyl, syringyl and cinnamyl phenols allow us to
chemotaxonomically distinguish contemporary plant species of the Bale Mountains. Erica in particu-
lar is characterized by relatively high cinnamyl contributions of > 40 %. However, litter degradation
strongly decreases the lignin phenol concentrations and completely changes the lignin phenol pat-
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terns. Relative cinnamyl contributions in soils under Erica were < 40 %, while soils that developed
under Poaceae (Festuca abyssinica) exhibited relative cinnamyl contributions of > 40 %.

Similarly, long-chain n-alkanes extracted from the leaf waxes allowed for differentiation between
Erica versus Festuca abyssinica and Alchemilla, based on lower C31 /C29 ratios in Erica. However,
this characteristic plant pattern was also lost due to degradation in the respective O layers and Ah hori-
zons. In conclusion, although in modern-day plant samples a chemotaxonomic differentiation is pos-
sible, soil degradation processes seem to render the proxies unusable for the reconstruction of the past
extent of Erica on the Sanetti Plateau, Bale Mountains, Ethiopia. This finding is of high relevance
beyond our case study.

Kurzfassung: Erica prägt als dominante Pflanzengattung viele Subafro-alpine Ökosysteme, so auch die Bale Berge
in Äthiopien. Das Ausmaß der flächenhaften Ausdehnung von Erica in der Vergangenheit ist jedoch
unklar, genauso wie die klimatische versus menschliche Verursachung solcher Vegetationsänderun-
gen insbesondere im Holozän. Das Ziel dieser Studie war es herauszufinden (i) ob sich die dom-
inante Vegetation in den Bale Bergen anhand von ligninbürtigen Phenolen und blattwachsbürtigen
n-Alkanbiomarkern chemotaxonomisch unterscheiden lässt und (ii) ob diese Biomarker das Potential
haben zur Vegetationsrekonstruktion im Untersuchungsgebiet beizutragen. In einem Begleitartikel
(Mekonnen et al., 2019) verfolgen wir dasselbe Ziel, jedoch anhand von Stabilkohlenstoff- und Stick-
stoffisotopen sowie Zuckerbiomarkern. Untersucht wurden Pflanzenproben, O-Lagen und Ah Hori-
zonte entlang eines Nord- und eines Südwest-Höhentransektes (3870–4134 m bzw. 2550–4377 m ü.
NN). Die ligninbürtigen Phenoleinheiten Vannilly, Syringyl und Cinnamyl wurden mittels der Kupfer-
oxidationsmethode gewonnen; die n-Alkane wurden mittels Soxhlet extrahiert und über Aminopropy-
lsäulen aufgereinigt. Die Quantifizierung der Ligninphenole und n-Alkane erfolgte mittels Gaschro-
matographie – Massenspektrometrie bzw. Gaschromatographie – Flammenionisationsdetektion.

Die Ergebnisse zeigen, dass sich die dominanten Pflanzenarten in den Bale Bergen anhand ihrer
Vanillyl, Syringyl und Cinnamyl Einheiten chemotaxonomisch unterscheiden lassen. So weist ins-
besondere Erica charakteristischerweise relativ hohe Cinnamyl-Anteile von > 40 % auf. Vermut-
lich degradationsbedingt nimmt jedoch in der Reihe Pflanze – O-Lage – Ah Horizont nicht nur die
Ligninkonzentration stark ab, sondern auch die Ligninmuster ändern sich völlig. Dadurch weisen
Böden unter Erica Cinnamyl-Anteile < 40 % auf, während Böden die sich unter der dominanten
Grasart Festuca abyssinica entwickelt haben Cinnamyl-Anteile von > 40 % aufweisen. Auch anhand
der Alkanbiomarker ist eine chemotaxonomische Unterscheidung zumindest zwischen Erica versus
Festuca abyssinica und Alchemilla möglich. Als Proxy dient hier das Verhältnis von C31 zu C29.
Allerdings führt auch hier Degradation in der Reihe Pflanze – O-Lage – Ah Horizont zum Verlust
des charakteristischen Alkanmusters. Obwohl sich rezentes Pflanzenmaterial chemotaxonomisch un-
terscheiden lässt, zwingt dies zur Schlussfolgerung, dass Degradationseffekte bei der Rekonstruktion
von Erica im Untersuchungsgebiet der Bale Berge in Äthiopien anhand von ligninbürtigen Phenolen
und blattwachsbürtigen Alkanbiomarkern nicht unberücksichtigt bleiben dürfen. Dieser Befund ist
über unsere Fallstudie hinaus von hoher Relevanz.

1 Introduction

The Bale Mountains are an eastern afromontane biodiver-
sity hotspot area with 27 endemic species of flowering plants
(Hillman, 1988). Like in many other afromontane ecosys-
tems, an altitudinal zonation of the vegetation is well estab-
lished, with an Ericaceous belt forming a prominent feature.
Ericaceous vegetation dominates above 3300 m a.s.l., shows
different stages of post-fire succession and remains contin-
uous up to 3800 m a.s.l. However, it becomes patchy on the
Sanetti Plateau (Miehe and Miehe, 1994). The Bale Moun-

tains National Park is increasingly under threat from climate
change and anthropogenic impacts (Kidane et al., 2012). As-
certaining the past environmental and vegetation history of
the area will support conservation efforts and may help to
disentangle the influence of climate versus human impact on
the present biodiversity.

Until now, the vegetation history of the Bale Mountains
was studied using pollen records from lacustrine sediments
and peat deposits (Bonnefille and Hamilton, 1986; Bonnefille
and Mohammed, 1994; Hamilton, 1982; Umer et al., 2007).
The results suggest the extension of the Ericaceous belt to-
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wards higher altitudes during the early and middle Holocene.
As potential drawbacks, such pollen studies depend on pollen
preservation and can be biased by variable pollination rates
as well as middle- and long-distance pollen transport (Hicks,
2006; Jansen et al., 2010; Ortu et al., 2006). By contrast, sta-
ble isotopes and biomarkers can also be applied to more de-
graded sedimentary archives and soils and are assumed to re-
flect the standing vegetation more (Glaser and Zech, 2005).
Thus, they offer the potential to complement pollen-based
vegetation reconstructions and to reconstruct vegetation at
a higher temporal and spatial resolution. For instance, the
stable carbon isotopic composition (δ13C) of lacustrine sedi-
ments suggests an expansion of alpine C4 grasses on Mount
Kenya, especially during glacial times (Street-Perrott et al.,
2004), whereas δ13C results from (paleo-)soils provide no
evidence for C4 grass expansion close to Mount Kiliman-
jaro during late Pleistocene glacial period (Zech, 2006; Zech
et al., 2011b). We focus here on lignin-derived phenols and
leaf-wax-derived n-alkanes as biomarkers, while stable iso-
topes and sugar biomarkers and their chemotaxonomic po-
tential for reconstructions of the Bale Mountains vegeta-
tion are addressed in a companion paper by Mekonnen et
al. (2019).

Lignin has a polyphenolic biochemical structure produced
by terrestrial vascular plants (Ertel and Hedges, 1984) pro-
viding strength and rigidity to the plants (Thevenot et al.,
2010). The lignin-derived phenols vanillyl (V), syringyl (S)
and cinnamyl (C) as products of cupric oxide (CuO) ox-
idation are used to differentiate sources of organic matter
and provide information about the diagenetic state (degree
of degradation) of vascular plant material in terrestrial and
aquatic sediments (Castañeda et al., 2009; Hedges et al.,
1988; Tareq et al., 2004, 2006; Ziegler et al., 1986). For in-
stance, low ratios of S /V∼ 0 were suggested as a proxy
for the relative contribution of gymnosperms, and elevated
S /V ratios were found to be indicative for the presence of
angiosperms (Tareq et al., 2004). Likewise, the C /V ratio
was proposed to indicate the relative contribution of woody
(C /V< 0.1) and non-woody (C /V> 0.1) plants to the soil
and sediment organic matter (Tareq et al., 2011). Moreover,
the ratios of acid to aldehyde forms of vanillyl and syringyl
units (Ac /Al)v,s were suggested as proxies for quantify-
ing the degree of lignin degradation (Amelung et al., 2002;
Hedges and Ertel, 1982; Möller et al., 2002).
n-alkanes are important constituents of plant leaf waxes

(Kolattukudy, 1970), where they serve to protect plants
against water loss by evaporation as well as from fungal
and insect attacks (Eglinton and Hamilton, 1967; Koch et
al., 2009). Due to their recalcitrant nature, they are often
well preserved in sedimentary archives and used as biomark-
ers (also called molecular fossils) in paleoclimate and envi-
ronmental studies (Eglinton and Eglinton, 2008; Glaser and
Zech, 2005; Zech et al., 2011c). The potential of n-alkanes
for chemotaxonomic studies has been suggested based on the
finding that the homologues C27 and C29 are sourced pre-

dominantly from trees and shrubs, whereas the homologues
C31 and C33 are sourced predominantly from grasses and
herbs (Maffei, 1996; Maffei et al., 2004; Rommerskirchen
et al., 2006; Schäfer et al., 2016; Zech, 2009). Potential
pitfalls when applying n-alkane proxies in paleovegetation
studies should not be overlooked. For instance, (Bush and
McInerney, 2013) caution against the chemotaxonomic ap-
plication of n-alkanes because of high n-alkane pattern vari-
ability within graminoids and woody plants (Schäfer et al.,
2016) emphasized the need for establishing regional calibra-
tion studies and Zech et al., (2011a, 2013) point to degrada-
tion affecting n-alkane proxies.

While the overall aim of our research is to contribute to
the reconstruction of the paleoclimate and environmental his-
tory of the Bale Mountains, this study focuses more specifi-
cally on the following questions: (i) do lignin phenols and n-
alkane biomarkers allow a chemotaxonomic differentiation
of the dominant plant types of the Bale Mountains? (ii) Are
the biomarker patterns of the plants reflected by and incorpo-
rated into the respective soils? (iii) Which implications have
to be drawn from those results for planned paleovegetation
reconstructions in the study area, e.g., concerning the recon-
struction of the former extent of Erica? Finally, improved
knowledge of the vegetation history of the Bale Mountains
may help to support the biodiversity conservation program
of the park in the face of future climate change and increas-
ing human pressure.

2 Material and methods

2.1 Study area and sample description

The Bale Mountains are located 400 km southeast of Addis
Ababa, the capital of Ethiopia (Hillman, 1986). Geograph-
ically, they belong to the Bale–Arsi massif, which forms
the western section of the southeastern Ethiopian Highlands
(Hillman, 1988; Miehe and Miehe, 1994; Tiercelin et al.,
2008). The Bale Mountains National Park (BMNP) is sit-
uated at 39◦28′ to 39◦57′ E and 6◦29′ to 7◦10′ N, (Hill-
man, 1988; Miehe and Miehe, 1994; Umer et al., 2007)
with elevations ranging from 1400 to 4377 m a.s.l. The
highest part forms the Sanetti Plateau, on which the sec-
ond highest peak of the country, Mount Tullu Dimtu at
4377 m a.s.l. is also located (Hillman, 1988). The plateau
is limited by the steep Harenna escarpment in the south
and the southeast. The northeastern part is encompassed by
high ridges and broad valleys that gradually descend towards
the extensive Arsi–Bale plateaus and further into the Cen-
tral Rift Valley lowlands (Hillman, 1988; Tiercelin et al.,
2008). The topography of the Bale Mountains results in cli-
matic gradients with respect to spatial and temporal distri-
bution of rainfall as well as temperature (Tiercelin et al.,
2008). Mean maximum temperature (MMT) on the moun-
tain peaks ranges between 6 and 12 ◦C. At Dinsho (head-
quarters, 3170 m a.s.l.) the MMT is 11.8 ◦C. Mean mini-
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Figure 1. Map of the Bale Mountains for the vegetation zones and study sites along the northeastern and the southwestern transect (modified
following Miehe and Miehe, 1994). Dominant vegetation types sampled that comprise the Ericaceous and afroalpine belt.

mum temperature ranges from 0.6 to 10 ◦C, with frequent
frost occurring in the high peak areas during the winter
season (Tiercelin et al., 2008). The highest annual rainfall
and humidity occurs in the southwest part of the moun-
tain with 1000–1500 mm yr−1, and the northern part of the
mountains exhibits annual rainfall ranging between 800 and
1000 mm yr−1 (Woldu et al., 1989). The vegetation shows an
altitudinal zonation comprised of the afromontane rainforest
(1450–2000 m a.s.l.), the upper montane forests dominated
by Hagenia and Hypericum species (2000–3200 m a.s.l.); the
Ericaceous belt (3200–3800 m a.s.l.); and the afroalpine zone
(3800–4377 m a.s.l.) dominated by dwarf shrubs such as He-
lichrysum, Alchemilla, herbs, and grasses (mostly Festuca;
Fig. 1) (Friis, 1986; Miehe and Miehe, 1994). Geologically,
the Bale Mountains consist of a highly elevated volcanic
plateau dominated by alkali basalt, tuffs and rhyolite rocks.
During the Last Glacial Maximum (LGM), it is understood
that the regions of the high peak summits were glaciated and
later flattened by repeated glaciations (Kidane et al., 2012;
Osmaston et al., 2005; Umer et al., 2004). The soils having
developed on the basaltic and trachyte rocks can be gener-
ally characterized as silt loam, having a reddish brown to
black color (Woldu et al., 1989). They are usually shallow,
gravelly and are assumed to have developed since the glacial
retreat (Hedberg, 1964). Andosols are the most ubiquitous
soil types. Nevertheless, Cambisols and Leptosols are also
prevalent soil types in some parts of the Bale Mountains. In

wetland and sedimentary basins, Gleysols and Histosols are
also common (Billi, 2015; Yimer et al., 2006).

In February 2015, 25 leaf and twig samples of the dom-
inant plant species were collected (Fig. 1) along a south-
western and a northeastern transect (ranging from 2550 to
4377 m a.s.l. and 3870 to 4134 m a.s.l., respectively). Sam-
ples comprised of Erica trimera (Engl.) Beentje (n= 5), Er-
ica arborea L. (n= 5), Alchemilla haumannii Rothm. (n=
5), Festuca abyssinica Hochst. ex A. Rich. (n= 6), Helichry-
sum splendidum Thunb. L. (n= 2), Kniphofia foliosa Hochst.
(n= 1) and Lobelia rhynchopetalum Hemsl. (n= 1). Addi-
tionally, 15 organic surface layers (=O layers, strongly hu-
mified plant residues) and 22 mineral topsoils (=Ah hori-
zons) that developed under the above listed dominant veg-
etation were collected from 27 sampling sites, resulting in
62 samples in total. For photos illustrating the investigated
plant species and typical study sites, the reader is referred
to Fig. 2 of our companion paper by Mekonnen et al. (2019).
All samples were air-dried in the Soil Store Laboratory of the
National Herbarium, Department of Plant Biology and Bio-
diversity Management, Addis Ababa University. In the lab-
oratories of the Soil Biogeochemistry Group, Martin Luther
University of Halle-Wittenberg, soil samples were sieved us-
ing a mesh size of 2 mm, finely ground, homogenized and
subjected to further biogeochemical analysis.
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Figure 2. Sum of lignin phenol concentrations (
∑

VSC) of contemporary plants, O layers and Ah horizons. Error bars illustrate standard
deviations.

2.2 Analysis of lignin-derived phenol and
leaf-wax-derived n-alkane biomarkers

Lignin phenols were extracted from 35, 50 and 500 mg of
plant, O-layer and Ah-horizon soil samples, respectively. The
analytical procedure followed the cupric oxidation (CuO)
method developed by Hedges and Ertel (1982) and modified
later on by Goñi and Hedges (1992). Briefly, the samples
were transferred into Teflon digestion tubes together with
100 mg of (NH4)2Fe(SO4)2× 6H2O, 500 mg of CuO, 50 mg
of C6H12O6, 1 mL of ethylvanillin solution (100 ppm) as in-
ternal standard 1 (IS1) and 15 mL of 2M NaOH and digested
at 170 ◦C for 2 h under pressure. Reaction products were
cooled overnight and transferred into centrifuge tubes. Then
the phenolic compounds were purified by adsorption on C18
columns, desorbed by ethylacetate and concentrated under
a stream of nitrogen gas for 30 min. Residue was dissolved
in 1 mL phenylacetic acid (PAA), a working internal stan-
dard stock solution to determine the recovery of ethylvanillin
before derivatization (Amelung et al., 2002; Möller et al.,
2002). Finally, the samples were derivatized using 200 µL
of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and
100 µL of pyridine. Oxidation products of lignin phenols
were quantified using a SHIMADZU QP 2010 gas chro-
matography (GC) instrument coupled with a mass spectrom-
eter (MS), (GCMS–QP2010, Kyoto, Japan).

After recovery correction, the concentration of each lignin
phenol (in mg g−1) was calculated from two or three CuO
oxidation products according to the Eqs. (1), (2) and (3), re-
spectively.

Vanillyl (V)= vanillin+ acetovanillone+ vanillic acid (1)

Syringyl (S)= syringaldehyde+ acetosyringone

+ syringic acid (2)
Cinnamyl (C)= p-coumaric acid+ ferulic acid (3)

For data evaluation, the sum of V, S, and C (
∑

VSC); the
ratios of S /V, and C /V; and the ratios of acids to aldehydes
(Ac /Al) for the syringyl and vanillyl units were additionally
calculated.

Leaf-wax-derived n-alkanes were extracted from 0.5 to 1 g
of plant, O-layer and Ah-horizon soil samples using Soxhlet
extraction by adding 150 mL of dichloromethane (DCM) and
methanol (MeOH) as solvents (9 : 1 ratio) for 24 h follow-
ing a method modified following Zech and Glaser (2008). In
brief, 50 µL of 5α-androstane were added to the total lipid ex-
tracts (TLEs) as internal standard. TLEs were concentrated
using rotary evaporation and transferred to aminopropyl
columns. Three lipid fractions containing the n-alkanes, al-
cohols and fatty acids, respectively, were eluted successively
by using 3 mL of hexane, DCM /MeOH (1 : 1), and diethyl
ether and acetic acid (95 : 5) as eluent. The n-alkanes were
separated on a gas chromatograph (GC) and detected by a
flame ionization detector (FID), whereas the other two lipid
fractions (alcohols and fatty acids) were archived. The GC in-
strument (GC–2010 SHMADZU) was equipped with a SPB–
5 column (28.8 m length, 0.25 mm inner diameter, 0.25 µm
film thickness). The injector and detector temperature were
300 and 330 ◦C, respectively. The initial oven temperature
was 90 ◦C. It is then raised in three ramps to 250 ◦C at
20 ◦C min−1, further to 300 ◦C at 2 ◦C min−1 and finally to
320 ◦C at 4 ◦C min−1, resulting in a total oven runtime of
50 min. Helium (He) was used as carrier gas and n-alkane
mixture (C8–C40) was used as external standard for peak
identification and quantification.

The total n-alkane concentration (TAC), the average chain
length (ACL, following Poynter et al., 1989) and the odd over
even predominance (OEP, following Hoefs et al. (2002), the
latter being very similar to the carbon preference index (CPI),
were calculated according to the Eqs. (4), (5) and (6), respec-
tively.
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Figure 3. Dendrogram differentiating the dominant plant species of the Bale Mountains based on the concentrations of vanillyl, syringyl and
cinnamyl lignin phenols (mg g−1 sample). The dotted vertical line represents the distance or dissimilarity between clusters.

TAC=6Cn,with n ranging from 25 to 35, (4)
ACL=6(Cn× n)/6Cn, (5)

where n refers to the odd numbered n-alkanes ranging from
27 to 33

OEP= (C27+C29+C31+C33)/(C26+C28+C30+C32). (6)

All calibrated datasets of the analytical results were sub-
jected to simple correlation test and agglomerative hierarchi-
cal clustering (AHC) using XLSTAT (2014) statistical soft-
ware. R software version 3.4.2 was also used to demonstrate
taxonomic differences and the effect of biodegradation on the
sample materials via ternary diagrams and notched box plots.

3 Results and discussion

3.1 Lignin phenol concentration and patterns of
contemporary vegetation

The
∑

VSC of modern plants investigated from the two tran-
sects of the Bale Mountains ranges from 1.8 to 41.8 mg g−1,
the sample with Festuca yielding the highest average contri-
bution to TOC with up to 33 mg g−1 sample (Fig. 2). This
is within the range reported in the literature (Belanger et al.,

2015; Hedges et al., 1986). Note that lignin phenol concen-
trations of grasses are higher compared to other vegetation of
the Bale Mountains, although it is known that grasses contain
only low amounts of lignin when compared to trees.

The concentrations of individual lignin phenols (vanillyl,
syringyl and cinnamyl) allow us to chemotaxonomically dif-
ferentiate the contemporary dominant plant species of the
Bale Mountains. This is illustrated in Fig. 3, based on an ag-
glomerative hierarchical cluster analysis (AHC). The abun-
dance of individual lignin phenols (V, S and C) was spe-
cific to individual or restricted groups of plant and/or tis-
sues applied to cluster different taxa (Belanger et al., 2015;
Castañeda et al., 2009; Goñi and Hedges, 1992; Hedges and
Mann, 1979; Tareq et al., 2004, 2006).

While Fig. 3 highlights the potential for chemotaxonomic
differentiation of the investigated plants, it does not yet
become clear from this hierarchical cluster analyses result
which lignin phenols are characteristic for which plants and
which lignin proxy might have potential for paleovegeta-
tion reconstructions. Therefore, Fig. 4 shows the relative
abundance of V, S and C for all investigated plant species
in a ternary diagram. Accordingly, Erica arborea and Er-
ica trimera are characterized by cinnamyl percentages of
> 40 %, whereas, except for two Festuca samples, all other
plants are characterized by cinnamyl percentages of < 40 %.
Our results from fresh plant material are hence not in agree-
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Figure 4. Ternary diagram for the relative abundances (%) of vanillyl, syringyl and cinnamyl lignin phenols of the dominant vegetation. The
blue line separates samples with more (right) versus less (left) than 40 % cinnamyl.

Figure 5. Box plot for the relative abundance of cinnamyl phe-
nols (expressed as C / (V+S+C) in %) in plants, O layers and
Ah horizons. The box plots indicate the median (solid line between
the boxes) and interquartile range (IQR), with upper (75 %) and
lower (25 %) quartiles and possible outliers (white circles). The
notches display the confidence interval around the median within
±1.57× IQR/sqrt. Note that small sample sizes result in unidenti-
fiable boxes (particularly Kniphofia and Lobelia).

ment with the finding of Hedges and Mann (1979) and
Hedges et al. (1988) that high contributions of cinnamyl phe-
nols are characteristic of non-woody grass and fern. Despite
a relatively large scattering and a partial overlapping, our re-
sults suggest that the ratio C / (V+S+C) might be used as
a proxy for distinguishing Erica spp. from other vegetation
types of the Bale Mountains, with values > 0.40 being gen-
erally characteristic for Erica spp.

3.2 Lignin phenol patterns of O layers and Ah horizons∑
VSC strongly decreases from plants over O layers to

Ah horizons, except for Helichrysium, which yielded the low-
est

∑
VSC values of all plants (Fig. 2). This descending trend

is in agreement with the literature (Amelung et al., 1997;
Belanger et al., 2015) and reflects the preferential degrada-
tion of the plant-derived lignin phenols compared to other
soil organic matter constituents. At the same time, the in-
put of root-derived lignin is very likely. As a result of both
processes, i.e., degradation and lignin input by roots and the
large and chemotaxonomically characteristic contribution of
C in Erica plant material (≥ 41.5 %) is lost in the O lay-
ers (C< 27 %), whereas the two investigated O layers under
Festuca yielded relative C contributions > 40 %. Similarly,
Ah horizons under Festuca are characterized by C contribu-
tions > 40 %, while all Ah horizons that developed under
other vegetation types are characterized by C contributions
< 40 %. This finding does not ad hoc preclude the above pro-
posed lignin phenol proxy C / (V+S+C) for reconstructing
vegetation history, but it definitely challenges its application.
Degradation and lignin input by roots need to be considered
when interpreting phenol proxies. This is relevant beyond our
case study concerning Erica versus Festuca and Helichrysum
(Fig. 5) and is likely more relevant in paleosols than in sedi-
mentary archives.

In our study, we found no consistent increase and system-
atic relationship between Ac /Al ratios of V and S, which
are used as degradation proxies in some studies (Amelung et
al., 2002; Hedges and Ertel, 1982; Möller et al., 2002; Tareq
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Figure 6. Total long-chain n-alkane concentrations (TACs) of plants, O layers and Ah horizons. Error bars illustrate standard deviations.

Figure 7. Ternary diagram illustrating the relative abundance (%) of the n-alkanes C27, C29 and C31 in the investigated plant samples.

et al., 2011), and source proxy (S /V). This is in agreement
with other studies (Belanger et al., 2015), and we therefore
suggest that caution needs to be taken when using Ac /Al
ratios as degradation proxies.

3.3 n-alkane concentrations and patterns of
contemporary plants

To characterize the dominant plant species chemotaxonomi-
cally, n-alkanes with a chain length of 21–37 C atoms were
considered as characteristic for epicuticular leaf waxes, typ-
ical for higher plants (Eglinton and Hamilton, 1967; Hoff-
mann et al., 2013). Most of the investigated plant species
showed total n-alkane concentrations (TAC, C25–C35) above
800 µg g−1. Only Lobelia and Festuca exhibited total n-
alkane concentrations below 800 µg g−1 (Fig. 6). The TAC
values of the O layers were only slightly lower when com-

pared to contemporary plants. By contrast, the TAC values
of the Ah horizons were significantly lower compared to con-
temporary plants (Fig. 6). The n-alkane concentrations in this
study are in agreement with research findings for fresh plant
materials (Bush and McInerney, 2013; Feakins et al., 2016)
and soils (Schäfer et al., 2016).

Contrary to lignin phenols, hierarchical cluster analysis
of individual n-alkanes did not allow for unambiguous dif-
ferentiation between Erica and non-Erica species. There-
fore, the n-alkane patterns do not allow for developing a
proxy for identifying Erica, at least in the Bale Moun-
tains. Average chain length values (ACLs) of plant and soil
n-alkanes range between 28 to 32 and 29 to 31, respec-
tively. The ACLs of Erica arborea (30.5) and Erica trimera
(30.5) are identical, which could be explained by the mono-
phyletic origin of the species (Guo et al., 2014). Grass sam-
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Figure 8. Box plot for the ratio C31 /C29 in plant samples, organic
layers and Ah horizons. The box plots indicate the median (solid
line between the boxes) and interquartile range (IQR), with upper
(75 %) and lower (25 %) quartiles and possible outliers (white cir-
cles). The notches display the confidence interval around the me-
dian within ±1.57× IQR/sqrt. Note that small sample sizes result
in unidentifiable boxes (particularly Kniphofia and Lobelia).

ples (Festuca abyssinica) exhibited a clear predominance of
C31 (Fig. 7), which was reported before by different authors
(Schäfer et al., 2016; Zech, 2009). Most other investigated
plant species revealed a predominance of either C29 or C31.
Only Kniphofia foliosa is characterized by high relative abun-
dance of C27 and C29, while C31 is almost absent (Fig. 7).

Apart from individual n-alkanes, the ratio of C31 /C29
depicts Erica litter as significantly distinguishable from the
other species, except for Helichrysum splendidum (Fig. 8).

3.4 n-alkane concentration and pattern of O layers and
Ah horizons

The TAC values decrease in the following order:
plants>O layers>Ah horizon (Fig. 6). The odd over
even predominance values (OEPs) of the plants, O layers
and Ah horizons range from 5 to 90 (x = 21), 4 to 42
(x = 15) and 2 to 37 (x = 16), respectively. The OEP values
of the plants (which are almost identical to the CPI values)
are therefore well within the range reported (Diefendorf et
al., 2011) for angiosperms. Decreasing OEP values towards
O layers and Ah horizons are often observed and can be
explained with organic matter degradation (Schäfer et al.,
2016; Zech et al., 2011b). The still relatively high OEP
values (x = 16) obtained for the topsoils of our study area
indicate that the n-alkanes are not strongly degraded. Impor-
tantly, n-alkane degradation affects not only the OEP values
but also the n-alkane ratios, such as the above presented ratio
C31 /C29 that allows distinguishing Erica from non-Erica
vegetation. As a result, this ratio in particular no longer
allows for chemotaxonomically distinguishing between soils
that have developed under Erica versus Alchemilla and grass
(Fig. 8). Unlike with lignin phenols, a noteworthy influence
from root-derived n-alkanes on O layers and Ah horizons can
be excluded. This is based on the notion that roots contain
lower n-alkane concentrations by several magnitudes than
above-ground plant material and results from studies using

14C dating of n-alkanes in loess–paleosol sequences (Häggi
et al., 2014; Zech et al., 2017).

4 Conclusions and implications for paleovegetation
reconstructions in the Bale Mountains

One of the premises within the Mountain Exile Hypothesis
project (DFG-FOR 2358) is to reconstruct the dynamics of
Erica vegetation on the Sanetti Plateau in the Bale Moun-
tains National Park, Ethiopia. While our companion paper
by Mekonnen et al. (2019) focused on stable carbon and ni-
trogen isotopes and hemicellulose-derived sugar biomarkers,
we tested in this regional calibration study the potential of
cupric oxide lignin phenols and leaf-wax-derived n-alkanes
to serve as unambiguous proxies for differentiating between
Erica versus non-Erica vegetation.

A hierarchical cluster analysis of individual lignin phenols
was promising and allowed the chemotaxonomic differen-
tiation of Erica from non-Erica vegetation based on rela-
tively high relative contribution of cinnamyl (≥ 40 %) phe-
nols. However, this characteristic pattern is not reflected in
the O layers and Ah horizons. In all likelihood, the loss of
the cinnamyl dominance is caused by preferential degrada-
tion. Unlike expected, we found no overall evidence for in-
creasing (Ac /Al)V+S ratios as a proxy for degradation from
plant material over O layers to Ah horizons.

Erica could not be differentiated chemotaxonomically
from all other investigated plant species using n-alkanes in
a hierarchical cluster analysis. Nevertheless, Erica was still
characterized in our dataset by significantly lower C31 /C29
ratios compared to Alchemilla and grasses. However, like
lignin-derived phenol proxies, the n-alkane patterns are
changing due to degradation from plant material over O lay-
ers to Ah horizons, thus inhibiting their application for an un-
ambiguous chemotaxonomic identification of Erica in soils
and sediments. Therefore, future work is planned focusing
on alternative molecular markers such as tannin-derived phe-
nols and terpenoids.
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Abstract: During this study, the recent relations between the hydrological systems and the distribution of archae-
ological sites and obsidian raw material outcrops within the catchment of the Bisare River, around Mt
Damota, and around Mt Sodicho in the southwestern Ethiopian Highlands were investigated. To do
so, we combined geomorphological–hydrological analyses with field surveys and GIS mapping. The
aim was to try to transfer these recent interrelations into the past to better understand the factors that
influenced prehistoric human settlement activity. The natural geomorphodynamics in landscapes such
as the southwestern Ethiopian Highlands were and still are characterized by the interplay between
endogenous processes (tectonics, volcanism) and climatic fluctuations and, during the recent past,
also by human activity. In the considered region, protective and potentially habitable rock shelters are
found at the volcanic slopes of Mt Damota and Mt Sodicho at high elevations. In addition, in some ar-
eas recent morphodynamic processes make obsidian raw material available near the surface. However,
archaeological and terrestrial paleoenvironmental archives that allow an understanding of the interplay
between prehistoric settlement activity and paleoenvironmental conditions are still rare. Therefore, the
surroundings of formerly occupied rock shelters were investigated to illustrate the effect of the recent
fluvial morphodynamics (erosion and accumulation) on surface visibility and preservation of archae-
ological obsidian raw material. This recent information can be used to make assumptions about the
former hydrological system and to thereby get answers to research questions such as those about the
past accessibility of obsidian raw material for prehistoric humans. The results suggest that the study
area is currently affected by a highly dynamic hydrological system, which is indicated by phenomena
such as the formation of swamps due to sedimentation in natural depressions. In addition, wide areas
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of the Bisare River catchment are affected by gully erosion, which leads to land degradation but also to
the exposure of the above-mentioned lithic raw material outcrops. Human influence strongly increased
during the Holocene until today, especially on the mountain flanks. This in turn increased soil loss and
erosion of archaeological sites, which complicates the transfer of the current morphodynamics into
the past. Although it cannot be finally confirmed that prehistoric hunters and gatherers systematically
used fluvially exposed raw material, based on our results it can be assumed that humans frequented
this area, due to the local availability of such kind of material.

Kurzfassung: Im Rahmen dieser Studie wurden die aktuellen Zusammenhänge zwischen hydrologischen Syste-
men, sowie der Verbreitung archäologischer Fundplätze und von Obsidian-Rohmateriallagerstätten
im Einzugsgebiet des Bisareflusses, um Mount Damota sowie um Mount Sodicho im südwestlichen
äthiopischen Hochland untersucht. Hierfür wurden geomorphologisch-hydrologische Analysen mit
Geländesurveys und Gis-Kartierungen kombiniert. Das Ziel war der Versuch, die aktuelle Situation
in die Vergangenheit zu übertragen, um die prähistorische menschliche Siedlungsaktivität besser zu
verstehen. Das natürliche geomorphologische Prozessgeschehen in Landschaften wie dem südwest-
lichen äthiopischen Hochland wurde und wird durch das Zusammenspiel von endogenen Prozessen
(Tektonik, Vulkanismus) sowie Klimaschwankungen und in jüngster Zeit auch durch menschliche
Aktivitäten geprägt. In der betrachteten Region finden sich höher gelegene, schützende und poten-
tiell bewohnbare Felsüberhänge (Rockshelter) an den Vulkanhängen des Mt. Damota und des Mt.
Sodicho. Außerdem wird durch aktuelle morphodynamische Prozesse in einigen Bereichen Obsid-
ian als Rohmaterial oberflächennah verfügbar. Archäologische und terrestrische Paläoumweltarchive,
die es ermöglichen, das Zusammenspiel zwischen prähistorischer Besiedlung und Umweltbedingun-
gen zu verdeutlichen, sind jedoch noch selten. Daher wurde die Umgebung der ehemals bewohnten
Rockshelter untersucht, um die Auswirkungen der rezenten fluvialen Morphodynamik (Abtragung
und Akkumulation) auf die oberflächennahe Sichtbarkeit und Erhaltung archäologischer Rohmaterial-
Fundstellen zu verdeutlichen. Die gewonnen Informationen können dafür verwendet werden, Annah-
men über das ehemalige hydrologische System zu treffen und somit Antworten auf Forschungsfra-
gen wie jener nach der ehemaligen Zugänglichkeit von Obsidian-Lagerstätten für den prähistorischen
Menschen zu erhalten. Die Ergebnisse legen nahe, dass das Untersuchungsgebiet derzeit von einem
hochdynamischen hydrologischen System geprägt wird, was sich beispielsweise durch Phänomene
wie der Ausbildung von Sümpfen aufgrund von Sedimentation in natürlichen Depressionen zeigt.
Darüber hinaus stehen weite Bereiche des Einzugsgebiets des Bisareflusses unter dem Einfluss von
Gullyerosion (Grabenerosion), welche zu Bodendegradierung und zur Freilegung der oben genan-
nten lithischen Rohmaterialien führt. Insbesondere an den Bergflanken nahm der anthropogene Ein-
fluss während des Holozäns stark zu. Dies wiederum verstärkte den Bodenabtrag und die Erosion
archäologischer Fundstellen, was den Transfer der aktuellen Morphodynamik auf die Vergangenheit
erschwert. Obwohl nicht eindeutig nachgewiesen werden kann, dass prähistorische Jäger und Samm-
ler fluvial freigelegtes Rohmaterial gezielt nutzten, kann basierend auf unseren Ergebnissen davon
ausgegangen werden, dass die lokale Rohmaterialverfügbarkeit zu einer verstärkten Frequentierung
der Region durch prähistorische Menschen führte.

1 Introduction

The landscape of the southwestern Ethiopian Highlands was
created by tectonic stresses and Late Pleistocene–Holocene
eruptive activity, as well as by the increasing influence of
human activity in recent times. The development of topo-
graphic barriers and natural basins that were induced by tec-
tonic uplift or faulting created a complex relief with ridges
and ravines (De La Torre et al., 2007; Benito-Calvo et al.,
2007). Large areas of today’s surface are influenced by ero-
sional processes, for example, by widespread gully erosion

and badlands formation that are common causes of morpho-
logical transformations in Ethiopia today (Billi and Dramis,
2003). In many cases, this development is linked to human
influence and the intensification of agriculture (Castillo and
Gómez, 2016). Up to now, there are only a few terrestrial
geoarchives in East Africa with reconstructions of Pleis-
tocene and Holocene precipitation or temperature changes
(Tierney et al., 2008; Tierney et al., 2011; Foerster et al.,
2012, 2015). Due to the rare paleoclimatic data but also due
to the lack of valuable archaeological information, there is
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still an ongoing discussion on how short- and long-term cli-
matic events and trends affected prehistoric humans living on
the Horn of Africa. Available paleoclimatic records from lake
sediments from Ethiopia and Kenya document wet–dry tran-
sitions that likely affected prehistoric humans and their adap-
tion to the changing environment. In this context, one pro-
posed hypothesis is the retreat of human groups into highland
regions with higher precipitation rates during dry periods
(Basell, 2008; Foerster et al., 2015; Junginger and Trauth,
2013).

Our study discusses the following research questions.
(1) How does the actual hydrological system of the study area
look like? (2) What role does this system play in present ac-
cessibility of obsidian raw material sources and the visibility
and preservation of archaeological sites? (3) Which geomor-
phological features related to erosion are present? (4) Can we
make assumptions about the ancient hydrological system and
landscape dynamics and, on their influence, on the accessibil-
ity of past obsidian raw material sources? For our studies we
selected three research areas in the southwestern Ethiopian
Highlands, ca. 250 km southwest of Addis Ababa, that are lo-
cated within a radius of 40 km of one another (Fig. 2). (1) Mt
Damota is a volcanic mountain that became of archaeological
interest because of its key site, the Mochena Borago Rock-
shelter, which is one of the most important Late Pleistocene
and Holocene sites in eastern Africa (Brandt et al., 2012).
(2) Mt Sodicho is located ca. 40 km to the northwest of Mt
Damota and marks the second research area. The archaeo-
logical site Sodicho Rockshelter is located on the southern
flanks of this volcanic mountain. (3) The banks of the Bisare
River, a tributary of the Bilate River, are located southeast of
Mt Damota (Fig. 2a).

Archaeological records within the rock shelter sediments
of, e.g. Mt Damota or Mt Sodicho, provide information about
ancient human–environment interactions. Additionally, nu-
merous open-air sites at the slopes of Mt Damota provide a
complementary record of former human settlement (Brandt
et al., 2012; Vogelsang and Wendt, 2018). The main trench at
Mochena Borago yielded three major lithostratigraphic units
with archaeological material classified as Middle Stone Age
(MSA), dating to ages between 36 and > 50 ka (Brandt et
al., 2017). However, a sedimentological hiatus in the stratig-
raphy from ∼ 36 to ∼ 8 ka leaves unanswered questions
about deposition processes and the occupation at that site un-
til the Holocene (Brandt et al., 2012, 2017). Vogelsang and
Wendt (2018) examined multiple archaeological surface lo-
calities classified as MSA and Late Stone Age (LSA) sites
on the western flank of Mt Damota to reconstruct prehis-
toric settlement patterns. They recognized intensification of
settlement activities from the MSA to the LSA, as well as
a different organization of the site clusters along the moun-
tain slopes. Whereas the reconstructed MSA settlement areas
show a linear, vertical orientation and include different alti-
tudinal belts, the LSA sites form one large cluster with inter-
connected smaller sub-groups. The former is interpreted as a

land use model that offered short access to various eco-zones
in different elevations, a strategy that might have been ad-
vantageous during times of environmental stress. Following
our first results for the Sodicho Rockshelter, archaeological
settlement layers with preserved and recently dated lithic ma-
terial fill the Late Pleistocene and Holocene occupational gap
(∼ 36 to ∼ 8 ka) from Mochena Borago. Generally, the vol-
canic rocks of Mt Damota and Mt Sodicho do not contain any
naturally occurring obsidian, although this is the most com-
mon raw material used for the production of stone artefacts
at all archaeological sites in the region (Brandt et al., 2012,
2017). The third study area at the permanent Bisare River
site shows a high potential for geoarchaeological investiga-
tion (Benito-Calvo et al., 2007), since obsidian raw material
was exposed by gully erosion and archaeological artefacts
from all stone age periods are scattered within the catchment
area. The main causes of gully formation and further devel-
opment are still not clear, although several factors are poten-
tially relevant for the development of this incision. These of-
ten include, e.g. higher precipitation after arid phases, loose
topsoil material, and sparse vegetation due to intense land use
(Billi and Dramis, 2003; Fryirs and Brierley, 2013; Mukai,
2017). By studying swamp formation in the upper Bisare
catchment, the influence of alternating wet and dry phases
on the regional landscape dynamics could exemplarily be in-
vestigated for the last several years (for long-term climatic
fluctuations, please compare Trauth et al., 2019). These al-
ternations lead to changes in erosion and deposition. Gener-
ally, our analysis of the landscape archive at the Bisare River
sheds light on site preservation and raw material availability.

In order to understand ancient human–environment inter-
actions, understanding the past morphodynamics is crucial.
We followed a diachronous approach and tried to transfer
today’s knowledge about the local fluvial dynamics that af-
fect archaeological assemblages and raw material outcrops
by degradation into the past. In the framework of this study
we applied geomorphological and hydrological analyses via
remote sensing and field surveys. In doing so, we mapped the
current flow directions and stream networks and compared
these with signs of former human occupation.

2 General settings of the study area

2.1 Geological and geomorphological setting

The study area is located in the southwestern Ethiopian High-
lands north of Lake Abaya, between the north–south-running
Omo River in the west and the Bilate River in the east, at the
border of the western central and southern Main Ethiopian
Rift and the southern Ethiopian Plateau (Fig. 1b). On aver-
age, the mountain ranges rise to 2000–3000 m above sea level
(a.s.l.). Plio–Pleistocene volcanic activity and Late Pleis-
tocene to Holocene tectonic stress formed characteristic nat-
ural basins, steep slopes, and gorges. Silicic volcanic mate-
rial, including the trachytic solid rocks of Mt Damota and
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Figure 1. (a) Map showing the flow of the Indian Summer Monsoon (ISM) and the current northernmost position of the tropical rain
belt (TRB) during August (TRB, present) and its shifted northernmost position for August during the African humid period (Paleo-TRB,
AHP, ∼ 15 ka BP to ∼ 5 ka BP). The map also refers to the present position of the Congo Air Boundary (CAB) and its shift during the AHP
(modified from Junginger and Trauth 2013). (b) Research area at the rift margins in the southwestern Ethiopian Highlands, showing the major
geological fault system of the Main Ethiopian Rift, the big lake systems, the Wagebeta Caldera Complex, and the Goba-Bonga lineament.
The study sites are marked by red stars (DEM data by ASTER GDEM; illustration by Elena Hensel). (c) Photo taken from the southern flank
of Mt Sodicho, showing the silhouette of Mt Damota and the Omo River valley (viewing direction south-southwest) (Photo by Christian
Schepers, illustration by Elena Hensel).

Mt Sodicho, is part of the rift shoulder trachytic volcanism,
which developed in the Pliocene during the late stages of the
formation of the Ethiopian Rift (Chernet, 2011; Corti et al.,
2013; Abbate et al., 2015).

Mt Damota is a dormant igneous volcanic mountain with
a height of 2908 m a.s.l., which is primarily composed of
greenish grey trachyte (Brandt et al., 2012). It is part of a
larger silicic complex and overlies a pyroclastic rock for-
mation of rhyolitic to trachytic lava and ignimbrites that
are associated with the Nazret Group (Chernet, 2011; Corti
et al., 2013). Woldegabriel et al. (1990) assumed a forma-
tion of the trachytic flows of the volcano during the Late
Pliocene (∼ 2.9 Ma). Mt Sodicho, with an elevation of about
2100 m a.s.l., belongs to the Wagebeta Caldera Complex
(Fig. 1b). The mountain lies directly on the Goba-Bonga lin-
eament, a transversal east–west depression with transversal
structures that crosses the Main Ethiopian Rift (Bonini et al.,
2005; Corti, 2009; Corti et al., 2013). The Bisare River catch-
ment is situated southwest of Mt Damota within the Hobitcha
Caldera structure (Fig. 2c). The river is a western tributary
of the Bilate River that flows into the northern part of Lake

Abaya. This lake is located in a quasi-endorheic basin (Schütt
et al., 2005). The Bisare River is associated with glacis and
valley fills including interbedded volcanic rocks. The lat-
ter are not older than 200 ka and developed from the Mid-
dle to Upper Pleistocene up to the Holocene (De La Torre
et al., 2007). Archaeological finds in the area of the Bis-
are River catchment comprise open-air artefact scatters and
widespread raw material locations, which are currently ex-
posed as a result of river incision (Benito-Calvo et al., 2007;
De La Torre et al., 2007; Abbate et al., 2015; Vogelsang, un-
published observation, 2011, 2012).

2.2 Climatic setting

The Ethiopian Highlands receive more than 2000 mm of an-
nual rainfall, which is the highest average amount at the Horn
of Africa (Griffith, 1972; Viste and Sorteberg, 2013). An-
nual climatic variations in Ethiopia are related to moisture
brought by the summer monsoon that interacts with the dry
northeastern “Harmattan” wind system and to changes in the
north–south directed pressure gradient (Viste and Sorteberg,
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2013; Nicholson, 2018). A further influence is changes in
sea surface temperatures of the adjacent Indian Ocean (Grif-
fith, 1972; Tierney et al., 2008; Segele et al., 2009; Viste et
al., 2013). Inter-annual changes in precipitation are linked to
the shifting of the tropical rain belt (TRB), low-level conver-
gences, and the role of the accentuated topography (Nichol-
son, 2018) (Fig. 1a). The Congo Air Boundary (CAB) is an
additional but less relevant source for moisture variability
in Ethiopia (Junginger and Trauth, 2013). Most of the an-
nual precipitation (50 %–90 %) falls during boreal summer
from June to September, called “Kirmet” in this area. Re-
gions with the highest precipitation receive up to 350 mm
of rainfall per month (Berhanu et al., 2013). The vegeta-
tion of the study area around Mt Damota and Mt Sodicho
encompasses two classification types according to Friis et
al. (2010): grasslands and mountainous woodland between
1600 and 3300 m a.s.l. belong to the “dry evergreen montane
forest and grassland complex” classification and evergreen
trees between 1500 and 2600 m a.s.l. to the “moist evergreen
montane forest” classification. The mountain flanks of Mt
Damota and Mt Sodicho were reshaped by human deforesta-
tion, intensive subsistence farming, and subsequent partly se-
vere soil erosion during the last few decades (Fig. 1c). The
paleoclimate of southwestern Ethiopia of the last 45 ka was
characterized by fluctuations of moister and drier conditions
(Foerster et al., 2012; Trauth et al., 2019). According to the
paleoclimate record of the Chew Bahir drill cores, arid condi-
tions during the Last Glacial Maximum (LGM, ∼ 24–18 ka)
led to a desiccation of the former paleolake (Foerster et al.,
2012, 2015; Trauth et al., 2019) (Fig. 1b). Subsequently, an
abrupt change is visible after ∼ 15 ka with a transition from
extreme arid to humid conditions, marking the starting point
of the African humid period (AHP, ∼ 15 to 5 ka). This was
a period with a generally higher and stable availability of
moisture but was, however, interrupted by several dry spells.
Exemplary arid phases were the Older Dryas stadial (OD,
∼ 14 ka) and the Younger Dryas event (YD, 12.8–11.6 ka),
followed by shorter dry events (∼ 10.5, ∼ 9.5, 8.15–7.8 and
∼ 7 ka). The end of the AHP was marked by an increase in
aridity that persists to this day. Exceptions were short humid
events at ∼ 3, ∼ 2.2, and 1.3 ka (Foerster et al., 2012, 2015).

3 Material and methods

3.1 Mapping and survey

The research areas around Mt Damota and Mt Sodicho were
mapped during field surveys from 2015 to 2018 that were
supported by high-resolution satellite imagery. Geomorpho-
logical mapping in the field included the description of rock
outcrops, surface exposures, geomorphological features, and
signs of the influence of extensive modern human occupation
in the area. Afterwards, topographical features such as reliefs
and slopes, as well as drainage ways and further geomorpho-
logical properties, were extracted from a high-resolution dig-

ital elevation model (DEM) (Sect. 3.2). Archaeological sur-
veys in the surrounding area of Mt Damota were conducted
from 2010 to 2014, resulting in the discovery of 63 open-air
sites. The surveys included different landforms of the trop-
ical highlands in various altitudes, following “stratified ran-
dom sampling” (Shafer, 2016; Vogelsang and Wendt, 2018).
Systematic archaeological and geomorphological surveys of
the western Bisare River and Bilate River were undertaken in
2006 by the research group around De la Torre et al. (2007)
and in 2011, 2012, and 2014 by the research team of the Col-
laborative Research Centre 806 (CRC806) “Our way to Eu-
rope”. The excavations at Sodicho Rockshelter on Mt Sodi-
cho started in 2015.

3.2 GIS-based analyses

The image analysis software ENVI (5.3 by Harris Geospatial
Solutions) was used to extract high-resolution digital eleva-
tion models (DEM) using panchromatic images of Pléiades
1A (by Astrium Services/Spot Image, Airbus Defence and
Space) satellites, with a 2 m resolution, and ASTER GDEM
data (by METI and NASA), with a resolution of 30 m. For
this, identical tie points on both satellite images were manu-
ally fitted together to create panchromatic images. The high-
resolution DEMs generated from the Pléiades satellite scenes
cover areas spanning Mt Sodicho, Mt Damota, and the Bis-
are River catchment, and singular ASTER scenes were used
to fill gaps.

Surface and hydrological data were determined by a Geo-
graphical Information System (ArcGIS 10.6 by ESRI) using
the beforehand-created DEMs functioning as base “maps”.
The modelling tools of Arc Hydro (ESRI) were used for
the extraction of the hydrological features, such as flow di-
rection and accumulation, surface runoff, and catchment ar-
eas. The calculated GIS data sets can be requested from the
CRC 806 Database via https://doi.org/10.5880/SFB806.49.
These parameters allowed a quantitative raster- and vector-
based calculation of the actual drainage systems (Bolten et
al., 2006). Freely available satellite images of the Google
Earth Timelapse NASA Landsat programme from 2009 to
2017 were used to identify annual landscape transforma-
tions, i.e. swamp formation and reduction (Fig. 3). In addi-
tion, viewshed analyses from both mountaintops (Mt Damota
and Mt Sodicho) were conducted with ArcGIS 10.6 (ESRI)
to test the significance of the archaeological rock shelters at
high evaluations and their importance for prehistoric hunter-
gatherers. To do so, a body height of 1.60 m was defined.

3.3 Radiocarbon dating

Several percussion drilling cores were obtained from 11
drilling locations in the basin of the Bisare River swamps in
2014 and 2015. The drilling locations were placed over the
entire swamp area. Drilling locations in the surrounding area
were not considered, since the surroundings are dominated
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Figure 2. (a) Map showing the calculated drainage networks in the study area for the three study sites: Mt Damota, the Bisare River
catchment, and Mt Sodicho. Primary drainage systems mainly support the two major south running rivers: Omo and Bilate. (b) Drainage
network at the southern flank of Mt Sodicho. (c) Drainage network of Mt Damota and the Bisare River. The triangles illustrate archaeological
evidence mapped by De la Torre (2006) and by the CRC 806 (2010–2014) (DEM data from Mochena and Bisare by ASTER GDEM; DEM
data from Sodicho by Astrium’s Pléiades; illustration by Elena Hensel).

Table 1. Radiocarbon ages for the samples from the BIS03 and BIS07 drilling cores.

Sample label Sample ID Material Depth b.s.l. Age ± Age δ13C
(cm) (years BP) (years CE) (‰)

COL2819.1.1 BIS03-RC1 plant 118 −325 34 n/a −28.6
COL3300.1.1 BIS07-C1_W plant 280 > modern – 1957–1998 −11.2
COL3301.1.1 BIS07-C1_S sediment 280 25 35 1694–1919 −21.2

n/a: not applicable.

by modern agriculture and therefore excessively influenced
by human activity. In this study, we present three samples
from cores BIS03 and BIS07 of the uppermost part of swamp
1, which were tested for radiocarbon dating (Table 1). Both
cores were drilled in fluvial sequences located on the edges
of the swamp (Fig. 3a). The three radiocarbon samples, from
either plant (BIS03-PC1 and BIS07_W) or sediment mate-

rial (BIS07-C1_S), were extracted from silty to sandy sedi-
ments in the upper 3 m of the drilling cores. The radiocarbon
AMS lab of the University of Cologne analysed the samples
with acid and alkali (AAA) pre-treatment to remove inor-
ganic carbon and humid acids. The conventional radiocarbon
ages were calibrated with OxCal v. 4.2.3, applying the cal-

E&G Quaternary Sci. J., 68, 201–213, 2019 www.eg-quaternary-sci-j.net/68/201/2019/



E. A. Hensel et al.: Prehistoric human settlement activity 207

ibration curve IntCal13 (Ramsey et al., 2013; Reimer et al.,
2013).

4 Results

4.1 GIS-based analyses

The geomorphological and hydrological analyses of the two
mountains and the Bisare River catchments were based on
high-resolution DEMs that were calculated based on remote
sensing data. With the help of the catchment analysis, re-
cent large-scale drainage lines of the study area around Mt
Damota and Mt Sodicho were defined (Fig. 2a). In combi-
nation with a geomorphological field survey, small-scale and
large-scale gully erosion could be identified.

1. Mt Damota has a typical radial drainage system, which
is crossed by a main watershed (Fig. 2c). This water-
shed is running north–south through the entire study
area, separating the runoff into a western and an east-
ern direction. The western streams drain into the Omo
River basin, whereas the eastern streams drain towards
Lake Abaya but without an inflow into the Bisare River
catchment. This is caused by the horseshoe-shaped Ho-
bitcha Caldera that functions as a barrier between the
eastern streams and the Bisare River catchment.

2. Mt Sodicho’s stream network and drainage lines mainly
flow into the Omo River basin. According to the hydro-
logical analyses and the field observations from 2017,
Mt Sodicho has a radial drainage network, which gave
the mountain its characteristic irregular form (Fig. 2b).
Permanent streams and seasonal creeks (only flowing
during the rainy season) flow down the mountain flanks
into a larger south-running dendritic drainage network
that belongs to the drainage network of the Wagebeta
Caldera Complex. Nowadays, the surface morphology
on Mt Sodicho is influenced by intensive agriculture.
Small-scale surface erosion (10–20 m in width) was
mapped on the upper slopes (Fig. 1c). In the past, the
vegetation was probably removed to create cultivation
areas, which are now jeopardized by increasing ero-
sion. These active gullies are currently used as pathways
for the local population and their cattle, which further
enhances degradation and runoff. Raw material prove-
nance of lithic artefacts that were found at Mt Sodicho
is still not proven. So far, obsidian raw material with
distinct signs of transport could be observed as fluvially
transported boulders or debris along the surrounding
drainage systems and river banks. In Fig. 2b, these raw
material findings are illustrated as yellow dots. Addi-
tionally, two obsidian outcrops were discovered to the
east of Mt Sodicho during the latest survey in Novem-
ber 2018. Within a distance of 30–36 km from Sodicho
Rockshelter, the two outcrops named Chebe and Fulasa

were still in the range of movement of the Late Pleis-
tocene hunter-gatherers (Fig. 2a).

3. The Bisare River flows into the Bilate River. The latter is
the main tributary of the 15 000 km2 large catchment of
Lake Abaya (Chernet, 2011). Based on the hydrological
and geomorphological analyses, different geomorphic
features could be observed (Fig. 2c): the research area
lies within a dynamic hydrological system, showing a
high to moderate runoff of surface water (Berhaun et al.,
2013). With the help of a longitudinal profile, starting
at the Bisare River catchment and following the Bilate
River into Lake Abaya, a sudden change in the slope
(knickpoint) could be identified. This knickpoint is situ-
ated ∼ 15 km along the profile, where the river flows out
from the Hobitcha Caldera (Fig. 5). The study of knick-
points can be used to identify potential areas for sed-
imentation. Three connected swamps of different sizes
and altitudes formed in low-energy parts of the river val-
ley in the upper part of the catchment (Fig. 3). They
were documented during geomorphological field map-
ping in 2014. A highly exaggerated longitudinal pro-
file, running transversely through the lakes, illustrates
the local stair-like morphology. Unlike swamp 3, the
two upper basins of swamps 1 and 2 are situated in
an area with highly dynamic permanent and episodic
streams. Via satellite imagery (Google Earth Timelapse
NASA Landsat programme), we observed that the two
upper swamps are supplied by episodic tributaries dur-
ing wet seasons (Fig. 3b–d). Gully erosion and sheet-
wash erosion are widespread phenomena particularly in
the lower part of the Bisare catchment (Fig. 4a). Here,
surface runoff and erosion-outcropped artefact assem-
blages are predominantly from the Middle Stone Age
(De La Torre et al., 2007). These assemblages were
preserved in Pleistocene alluvial soils at the flanks of
the river basin. Also, outcrops of in situ obsidian raw
material and scattered lithic surface finds were found
by De La Torre et al. (2007) and our research team in
the southern degraded areas. Formerly buried material
was exposed to the surface, and the lithics had been
partly transported due to constant erosion and exten-
sive badlands formation, mainly at the lower part of the
river catchment. Erosion and badlands formation ini-
tiated from the edge of the rift valley and spread up-
stream of the Bisare (Fig. 4c–e). Figure 4d and e visu-
alize subsurface material cropping out in this degraded
area, which varies between reddish-brown regolith and
greyish ignimbrite.

According to the viewshed analyses from the mountain-
tops of Mt Damota and Mt Sodicho, all-round views over the
landscape are possible. The views reach from the lakes of the
central Main Ethiopian Rift Valley in the distant north, over
the Bilate River in the east, Lake Abaya to the south, the Gibe
and Omo river valleys to the southwest, and up the Wolayta–
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Figure 3. (a) Map showing the dimension of the three swamps on the Bisare River. The positions of the two drillings in swamp 1 are
marked with red dots (DEM data by ASTER GDEM). The sequence of images (b)–(d) illustrates the changes of swamp 1 during different
wet and dry phases: (b) following a dry season (21 March 2009), (c) following a wet season (15 November 2009), and (d) during a wet
season (17 October 2014) (swamp data set by Svenja Meyer; Satellite images by ©Google Earth Timelapse NASA Landsat programme).
The super-elevated longitudinal profile X–Y illustrates the geomorphological position of the swamps in the Bisare River basin, leading to a
step-like topography, extracted from the DEM based on Pléiades 1A satellite imagery (DEM data by ASTER GDEM; illustration by Elena
Hensel).

Hadiya Highlands to the west. During clear weather condi-
tions, the opening area of the Sodicho Rockshelter offers a
complete view to Mt Damota and the Omo River basin in the
west (Fig. 1c). The view directly from Mochena Borago is
limited to the southeast and east, and therefore Mt Sodicho
is out of sight. These results verify a locational advantage of
both rock shelters, i.e. Mochena Borago on Mt Damota and
Sodicho Rockshelter on Mt Sodicho, for watching game in
the surrounding lowlands.

4.2 Radiocarbon dating

The modern radiocarbon ages of two botanical samples
(BIS03-PC1 and BIS07_W) and one sediment sample
(BIS07-C1_S), originating from two drilling cores taken in
a depth of up to 2 m below the surface level in the uppermost
part of swamp 1, revealed that the upper 3 m of the sedimen-
tary basin fill are of modern age (Table 1). This demonstrates
a high sedimentation rate at least in this swamp.

5 Discussion

Several processes of degradation, such as gully or river ero-
sion, led to the exposure of obsidian raw material localities
and open-air sites with scatters of stone artefacts (Fig. 4a–
d). This is particularly true in the Bisare River basin with its
areas of different stream energy where the swamps form sed-
iment traps for the eroded material today. One main question
was why these step-like swamps formed and if their forma-
tion process can be used to obtain paleoenvironmental infor-
mation. We propose that during wetter phases stronger gully
erosion is activated, and resulting sediment slugs are able to
hold up further sediment flux. This can be described as a cut-
and-fill process with sediment accumulation in times with
relatively intensive erosion and active gullying, and channel
incision in periods of less active gullying, e.g. less intensive
erosion (Nanson and Croke, 1992; Brierley and Fryirs, 1999;
Fryirs and Brierley, 2013; Orti et al., 2019). The consequence
is swamp development due to damming of the stream and
sediment trapping. Therefore, this area can be assumed to
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Figure 4. (a) Map showing the Bisare River catchment. Degraded areas are mainly characterized by gully erosion. (b) Image of the wet,
swampy area in the upper part of the catchment (swamp 1). (c) Obsidian raw material outcrop. (d) Badlands formation and gully erosion is a
common phenomenon in the depressions of the catchment. (e) Gully-erosion-exposed paleosols alternating with volcanic ash. (f) Relocated
obsidian flakes exposed in a gully of a degraded area (swamp data set by Svenja Meyer; photography by Olaf Bubenzer; illustration by
Elena Hensel).

be very sensitive towards external changes and disturbances,
e.g. a change in sediment flux rate. The southernmost part
of swamp 3 has the widest dimension, which is most prob-
ably the result of a change of bedrock (Fig. 3). A more re-
sistant rock type must have created a natural “bottleneck”,
which caused natural damming that was intensified by addi-
tional damming by sediment slugs during certain periods. As
a consequence, the slow-moving water got dammed up, lead-
ing to sedimentation and preventing erosion of these accu-
mulated sediments (Machado, 2015). Generally, changes of
sediment supply from tributaries into the Bisare and then into
the Bilate River must have had a significant geomorphologi-
cal effect on the main hydrological system in the form of the
incision and subsequent aggradation of transported material.
In summary, we view this as a geogenic sediment cascade
system, where relatively young sediments should have been
transported into the lower basin only after the higher basins
were filled up (Fig. 3a) (Fryirs and Brierley, 2013; Fryirs,
2016). However, the radiocarbon samples (BIS07-C1) of the
sediment in the uppermost basin yielded modern ages, al-

though they are assumed to contain the oldest sediments (Ta-
ble 1). With a possible sediment cascade and our radiocarbon
dates in mind, we state that the development of the swamps
must be a relatively recent phenomenon that is linked with
the current high erosion and accumulation rates in the area
of the Bisare River. Therefore, we suggest that the surficial
Pleistocene deposits that are currently largely being exposed
by badlands formation in the region must have been com-
pletely removed by fluvial erosion, leading to formation of
the basins. Afterwards, the basins were refilled by the recent
fine-grained sediment that we dated with radiocarbon (Ta-
ble 1).

With respect to the present-day lithic raw material accessi-
bility and preservation, our geomorphological field observa-
tions from 2014 and 2015 coincide with the published obser-
vations by Vogelsang and Wendt (2018) on obsidian outcrops
in the Humbo area of the Bisare River catchment (Fig. 2c).
These authors state that the predominance of obsidian for the
production of stone artefacts is not surprising, considering
the proximity of the rich sources in the Humbo area to known
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archaeological sites (Vogelsang and Wendt, 2018). Further-
more, the glassy structure of the obsidian allows a very pre-
cise production of lithic tools (Rapp, 2009). Together, this
could explain the extreme dominance of obsidian in all lithic
assemblages. However, the question arises whether the activ-
ity of the hydrological system and erosion processes at Bis-
are had a comparable intensity during Late Pleistocene and
early Holocene to mid-Holocene, leading to the exposure of
a similar amount of raw material. If this was not the case,
hunter-gatherers were not able to focus only on the local ob-
sidian deposit in the Humbo area but had to select alternative
sources. In this context, also the effects of today’s vegetation
have to be considered. Today’s intensive farming and defor-
estation, e.g. at the flanks of Mt Sodicho, strongly changed
the actual surface runoff but might also directly destroy ar-
chaeological deposits. The current destruction and relocation
of raw material is visible in the form of scattered obsidian de-
bris and large boulders found along the streams at Mt Sodi-
cho (Fig. 2b). At the moment, we cannot verify if prehistoric
hunter-gatherers were able to use such kinds of displaced raw
material, but this would be an interesting question for future
research. Generally, we think that understanding the hydro-
logical system is fundamental for the evaluation of obsidian
raw material availability in this area. However, we still do not
know the rate and the start of gully erosion and badlands for-
mation in our study area that are known as inhomogeneous
processes – in intensity as well as in duration (Castillo and
Gómez, 2016). If the Late Pleistocene hydrological system
was as highly dynamic as it is today, gully erosion might have
already been initiated by natural processes during that pe-
riod. We only expect this for certain climatic phases in which
the paleoenvironmental conditions promoted such a dynamic
system due to higher precipitation. Accordingly, several stud-
ies demonstrated variable climatic conditions at the Horn
of Africa during the Late Pleistocene and Holocene. Tran-
sitions from humid to arid conditions and vice versa led to
rise and shrinkage of lake levels and also affected the con-
necting drainage networks (Sagri et al., 2008; Carnicelli et
al., 2009; Foerster et al., 2012; Junginger and Trauth, 2013;
Foerster et al., 2015; Trauth et al., 2019). We propose that
the connected drainage systems in our research area, such
as the Bisare River, might have reacted to these transitions
with changes in their depositional and erosional behaviour.
Furthermore, considering the location of our research areas
within a region that have been tectonically active since the
Plio–Pleistocene, we can assume that the aforementioned ex-
tensive surface processes most likely started already during
the Late Pleistocene (Fig. 5). However, we propose that due
to today’s intensified human impact in the form of clearance
of the vegetation cover and cropland expansion, leading to
higher runoff, obsidian raw material comes more frequently
and in higher amounts up to the surface than during prehis-
toric times.

Archaeological evidence from Mt Damota and Sodicho
Rockshelter shows that groups of prehistoric humans seem

Figure 5. Map showing the calculated drainage networks southeast
of the Bisare River catchment that flow into Lake Abaya. Following
the longitudinal profile of the Bisare River (green line and graph),
a sudden change in slope (knickpoint) at the outflow from the Ho-
bitcha Caldera stands out (DEM data by ASTER GDEM; illustra-
tion by Elena Hensel).

to have adapted to former climatic and hydrological changes,
leading to different environmental conditions, with repeated
occupation of the rock shelters at higher elevations under dif-
ferent environmental conditions (Brandt et al., 2012, 2017;
Vogelsang and Wendt, 2018). During such periods these
groups were probably exploiting these higher elevated ar-
eas with the awareness of their sufficient water and food re-
sources, shelter, and the access to obsidian raw material (cf.
Vogelsang et al., 2018). Although it is not yet clear which
specific obsidian outcrops were used by the prehistoric hu-
mans, first results of obsidian microprobe analysis point to
the exploitation of raw material from outcrops in the Bisare
area by the inhabitants of both rock shelters (Vogelsang, un-
published information, 2019).

6 Conclusions

This study gives an insight into to the potential of a com-
bination of hydrological and geomorphological analyses by
applying field surveys, remote sensing, geographical infor-
mation systems, and radiocarbon dating, as well as investi-
gations of the archaeological site distribution, to reconstruct
the interplay between past hydrological conditions and Pale-
olithic settlement activity in a mountainous area of the south-
western Ethiopian Highlands. With our results, we were able
to describe the current landscape dynamics and the actual
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state of known rock shelters and open-air sites, as well as raw
material preservation in the study areas. The preserved evi-
dence for repeated human occupation during the Late Pleis-
tocene and Holocene at Sodicho Rockshelter (Vogelsang, un-
published information, 2015 to 2018) hints that the highlands
could have provided a refugium during arid phases such as
the Last Glacial Maximum (LGM, ∼ 21 ± 2 ka) (Mark and
Osmaton, 2008). At Mochena Borago, settlement activities
reach back > 50 ka. During such periods, the exploitation of
different, elevation-bound ecosystems allowed access to a
heterogeneous spectrum of faunal and lithic resources for
prehistoric humans (Vogelsang and Wendt, 2018). Humid–
arid transitions in the past must have led to pronounced ero-
sion and badlands formation. We suggest that there is a rela-
tionship between widespread gully erosion, badlands forma-
tion, and raw material availability. Currently, the study area
is a region with strong recent sediment erosion and simul-
taneous accumulation in a cascading system. Looking into
the future, given strongly increased human impact during
the last few decades acting together with the currently very
active hydrological system, intensified soil loss will lead to
further degradation of the archaeological material. However,
the transfer of today’s circumstances into prehistoric times is
complicated, as we cannot prove that currently active pro-
cesses, e.g. swamp formation, were also active during the
Pleistocene. Furthermore, the research sites are situated in an
area close to the Main Ethiopian Rift, i.e. a region with pro-
nounced tectonic activity that also has a significant impact on
the regional geomorphodynamics. Therefore, at this stage the
results do not allow any distinct statement about the trans-
fer of the modern morphodynamics to ancient times, as we
have identified only recent phenomena. This means that the
calculated drainage lines show the current state in a very ac-
tive hydrological system that is influenced by both natural ef-
fects and intensive human activity. Nevertheless, in the con-
text of further interdisciplinary research that combines well-
resolved archaeological and alluvial chronostratigraphies it
will be possible to obtain a better general understanding of
the interplay between former settlement activity and paleoen-
vironmental conditions in the Ethiopian Highlands during the
Pleistocene.
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Abstract: Systematic archaeological exploration of southern Qatar started in the 1950s. However, detailed local
and regional data on climatic fluctuations and landscape changes during the Holocene, pivotal for un-
derstanding and reconstructing human–environment interactions, are still lacking. This contribution
provides an overview on the variability of geomorphic environments of southern Qatar with a focus
on depression landforms, which reveal a rich archaeological heritage ranging from Palaeolithic(?)
and Early Neolithic times to the Modern era. Based on a detailed geomorphic mapping campaign,
sediment cores and optically stimulated luminescence data, the dynamics of riyad (singular rawdha;
shallow, small-scale, sediment-filled karst depressions clustering in the central southern peninsula)
and the larger-scale Asaila depression near the western coast are studied in order to put archaeologi-
cal discoveries into a wider environmental context. Geomorphic mapping of the Asaila basin shows a
much greater geomorphic variability than documented in literature so far with relict signs of surface
runoff. An 8 m long sediment core taken in the sabkha-type sand flats of the western basin reveals a
continuous dominance of aeolian morphodynamics during the early to mid-Holocene. Mounds pre-
served by evaporite horizons representing capillarites originally grown in the vadose zone are a clear
sign of groundwater-level drop after the sea-level highstand ca. 6000–4500 years ago. Deflation fol-
lowed the lowering of the Stokes surface, leaving mounds where the relict capillarites were able to fix-
ate and preserve the palaeo-surface. Abundant archaeological evidence of Early and Middle Neolithic
occupation – the latter with a clear focus inside the central Asaila basin – indicate more favourable
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living conditions than today. In contrast, the sediment record of the investigated riyad in the south is
very shallow, younger and controlled by surface discharge, deflation and the constantly diminishing
barchan dune cover in Qatar over the Middle and Late Holocene. The young age of the infill (ca.
1500 to 2000 years) explains the absence of findings older than the Late Islamic period. Indicators
of current net deflation may relate to a decrease in surface runoff and sediment supply only in recent
decades to centuries. In the future, geophysical prospection of the riyad may help to locate thicker
sedimentary archives and the analysis of grain size distribution, micromorphology, phytoliths or even
pollen spectra may enhance our understanding of the interplay of regional environmental changes and
cultural history.

Kurzfassung: Die systematische archäologische Erkundung des Südens der katarischen Halbinsel begann in den
1950er Jahren. Lokale und regionale Daten zu den die regionale Kulturentwicklung begleitenden kli-
matischen Schwankungen und Landschaftsveränderungen im Holozän fehlen allerdings weitgehend.
Dieser Beitrag liefert einen Überblick über die geomorphologische Variabilität des südlichen Teils von
Katar mit einem Schwerpunkt auf karstbürtigen Hohlformen, deren verhältnismäßig reiches archäolo-
gisches Erbe bis in das Paläolithikum(?)/Frühe Neolithikum zurückreicht. Basierend auf einer detail-
lierten geomorphologischen Kartierkampagne, Sedimentkernen und Altersdatierung mit Hilfe optisch
stimulierter Lumineszenz erfolgt eine Rekonstruktion der Sedimentationsgeschichte der räumlich be-
deutenden Riyad (Singular: Rawdha; flache, kleinskalige, sedimentgefüllte Karsthohlformen) und des
größeren Beckens von Asaila in der Nähe der Westküste, um die während der vergangenen Dekaden
getätigten archäologischen Funde und Erkenntnisse in einen erweiterten Umweltkontext einzuordnen.
Die geomorphologische Kartierung des Asaila-Beckens zeigt eine weit größere Variabilität an Ober-
flächenformen als bisher in der Literatur dokumentiert, darunter auch deutliche Indikatoren für relik-
tischen Oberflächenabfluss. Während der 8 m lange Sedimentkern aus dem sabkhaähnlichen Bereich
des westlichen Beckens eine kontinuierliche Dominanz der äolischen Morphodynamik über das frühe
bis mittlere Holozän andeutet, sind die von kleinen hügelartigen Formen dominierten Bereiche durch
reliktische, einst in der vadosen Zone gewachsene kapillare Evaporithorizonte fixiert worden. Dies
ist ein deutliches Zeichen für vorherrschende Deflation seit dem Hochstand des Meeresspiegels (und
des Grundwasserspiegels) vor ca. 6000–4500 Jahren. Zahlreiche früh- und mittelneolithische Streu-
funde – letztere mit einem klaren Schwerpunkt im zentralen Asaila-Becken – weisen auf günstigere
Lebensbedingungen zu dieser Phase hin. Die sedimentäre Füllung der untersuchten Riyad ist deut-
lich flacher und jünger und wird durch Oberflächenabfluss, Deflation und die sukzessiv abnehmende
Barchan-Dünenbedeckung in Katar während des Mittel- und Spätholozäns determiniert. Das junge
Alter der Füllung (ca. 1500–2000 Jahre) erklärt das Fehlen archäologischer Funde, die älter als
spätislamisch datieren. Indikatoren aktuell dominierender Deflation (lineare Korrasionsrillen, Mikro-
Yardangs) sind mögliche Hinweise auf einen Rückgang von Oberflächenabfluss und Sedimenteintrag
innerhalb der letzten Jahrzehnte bis wenigen Jahrhunderte. Eine geophysikalische Prospektion der
Riyad, die die Lokalisierung möglichst mächtiger Sedimentpakete erlauben würde, in Kombination
mit der Analyse von Korngrößenverteilung, Mikromorphologie, Phytolithen oder gar Pollenspektren,
könnte in Zukunft Teil einer Strategie sein, hier detailliertere Daten zur Paläo-Umweltdynamik der
zentralen Bereiche Katars zu generieren.

1 Introduction

Pioneering archaeological surveys and excavations in Qatar
started more than 60 years ago (e.g. Glob, 1958; Kapel,
1967; de Cardi, 1978; Tixier, 1980; Inizan, 1988). During
the last decade, these were supplemented by intensified in-
terdisciplinary research on all phases of the peninsula’s cul-
tural heritage (e.g. Al-Naimi et al., 2011; Rees et al., 2011;
Cuttler and Al-Naimi, 2013; Eichmann et al., 2014; Ger-
ber et al., 2014; Drechsler, 2014; Drechsler et al., 2013,

2016; Izquierdo Zamora et al., 2015; McPhillips et al., 2015).
While evidence for the Palaeolithic remains under debate
(Glob, 1958; Kapel, 1967; Al-Naimi et al., 2010; Cuttler
and Al-Naimi, 2013; Scott-Jackson et al., 2015; Drechsler,
2014; Drechsler et al., 2016), Early and Middle Neolithic
flint scatters along with burial cairns at a number of locations
testify the occurrence of mobile to semi-stationary groups
at that time (Drechsler et al., 2016). The Early Neolithic
mainly comprises Qatar-B sites sensu Kapel (1967) and In-
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izan (1988), tentatively dated to the 7th millennium BCE.
The Middle Neolithic is often represented by surface finds of
tile knives, scrapers, bifacial arrowheads and, in some cases,
Ubaid-style pottery (Tixier, 1980; Inizan, 1988; Drechsler,
2014), which implies links with other Ubaid-related sites of
the southern Arabian Gulf coast dated to the 6th–5th millen-
nium BCE (Oates, 1978; Uerpmann and Uerpmann, 1996;
Kainert and Drechsler, 2014). The earliest known settlement
of Qatar was identified in Wadi Debayān at the northwest
coast, dating back 7500 years (Al-Naimi et al., 2011; Tet-
low et al., 2013). Of similar age are the fishermen’s huts
near Shagra at the east coast, which were associated with the
Ubaid period by Inizan (1988). The decline of the Ubaid cul-
ture marked the onset of a period represented by very few
cultural remains in Qatar, coinciding with the “Dark Millen-
nium” as defined for the southeastern gulf shores (Uerpmann,
2003; Preston et al., 2012; Muhesen and Al-Naimi, 2014).
The Bronze Age is only sparsely represented in Qatar, most
prominently in the form of pottery and a purple-dye industry
at Al-Khor north of Doha (Edens, 1999; Carter and Killick,
2010). Such finds are nearly absent in the southern part of
the country (Gerber et al., 2014). Burial cairns are distributed
over the entire peninsula and mostly from the Iron Age (ca.
300 BCE–300 CE) (Bibby, 1965; Buckley, 1973; Konishi et
al., 1988), even though some of them have recently been
dated to as old as the Ubaid period (Cuttler et al., 2013;
Izquierdo Zamora et al., 2015). No evidence exists for Iron
Age settlements, but a coexistence of nomadic pastoralism
and sedentary lifestyles has been postulated (Muhasen and
Al-Naimi, 2014). Permanent settlements emerged around the
8th century CE (Abbasid period), in particular along the
northwestern coast (Guérin and Al-Naimi, 2009; Macum-
ber, 2015). The nomadic and semi-nomadic Bedouin culture,
however, coexisted and persisted well into the 20th century
CE, focussing on the shallow karst depressions of the Qatar
peninsula as campsites (McPhillips et al., 2015).

Underpinning research on the concomitant environmen-
tal changes is clearly in its infancy, consisting mainly of
the outcome of the QNHER (Qatar National Historic Envi-
ronment Record) project covering the northern part of the
peninsula (e.g. Cuttler et al., 2011; Cuttler and Al-Naimi,
2013; Macumber, 2011, 2015; Tetlow et al., 2013). Isolated
contributions to the framework of earlier archaeological mis-
sions mainly focus on Late Quaternary coastal changes and
are rather preliminary (Vita-Finzi, 1978; Perthuisot, 1980).
Thus, when the South Qatar Survey Project (SQSP) started
in late 2012 as a joint operation between Qatar Museums and
the Orient Department of the German Archaeological Insti-
tute, little well-established information existed regarding dy-
namics of vegetation, water availability and landforms. In the
course of the archaeological survey, shallow, sediment-filled
karst depressions referred to as riyad (singular rawdha or
rawdah) (Batanouny, 1981; Babikir, 1986; Sadiq and Nasir,
2002; Al-Yousef, 2003; Macumber, 2011, 2015) turned out
to be focal points of historic occupation, in contrast with the

barren surrounding hamada (Eichmann et al., 2014; Gerber
et al., 2014; Pfeiffer, 2015). A second priority of the SQSP
was assigned to the large depression of Asaila in central-
western Qatar (locally referred to as Jaow Al Bahath), which,
compared to the rest of Qatar, preserves a high concentration
of Early and Middle Neolithic single flint artefacts and flint
artefact scatters, along with numerous findings of the pre-
Islamic, Islamic and Modern periods (Kapel, 1967; Inizan,
1988; Pelegrin and Inizan, 2013; Drechsler, 2014; Drechsler
et al., 2016).

This paper provides a general overview of the variability
of geomorphic environments of southern Qatar (defined here
as the part of the peninsula south of the Dukhan road; Fig. 1)
over Holocene timescales. Based on a detailed geomorphic
mapping campaign, sediment cores and optically stimulated
luminescence (OSL) data, the dynamics of riyad and the
basins of Asaila and adjacent Jaow Aqeeq (Fig. 1) are evalu-
ated in order to put the Early Neolithic to Islamic archaeolog-
ical discoveries of the SQSP (Drechsler, 2014; Drechsler et
al., 2016; Eichmann et al., 2014; Gerber et al., 2014; Pfeiffer,
2015) into a wider environmental context.

2 The physical setting of southern Qatar

2.1 Geology and tectonic setting

The Qatar peninsula protrudes from the Arabian Penin-
sula into the Arabian Gulf. It represents an anticlinal struc-
ture of uplifted Palaeocene to Middle Eocene limestones,
dolomites, marls, chalks and shales, intercalated with evap-
orites (Fig. 1). Lower and Middle Eocene carbonates com-
prise 80 % (Rus Formation ∼ 10 %; Dammam Formation ∼
70 %) of Qatar’s surface (Al-Yousef, 2003; Al-Saad, 2005).
Miocene units are mainly found in southern Qatar, repre-
sented by the Dam and Hofuf formations. The Dam Forma-
tion consists of a sequence of shallow marine limestone, gyp-
sum, dolomite and mud, whereas the Hofuf Formation also
contains continental conglomerates with a matrix of aeolian
sand and gypsum (Cavelier, 1970; Al-Yousef, 2003).

The topography is dominated by the central N–S-trending
Qatar Anticline, which has been driven by tectonic uplift
since the Palaeogene and created smaller anticlinal and dome
structures. The Dukhan Anticline (NNW–SSE) in the west is
another major structural feature, bearing the largest oil reser-
voirs of the area, creating a steeper surface relief than the
Qatar Anticline and causing slight tilting of the entire lime-
stone sequence (Al-Yousef, 2003).

2.2 Terrestrial geomorphic environments

2.2.1 Hamadas

Notable topographic elevations occur only in the south,
reaching 103 m a.s.l. (above mean sea level) at the highest
point. The majority of the peninsula is flat and the most
widespread landform is hamadas (Fig. S8 in the Supple-
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Figure 1. Geological map of southern Qatar based on the national geological map of 1980 (State of Qatar, 1980), overlying an ASTER
global digital elevation model, which is a product of the US Ministry of Trade and Economy (METI) and the National Aeronautics and Space
Administration (NASA). The main study area of the Asaila basin as well as coring sites in the Jaow Aqeeq basin further north (ASA-C1)
and the southern riyad are depicted (QAT 41, QAT 66). Tectonic features are adapted from Al-Yousef (2003). The distribution of freshwater
conditions in groundwater, which, depending on different sources, may have an upper limit of total dissolved solids of 3000 ppm (e.g.
Heberger and Donnelly, 2015), are based on data of the Qatar Department of Environment, cited in Macumber (2012). The overview map
indicates the location of the main map and palaeoclimate records referred to in the text.
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ment), locally referred to as hazm (very gently sloping) or
mistah (entirely flat), i.e. stone pavements covering most of
the Dammam limestone province (Fig. 1) (Perthuisot, 1980;
Batanouny, 1981). These plains are covered by mostly angu-
lar, in situ limestone gravel (see Benazzouz, 2004; Goudie,
2004b). Vegetation cover of the hamadas is very scarce;
only isolated xerophile shrubs and trees such as Tetraena
qatarense, Acacia tortilis or Lycium shawii are found be-
tween the surface stones (Batanouny, 1981).

2.2.2 Rocky ridges

Rocky ridges of southern Qatar relate to the N–S-trending
anticlines, in particular to the Miocene Dam Formation along
the southwest coast between Dukhan and south of Umm Bab
(Fig. 1). They form mesas and buttes, controlled by vary-
ing resistivity of carbonate strata and reg surfaces, i.e. pave-
ments of smaller, par-autochthonous clasts (see Benazzouz,
2004). Patchy sand accumulations in depressions of the rocky
ridges are the only sites where sparse vegetation is found to-
day, consisting mainly of Panicum turgidum and Zygophyl-
lum qatarense (Fig. S14) (Batanouny, 1981).

2.2.3 Karst depressions

The term rawdha (Arabic “garden”) refers to the fine-grained
infill of shallow, round, slightly elongated or more irregular
(e.g. when coalesced) inland depressions of 100 m up to a
few kilometres in diameter. Riyad result from solution and
collapse of the Eocene Rus and Dammam gypsum and lime-
stone and are most abundant in the central part of the penin-
sula (Fig. 1). Their formation is related to the presence and
orientation of anticlinal joints and fractures and, as hypoth-
esized by Sadiq and Nasir (2002), to intensified karstifica-
tion during the wetter Middle Pleistocene. Riyad sediments
usually consist of light brown silty fine sand provided by
sheet floods; carbonate and salt contents are low (Babikir,
1986). Usually they are topped by thin drapes of coarse ae-
olian sand or even nebkhas – mounds of aeolian sediment
trapped and fixated by shrubs (Goudie, 2004a) – of up to 2 m
height (Perthuisot, 1980; Macumber, 2011; Engel and Brück-
ner, 2014). Most riyad are currently subject to deflation as
indicated by micro-yardangs and linear corrasion features at
the surface (Engel et al., 2018; Figs. S32, S33). The riyad of
Qatar’s interior provide evidence for occupation indicated by
a considerable amount of pottery of different wares mostly
dating into the (Late) Islamic and Modern periods. Stone
structures of temporary character reflecting the presence of
Bedouins are abundant (Eichmann et al., 2014; Gerber et
al., 2014). The widest and deepest depressions of southern
Qatar, significantly exceeding the dimensions of riyad, are
the Asaila basin (“Acila depression” in Inizan, 1988; Macum-
ber, 2012; Pelegrin and Inizan, 2013; local name is Jaow al
Bahath), separated from the Dukhan continental sabkha by a
massive limestone ridge, and the Jaow Aqeeq basin (Fig. 1).

Both depressions result from collapse and solution over ma-
jor faults and joint-flow drainage estimated to be active at
least since the Miocene. Sadiq and Nasir (2002) suggest a ge-
netic sequence reaching from deepening and widening cylin-
drical karst pits, which coalesce subterraneously (compound
karst pits) and develop larger bottle- and bowl-shape karst
pits through collapse processes. These pits gradually fill up
with predominantly aeolian deposits to form such mature de-
pressions or basins.

2.2.4 Wadis

Wadis are most prominent in the southwest of Qatar, where
they accumulate some silt and clay and are intercalated by
gravel sheets, which result from episodic rainfall events. The
wadis show a relatively dense vegetation cover characterized
by Pennisetum divisum, Acacia ehrenbergiana, L. shawii
and, where aeolian dynamics increase, Leptadenia pyrotech-
nica (Batanouny, 1981).

2.2.5 Coastal sabkhas

The low-lying coastlines of Qatar support the formation of
coastal sabkhas, i.e. saline flats in intertidal position. Coastal
sabkhas are extensive in the southeast, around Khor al-Udaid,
and are characterized by temporary flooding, a water ta-
ble close to the surface and the precipitation of evaporites
within the sediment column and on the surface. A large
continental sabkha without surface connection to the sea is
formed in the synclinal depression east of the Dukhan Ridge.
Its lowest point is 6 m below sea level (Al-Yousef, 2003).
The coastal sabkhas are Holocene features mostly result-
ing from coastal progradation along the entire Qatari coast
following the mid-Holocene sea-level highstand (e.g. Bil-
leaud et al., 2014; Strohmenger and Jameson, 2018). Coastal
sabkhas with fine-grained soil may host halophile vegetation
such as Arthrocnemum glaucum, Juncus rigidus or Aeluropus
lagopoides. Where they merge into tidal flats not bordered by
beach ridges, mangroves of Avicennia may establish (Bata-
nouny, 1981).

2.2.6 Barchan dunes

In addition to the sand deposits found along the rocky ridges
of southwestern Qatar, aeolian processes formed barchan
dune fields in the southeast. The availability of quartz sand
as source material and the regional Shamal wind system ap-
proaching from NW to NNW are the defining factors (Em-
babi and Ashour, 1993; Rao et al., 2001; Al Senafi and Anis,
2015). Once having crossed and covered the peninsula from
NNW to SSE, the sediment source area towards the inner
gulf became cut off due to the Holocene marine transgres-
sion into the Arabian Gulf, just before the mid-Holocene sea-
level highstand. The southeastern dune population migrating
with a speed of several metres per year represents a relict
landform constantly diminishing in size as the dunes “calve”
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into the Arabian Gulf (Engel et al., 2018). While the barchan
dunes themselves are free of vegetation, Cyperus conglom-
eratus may establish along their margins (Batanouny, 1981).

2.3 Present and former climate

The present climate of Qatar is arid, though the relative hu-
midity may rise up to 90 %. Annual rainfall amounts to 50–
80 mm and mainly occurs during winter and spring. How-
ever, the spatio-temporal pattern of rainfall is highly irregu-
lar (Embabi and Ashour, 1993). The NW-to-NNW Shamal
winds are active mostly during early June to mid-July and
November to March (Rao et al., 2001; Al-Yousef, 2003; Al
Senafi and Anis, 2015), and they drive aeolian morphody-
namics throughout the peninsula (Embabi and Ashour, 1993;
Engel et al., 2018).

Climate as the dominant factor shaping the physical land-
scape, controlling water availability and influencing occupa-
tion patterns of Qatar, has varied in the past. During glacial–
interglacial cycles, and even on millennial timescales over
the Holocene, geological records from different parts of the
Arabian Peninsula indicate considerable fluctuations (e.g.
Fleitmann et al., 2007; Engel et al., 2012, 2017; Preston et al.,
2012; Dinies et al., 2015, 2016; Guagnin et al., 2016; Parker
et al., 2016, Breeze et al., 2017; Parton et al., 2018). The clos-
est palaeoclimate record on the Arabian Peninsula is located
at Ras al-Khaimah, UAE (Preston et al., 2012; Parker et al.,
2016), where lake deposits reflecting a rainfall surplus date
between 9.0–8.3 and 3.0 ka cal BP. The only reference pre-
senting local Late Quaternary rainfall variability of Qatar de-
scribes humid conditions during the Last Glacial Maximum
20 kyr ago and increasing aridity towards the present with
a short humid deviation during the mid-Holocene. However,
this curve has to be considered with caution since no specific
data source is provided (Perthuisot, 1980).

As recharge rates are low, permanent freshwater bodies are
absent. Easily accessible, potable groundwater aquifers rep-
resenting the main limiting factor of ancient settlement ac-
tivity are rare. Most freshwater aquifers occur in the north,
while in the south they are very local and isolated (Fig. 1).
Groundwater tables at the coast tend to incline towards the
sea level. According to Macumber (2011, 2015), the Asaila
depression is one of the few sites with relatively easy access
to shallow fresh to slightly brackish groundwater in the south
of Qatar.

3 Methods

This study is based on work carried out at the Asaila basin,
the basin of Jaow Aqeeq and two specific riyad in the south-
ern part of the peninsula (Fig. 1). At Asaila, we conducted a
detailed geomorphic mapping campaign, carried out a mag-
netometer prospection and took an 8 m long sediment core
(QAT 63). At Jaow Aqeeq, a 3 m long sediment core (ASA-
C1) was taken in order to compare sedimentation patterns

inside both basins with different hydrological conditions.
The sediment infill of two riyad was investigated based on
a trench (QAT 41) and a short sediment core (QAT 66).

3.1 Geomorphic mapping

To develop our understanding of past and present geo-
morphic processes shaping the Asaila depression, a de-
tailed geomorphic mapping campaign was initiated to iden-
tify environmental controls of landscape dynamics and ex-
plain the spatial distribution of archaeological surface find-
ings. Pre-existing mapping resources included a multispec-
tral IKONOS mosaic from 2004 (resolution ∼ 1 m pixel−1),
the geological map of Qatar (State of Qatar, 1980), the topo-
graphic map of Qatar (State of Qatar, 1971), a predecessor
geomorphic map of Inizan (1988) and local geological maps
of Al-Yousef (2003), which were used for an initial classifi-
cation of landforms as polygons in ArcMap v10.3.1. A total
of 2 weeks of field mapping in March 2016 included photo-
graphic documentation, verification and refinement of the ex-
isting documentation. Site location and topographic profiles
were realized using a TOPCON Hiper Pro differential global
navigation satellite system (DGNSS) with a lateral and ver-
tical error of ±2 cm, a manual GPS and a laser rangefinder
(TruPulse 200, Laser Technology Inc.). The resulting map
describes (i) geomorphic surface units based on the rock
type and type of sediment deposit, (ii) morphodynamics and
morphogenesis (aeolian, fluvial, etc.), and (iii) morphometry
(slopes, microrelief). Vegetation within the depression was
recorded and determined using Batanouny (1981) and Nor-
ton et al. (2009).

3.2 Magnetometer prospection

To verify the existence of former surface runoff patterns into
the Asaila basin (see geomorphic map in Inizan, 1988) and to
localize relict fluvial landforms, a magnetometer prospection
was carried out in the area of the Acila 36 excavation (In-
izan, 1988; Pelegrin and Inizan, 2013) in the northern part of
the basin (Fig. 2). In order to reach the highest possible sen-
sitivity, to realize a time-efficient prospection and to receive
additional information on the enrichment of magnetic miner-
als in lateral sediment layers, we used the Cs total field mag-
netometer (Scintrex SM4G-Special) using the “duo-sensor”
configuration (see examples in Fassbinder, 2015, 2017). Five
adjacent grids of 40 m× 40 m were prospected. All details
regarding the prospection and data analysis are presented in
Supplement Sect. S1.

3.3 Sampling and survey of sediment archives

To study potential changes in depositional environments,
which would have had essential implications for the interpre-
tation of the survey findings, a vibracore (QAT 63) was taken
in the western part of the Asaila basin using an Atlas Copco
Cobra mk1 coring device and open steel probes of 6 and 5 cm
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Figure 2. Geomorphic map of the Asaila basin indicating main pathways of surface water inflow (blue arrows; based on Inizan, 1988, and
own landform interpretation) as well as the location of the elevation transect across the northern channel (Fig. 5), core QAT 63 (Fig. 6),
surface XRD samples (Figs. S5–S7, Table S2) and the magnetogram (Fig. 4).

in diameter. A second shorter core (QAT 63 OSL) was taken
at the same site using closed, opaque PVC liners in order
to retrieve sample material for optically stimulated lumines-
cence (OSL) dating (Drechsler et al., 2016). For comparison,
we extended the analysis of sedimentary archives to the adja-
cent basin of Jaow Aqeeq, located seaward of the rocky ridge
separating the Asaila depression from the Dukhan sabkha.
Sediment core (ASA-C1) was taken in the northeastern part
of the basin of Jaow Aqeeq (Fig. 1). In order to investigate the
formation and dynamics of the key archaeological environ-
ments of the riyad, many were visited and described during
the field surveys between 2012 and 2016, while two of them

were studied in more detail using a sediment core (QAT 66)
and a trench (QAT 41).

3.4 Sedimentary analyses and dating

3.4.1 Grain size analysis

Due to their overall coarse texture, samples of QAT 63 were
analysed for grain size and grain shape by applying dynamic
image analysis (Retsch Camsizer P4, particle size range of
30–30 000 µm). Samples from Jaow Aqeeq (ASA-C1) and
the riyad (QAT 41, QAT 66) were measured using a laser
particle analyser (Beckman Coulter LS 13320; particle size
range of 0.04–2000 µm) because these had a significant silt
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component. For analysis of the latter, the pre-treatment pro-
cedure includes air-drying of sample material, careful hand
pestling and dry-sieving < 1 mm. H2O2 (15 %) was added to
a < 1 mm aliquot of 0.2–1.0 g in order to remove organic car-
bon. The sample was washed using a centrifuge until a pH
value of 6–8 was reached to avoid neutralization after the
addition of 0.5N Na4P2O7 (55.7 g L−1) for aggregate disper-
sion. Calculation of statistical parameters was performed us-
ing the GRADISTAT statistic package (Blott and Pye, 2001).

3.4.2 X-ray diffraction analysis

Selected surface samples from the Asaila depression were
subjected to X-ray diffraction (XRD) analysis using a
Siemens D5000 powder diffractometer (Cu tube) to deter-
mine if the landforms are actively formed or of relict nature
(active formation may be indicated by the presence of eas-
ily soluble evaporites). Samples were measured over a range
of 5–75◦ (2θ ) with a step size of 0.05◦ and a time of 4 s per
step (aperture slit = 0.5). The diffractograms were analysed
by employing the EVA software package and the ICDD (In-
ternational Centre for Diffraction Data) database.

3.4.3 OSL dating

Due to a lack of material suitable for radiocarbon dating,
age estimates for selected units in the Asaila depression and
the riyad are derived from OSL dating of sand-sized quartz
grains (see Sect. S2 and Figs. S1–S4 for details).

4 Results

4.1 Landforms of the Asaila basin

The Asaila basin has an extent of ca. 12 km2. It is mostly
closed, apart from its western margin, where it is connected
with the southwestern extension of the Dukhan sabkha
through a series of ridges and small depressions. Detailed
field mapping revealed a surprisingly wide range of landform
units (Fig. 2; see Sect. S4 for detailed explanations), some of
which clearly relate to the former presence of surface water
and were probably formed by surface processes during the
Holocene.

The basin is framed by the flint-bearing limestone plateaus
of the Dammam Formation, consisting of two clear plateau
levels, i.e. the higher limestone plateau (ca. 13–18 m Qatar
National Datum, QVD), including the rugged higher lime-
stone plateau along its basinward transition (ca. 8–15 m
QVD) and the lower limestone plateau (ca. 2–8 m QVD). The
higher limestone plateau forms a massive NE–SW-trending
structural landform and separates the Asaila basin from the
adjacent Dukhan sabkha. Another unit of the higher lime-
stone plateau bounds the basin in the northeast. The tran-
sition from the lower limestone plateau to the floor of the
Asaila basin occurs quite abruptly in the southwest, south and
east, in the form of a vertical step (Fig. 3a). In the north and

northwest, the transition is relatively smooth with broad units
of terraced slope debris and sand-and-gravel sheets (Figs. 2,
3a). In the northernmost part of the basin, where the lower
limestone plateau merges into the gravel sheet, the excava-
tion Acila 36 of Inizan (1988) and Pelegrin and Inizan (2013)
is located. At this type site for the Middle Neolithic Qatar-B
industries, a new magnetometer prospection was carried out
(Fig. S13). Despite poor magnetic susceptibility of the loose
sediment cover due to low heavy mineral and iron oxide con-
tents and internal magnetization contrasts of only ±0.8 nT,
an unequivocal 10–15 m wide channel structure covered by
sand and gravel and running towards the basin can be in-
ferred (Fig. 4). The finding corroborates the assumption of
Inizan (1988) of a major inactive surface water trajectory into
the basin in this area (Fig. 2). Other geomorphic features re-
flecting more recent fluvial activity include the following:

i. The first feature is a broad, vegetation-free, linear sur-
face depression of 10–20 cm depth (Fig. 5) with a weak,
reddish-brown surface crust of gypsum, quartz sand and
calcite (Fig. S6, Table S2) as well as high amounts
of clay and silt (Fig. S31). It extends from the central
northern margin and bifurcates towards the centre of the
basin (Fig. 2).

ii. The second feature is a wadi channel at the eastern end
of the Asaila basin, characterized by retrogressive ero-
sion (Figs. S29, S30). The wadi is filled with slope de-
bris and experiences aeolian overprinting in the form
of sand ramps (Figs. S12, S29a). However, horizon-
tally bedded platy clasts in a poorly sorted, consolidated
sandy matrix and an outwash channel exposing barren
bedrock point to at least episodic surface water flows in
recent times (Figs. S29a, S30a).

The most extensive landform unit inside the Asaila basin
is the hummocky sand flats (Fig. 2), which mostly com-
prise nebkha fields originating from Zygophyllum qatarense
shrubs. Some of the nebkhas seem inactive and are protected
by thin evaporitic crusts made of gypsum, calcite and minor
amounts of sylvine, mixed with quartz sand (samples ASA
1 and 2; Fig. S5, Table S2). In some areas, even halite was
present (ASA 3; Fig. S5, Table S2).

Some areas in the central southern, northern and eastern
parts are densely covered by characteristic mounds signif-
icantly higher than the nebkhas. They are fixated and pro-
tected by evaporitic horizons of massive to porous gypsum
and minor amounts of calcite and sylvine (samples ASA 5,
6, 8–10; Figs. 3b, S6, S7, Table S2). These mounds vary
from perfectly round, up to 1 m high, to narrow, cross-cutting
ridges, several tens of metres long (Fig. 3b). Furthermore,
large parts inside the basin are covered by vegetation-free
sabkha-type sand flats (Fig. 3a, b) with gypsum- and halite-
containing surface crusts, in some parts even polygonal struc-
tures (Figs. S19, S20).
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Figure 3. (a) View into the Asaila basin from the higher limestone
plateau of the NE edge directed towards the east. It shows the ter-
raced slope debris and the gravel sheet merging into the sabkha-type
sand flat. In the background, the innermost outlier of the higher
limestone plateau is visible, resting on top of the lower limestone
plateau. (b) View into the basin from an outlier of the rugged higher
limestone plateau of the central southern rim directed towards the
west. It shows the linear, almost vegetation-free mounds in the fore-
ground, followed by the elongated to round mounds with denser
vegetation and the vegetation-less sabkha-type sand flat of the west-
ern basin.

4.2 Sedimentary infill of the Asaila depression

Sediment core QAT 63 was taken in the low-lying sabkha-
type sand flats of the northwestern Asaila basin (Figs. 2,
S21). It reached a depth of 8 m and consists of moderately
sorted to moderately well-sorted fine to very fine gravelly
medium sand (sensu Blott and Pye, 2001) (Fig. 6). Despite
the slight variation in fine, medium and coarse sand, no facies
changes occur. Grain size distributions are generally sym-
metrical to slightly coarsely skewed, apart from samples at
0.58–0.50 m below surface (b.s.) and ca. 1.55–1.40 m b.s.,
which are very coarsely skewed and poorly sorted. These
samples, along with the surface sample, also have the low-
est value for grain sphericity and width to length ratio of the
entire sequence. A trench next to QAT 63 revealed a mas-

sive subsurface gypsum crust at 0.60–0.50 m b.s., while the
overlying sands are clearly cross-bedded (Fig. 6b).

Three samples were taken for OSL dating at 0.40 (small
trench), 1.90–1.60 and 2.90–2.60 m b.s. (both from core QAT
63 OSL). They reveal coarse-grain (150–200 µm) quartz
ages of 5800±300, 6400±300−−7300±300, and 7500±
300 years, respectively (Fig. 6, Table S1). While for the
uppermost sample right above the gypsum crust the mea-
sured water content of 7 % was used for age calculation, two
ages were generated for the sample 1.90–160 m b.s., which
is probably located in the vertical fluctuation range of the
local groundwater table. The younger age implies a water
content of 10 % as measured in the laboratory, the older one
assumes water saturation. While fluctuating water contents
over time introduce dating uncertainties, the overdispersion
of the rather symmetric equivalent dose distributions of 8 %–
15 % suggests that incomplete signal resetting is not an issue
(Fig. S4).

4.3 The depression of Jaow Aqeeq

Jaow Aqeeq is another larger-scale topographic depression
north of Asaila, located close to the coastal sabkha of Dukhan
and seaward of the SW–NE-trending limestone ridge separat-
ing Asaila from the Dukhan sabkha (Figs. 1, S32). Both de-
pressions share strong geomorphic similarities, even though
traces of surface runoff are more prevalent in Jaow Aqeeq
compared to Asaila. Outside the depression along its east-
ern margin, a wide range of archaeological surface finds in-
clude fireplaces, clusters of pottery sherds and lithic arte-
facts (flakes, blade tools, arrowheads), cairns, shells, coins,
metal pieces, bulbs of flint, remains of a provisional mosque,
and several modern structures. Some of the lithic artefacts
may correspond to the Early Neolithic Qatar-B industry, but
the context is largely undated. Multiphase utilization of the
site is evident. Distinct areas of domestic use and associ-
ated lithic workshops (later overprinted by cairns) as well as
mosques and modern structures have been mapped (Fig. 7b).
The record inside the basin is very poor so far, only consist-
ing of modern garbage (Schönicke et al., 2016). The surface
of the inner depression reveals higher moisture and higher
abundance of halite- and gypsum-dominated crusts as com-
pared with the Asaila basin.

In order to improve our understanding of the differ-
ences between Asaila and nearby Jaow Aqeeq and to eval-
uate sediment infill, hydrological conditions and palaeo-
environmental changes, sediment core ASA-C1 was taken
inside the Jaow Aqeeq depression close to a temporary shal-
low standing waterbody (Figs. 7, S32). At the surface, the
buckled gypsum crust, several centimetres thick and in some
places thinly covered by white halite crystals, appeared very
similar to sabkhas along the coast of southwest Qatar (e.g.
Dukhan sabkha; Al-Yousef, 2003). The groundwater table
was located at 35 cm b.s.
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Figure 4. Magnetometer prospection (b and red frame in a) in the area of the Acila 36 excavation by Inizan (1988), located at the basinward
end of the lower limestone plateau (see Fig. 1 for overview). The area, where several scatters of both worked and unworked flint (green dots
on a) were found during the survey of Drechsler et al. (2016), some also associated with ceramics (white dot), slopes towards the southwest
and merges into the sand and gravel sheets and the sabkha-type sand flats of the basin. The magnetogram shows an inactive, subsurface
channel structure running towards the basin (white lines).

Figure 5. Elevation transect crossing the shallow and wide northern channel (green line in Fig. 2).

The amount of sand varies, while some sections (2.87–
2.78, 1.53–1.33, 0.82–0.73 m b.s., uppermost 0.34 m) show
a significant clay and silt component of up to 25 % (Fig. 7).
The sand mostly consists of well-rounded quartz grains and
minor appearances of feldspar, gypsum, reworked Dammam
limestone and some dark heavy minerals. The sections with
the highest amounts of silt and clay were checked for micro-
fossil indicators for lacustrine environments, but only very
isolated, highly abraded skeletal fragments were found. In
most cases, the occasional gravel component coincides with
large gypsum crystals, which occur in large numbers at sev-
eral horizons, as either hardgrounds or gypsum mush (ca.
2.30, ca. 1.55, 1.00–0.90 m b.s., upper 20 cm). The sections
1.80–1.53 and 0.73–0.49 m b.s. appear well-stratified with al-

ternating coarser and finer textures. Most sections are moder-
ately sorted to moderately well-sorted, except those contain-
ing a more significant silt/clay or gypsum component.

4.4 The southern riyad

Two riyad were investigated (Fig. 8). At QAT 41 (site HAR
5183/QNHER 5183 in Gerber et al., 2013), a considerable
surface relief has formed through wind sculpturing. The
loose coarse sand on top is distributed in patches, partly
developing wind ripples (Fig. 9b). While smaller limestone
pebbles at the surface may result from sheet flood input into
the endorheic depression of ca. 0.065 km2, the small boul-
ders, mostly found along the rawdha margins, were brought
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Figure 6. Vibracore QAT 63 from the lowest-lying sabkha-type sand flats of the western Asaila depression (see Fig. 1), showing core log,
mean grain size, grain size classes (vf: very fine sand; f: fine sand; m: medium sand; c: coarse sand; vc: very coarse sand; g: gravel), sorting
(ws: well-sorted; mws: moderately well-sorted; ms: moderately sorted), skewness, and the width to length ratio and sphericity of the grains
(b.s.: below surface). (a) The entire core down to a depth of 8 m; (b) a close-up of the upper 50 cm of the stratigraphy with the position of the
uppermost OSL sample and typical aeolian cross-bedding features (modified after Drechsler et al., 2016).

in by humans to stabilize their tents. Further archaeological
findings comprise food remains (shells) (Gerber et al., 2014).
A pit dug in the central part revealed only 80 cm of sedi-
mentary infill. Overlying the Dammam limestone is a thin
unconsolidated layer of limestone pebbles, up to 3 cm in di-
ameter, in a fine sandy matrix. The section 0.75–0.48 m b.s.
shows consolidated, greyish brown medium sand with a mi-
nor silt fraction as well as fine to coarse sand (Fig. 10). Fur-
thermore, CaCO3 concretions as pseudomorphs along for-
mer root channels were documented. The following layer
(0.48–0.42 m b.s.) has a similar sand matrix but contains a
greater amount of precipitated CaCO3. The upper unit (0.42–
0.00 m b.s.) consists of weakly consolidated silty fine sand
with some carbonate concretions and root remains (Fig. 9b).

The two thicker units below and above the CaCO3 horizon
reveal OSL dates of 1200± 100 (0.60 m b.s.) and 710± 30
(0.30 m b.s.) years, respectively (Table S1). Since scatter and
shape of equivalent dose distributions suggest relatively com-
plete signal resetting prior to deposition (Fig. S4) and both

samples are situated clearly above the groundwater level, the
OSL ages provide robust estimates of the time of sediment
deposition. Vertical sediment mixing through haloturbation
potentially biasing the equivalent dose distributions can be
excluded due to negligible salt contents (Babikir, 1986).

Sediment core QAT 66 was taken at the centre of a second,
much larger rawdha (ca. 0.74 km2) with a complex system of
wadis entering from all sides (Fig. 8). QAT 66 hit bedrock at
0.79 m b.s., exposing an overlying sequence of consolidated,
well-sorted, greyish light brown silt with a very small fine-
sand component. Downcore changes are negligible. The de-
posit is compact and entirely dry. It forms an even surface
with very sparse and low herbaceous vegetation grazed by
goats and sheep. Shrubs trap aeolian sand and form nebkha
mounds of > 1 m in elevation (Fig. 9a).
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Figure 7. Vibracore ASA-C1 from the large-scale topographical depression of Jaow Aqeeq (Fig. 1), where limestone bedrock was encoun-
tered at 2.87 cm b.s. (below surface). Core log, mean grain size, grain size classes (vfs: very fine silt; fs: fine silt; mes: medium silt; cs: coarse
silt; vcs: very coarse silt; vf: very fine sand; f: fine sand; m: medium sand; c: coarse sand; vc: very coarse sand) and sorting (vws: very
well-sorted; ws: well-sorted; mws: moderately well-sorted; ms: moderately sorted) are shown. (a) The entire core down to a depth of 3 m.
(b) Overview map of Jaow Aqeeq with coring site (basemap is IKONOS image of 2004) and archaeological surface findings according to
Schönicke et al. (2016).

Figure 8. Map of riyad in south Qatar (see location in Fig. 1), which were investigated for their sediment infill during the SQSP (based on
an IKONOS satellite image of 2004). The outlines of the riyad are mostly reflected by vegetation and, where they are more mature as in (b),
may develop extended networks of micro-wadis. Note the example of traces of surface discharge into the riyad in (a) (orange rectangle).
QAT 41 represents a trench in rawdha HAR 5183 (Gerber et al., 2013) and QAT 66 a sediment core in a rawdha, which was not part of the
archaeological survey (Fig. 9).
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Figure 9. (a) Sediment core QAT 66 inside a larger rawdha with multiple wadis entering from all sides (Figs. 1, 8); the location of grain size
samples is indicated on the core (Fig. 10). (b) Profile QAT 41 exposing the sediment infill of a smaller, more elliptic rawdha (HAR 5183),
with brief stratigraphic log, OSL ages (Table S1) and grain size samples (Fig. 10).

5 Discussion

5.1 Holocene landscape dynamics of the Asaila basin

5.1.1 The geomorphic system

Geomorphic mapping based on field surveys and satellite
imagery reveals the polygenetic nature of landforms in the
Asaila basin, driven by tectonic, aeolian and fluvial processes
as well as subsurface hydrology. The macroscale relief is de-
termined by the roughly N–S-trending anticline or syncline
structures, in particular the Al Huriyeh syncline (Fig. 1). The
basin’s origin may be controlled by a NNE–SSW-striking
fault (Inizan, 1988) initiating long-term, subsurface lime-
stone dissolution and collapse since the Miocene (Sadiq and
Nasir, 2002) and eventually creating a large-scale morpho-
logical depression at the surface. Definite field evidence for
such a fault, however, is missing, and other sources empha-
size the lack of surface expressions of major faulting on the
Qatar peninsula (e.g. Cavalier, 1970; Sadiq and Nasir, 2002).

Surface water exists but is very short-lived and only oc-
curs episodically during strong rainfall. Geomorphic evi-
dence was mapped in the eastern part, in the form of flu-
vial bedforms in a narrow, shallow channel and a collapsed
(sub)surface drainage system, i.e. a potential karst spring.
The wadi channel mapped in the central northern part of the
basin with its reddish-brown surface appears inactive; halite
as a potential sign of recent flooding is absent (sample ASA
7). However, it unequivocally represents a significant path-
way of surface runoff into the basin. Another major path-

way of surface inflow exists in the northernmost part of the
basin, where the higher limestone plateau is dissected in an
ENE–WSW orientation (Fig. 2). The small valley entering at
the northernmost extension of the basin hosts a subsurface
channel morphology (Fig. 4), testifying to the relict nature
of more significant surface runoff. There is, however, no evi-
dence for the timing of this increased runoff.

5.1.2 Prevalence of aeolian processes

Grain size measures of sediment core QAT 63 reflect a per-
sisting aeolian environment. OSL data indicate that the se-
quence captures at least the entire Holocene. Both datasets in
combination with present-day sabkha-type surfaces, nebkha
formation, sand ripples, streamlined gypsum mounds show-
ing clear signs of corrasion and sand ramps reflecting the
main Shamal corridor show that aeolian processes have dom-
inated the Asaila landscape at least since the arrival of hu-
mans in the Neolithic. QAT 63 rejects any type of lacustrine
environment inside the Asaila basin during that time, which
has been speculated by Macumber (2012).

5.1.3 Fluctuations of the groundwater table and
capillary evaporite formation

The three horizons of poorly sorted sediments, as well as a
lower width to length ratio and sphericity of grains in the
uppermost 1.5 m of QAT 63 are related to the ongoing pre-
cipitation of mostly gypsum crystals from ascending ground-
water in the vadose zone. These processes are similar to
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Figure 10. Grain size distribution of samples from the riyad (Fig. 9)
and, for comparison, a typical barchan dune of south Qatar (QAT
67; curves almost entirely overlap).

those in continental sabkhas, where brines are significantly
more highly concentrated (Sonnenfeld and Perthuisot, 1989;
Yechieli and Wood, 2002; Ginau et al., 2012). Upward capil-
lary movement from a shallow groundwater table (ca. 1.5 m
deep in the Asaila basin today) leads to a halite-dominated
and carbonate-containing crust at the surface, underlain by
one or several layers of gypsum, also referred to as capil-
larites (Sonnenfeld and Perthuisot, 1989). This is also re-
flected by surface XRD samples from the hummocky sand
flats, which, similar to the sabkha-type sand flats, represent
active equilibrium surfaces of deflation and aeolian deposi-
tion. Crust formation is to a large extent driven by capillary
rise and the position of the groundwater table. Sample ASA
3 still contains halite, whereas samples ASA 1 and 2 do not
contain halite and show how easily salts are deflated and dis-
solved at the surface (Sonnenfeld and Perthuisot, 1989).

Even though Asaila is located at the southwestern fringe
of the freshwater lens of Qatar (Fig. 1), subsurface gypsum
dissolution in the Rus and underlying Umm er Radhuma
Formations results in elevated levels of salinity and brack-
ish to saline groundwater in the southern peninsula (Lloyd
et al., 1987; Macumber, 2011, 2015). Asaila has relatively
moderate salinity levels of around 3000 ppm (Macumber,
2012), which is still sufficient to precipitate capillary evapor-
ites in the vadose zone and, in the eastern sabkha-type sand
flats, thin buckled gypsum crusts at the surface. However,
comparison with the sediment infill and the thick, halite-
dominated surface crust at Jaow Aqeeq (ASA-C1) shows
how a higher groundwater table and significantly higher
groundwater salinity of about 8000 ppm (Macumber, 2012)

may lead to more intense precipitation of evaporites in in-
terstitial pore waters and the establishment of inland sabkha
conditions. While Jaow Aqeeq seems to directly correspond
with the Dukhan coastal sabkha in terms of hydrogeolog-
ical exchange, the higher limestone plateau separating the
Asaila depression from the southeasternmost extension of the
Dukhan sabkha is also reflected by the strong SE–NW gradi-
ent on the groundwater salinity map in Macumber (2012).

5.1.4 The role of relative sea-level changes in
landscape formation

The rate of aeolian sand sedimentation of 1–2 mm yr−1 in
the upper 3 m of QAT 63 averaged over the time between ca.
7500 and 5800 years ago as inferred from OSL data is driven
by two factors: (i) greater sand availability further north (up-
wind), as large parts of the Qatar peninsula were then still
covered by dune fields (Engel et al., 2018), and, (ii) at that
time, relative sea level, which is coupled with groundwater
levels in low-lying areas near the Qatari coast (Macumber,
2011), rose by several metres (Lambeck, 1996), reaching a
highstand around 6000 years ago (Perthuisot, 1977; Engel
and Brückner, 2014; Parker et al., 2018; Strohmenger and
Jameson, 2018; Rivers et al., 2020). A rising groundwater ta-
ble and capillary fringe stabilize newly deposited sand in dry
climates and lead to net accumulation. Such a raised equi-
librium surface close to the shallow groundwater table is re-
ferred to as the Stokes surface, below which deflation does
not occur due to cohesion of the sediment provided by capil-
lary moisture and initial cementation (Fryberger et al., 1988).
It seems that after the sea-level highstand phase (+2–3 m,
ca. 6000–4500 years ago; Vita-Finzi, 1978; Cuttler and Al-
Naimi, 2013; Engel and Brückner, 2014; Parker et al., 2018;
Strohmenger and Jameson, 2018; Rivers et al., 2020), defla-
tion began due to the lowering of the groundwater and the
capillary fringe along with sea level, thereby affecting the
lowering Stokes surface.

The characteristic mounds covering specific areas of the
Asaila basin (Figs. 2, 3a) are mainly preserved by porous,
platy or needle-shaped gypsum (surface samples ASA 5, 6,
8–10). We assume that these gypcretes are relict horizons
of interstitial gypsum in the vadose zone at the time of the
sea-level and groundwater-level highstand. Predominant de-
flation afterwards in the era of sinking groundwater levels led
to the removal of the halite–carbonate surface crust (see Son-
nenfeld and Perthuisot, 1989), the aeolian sand below and
parts of the more massive gypsum crusts. Where the gyp-
sum withstood erosion, the crust protected the underlying de-
posits from denudation resulting in the formation of mounds.

5.1.5 Origin of the linear mounds

The origin of the linear mounds (Figs. 2, 3b) in the cen-
tral southern part of the basin, some of which form irregu-
lar grids, remains enigmatic. In some parts, they resemble

E&G Quaternary Sci. J., 68, 215–236, 2020 www.eg-quaternary-sci-j.net/68/215/2020/



M. Engel et al.: Archaeological environments of south Qatar 229

inverted canals as known from other arid environments, e.g.
historical Lower Mesopotamia (Brückner, 2013; Engel and
Brückner, 2018) or southern Peru (Beresford-Jones et al.,
2009), but no other indication of an anthropogenic origin was
found. Alternatively, the network of linear mounds could fol-
low the pattern of subsurface small-scale joints, which pro-
vide better conditions for the capillary rise of water to form
stable gypsum crusts. Further in-depth investigations are nec-
essary to shed light on the origin of the linear shapes.

5.2 Landscape dynamics and the archaeological record

The limited availability of potable water has always deter-
mined ancient settlement patterns in Qatar, explaining why
most archaeological sites are located on the northern penin-
sula. The generally poor groundwater quality in the southern
part (Cuttler and Al-Naimi, 2013; Macumber, 2015) meant
that Neolithic occupation concentrated mostly around the
Asaila basin, where access is fairly easy and the salinity is
moderate (Drechsler et al., 2016). Only in recent times have
further potentially Palaeolithic and Neolithic sites been dis-
covered closer to the coast (Drechsler, 2014). Several Early
Neolithic flint knapping workshops were identified along the
margins of the Asaila basin based on the spectrum of single
diagnostic Qatar-B artefacts or artefact scatters (dated to ca.
7500–6500 BCE). They existed mostly in direct proximity
to outcrops of flint raw material (Pfeiffer, 2015; Drechsler
et al., 2016), comprising regular blades from bidirectional
naviform cores (Inizan, 1988; Pelegrin and Inizan, 2013). In
contrast, Middle Neolithic artefacts, i.e. unifacial and bifacial
points, scrapers, and bifacially chipped winged and tanged
arrowheads following the “Arabian bifacial lithic tradition”
sensu Edens (1982, 1988) (ca. 6500–4500 BCE), show the
greatest concentrations inside the basin (Fig. 11). They occur
either as scatters of cores, flakes and flint tools in combina-
tion with burnt limestone and ashy sediment in the centre of
the basin, indicating both in situ flint knapping and domestic
activities, or as single tool findings at the lower western mar-
gins, where they point to incidental tool usage and discard
(Drechsler et al., 2016). Successful refitting of single pieces
of the same flint artefacts within a radius of only a few me-
tres inside one of the survey units inside the basin shows that
relocation of artefacts is negligible (Schönicke et al., 2016).
There appears to have been quite a substantial occupation in
the Middle Neolithic with a focus in the centre of the basin,
which, at that time, might have provided a higher potential
for grazing of both domesticated and wild animals (Drech-
sler et al., 2016).

Even though no local proxy record of Holocene climatic
changes exists in Qatar, the high-resolution δ18O curve from
a speleothem at Hoti Cave, Oman (Fleitmann et al., 2007;
Fig. 12b), and the palaeo-lacustrine record from Awafi near
Ras al-Khaimah, UAE (Parker et al., 2016; Fig. 12d), may
provide important references. Both sites received a mois-
ture surplus during Early Holocene to mid-Holocene sum-

mer seasons from the Indian Summer Monsoon (Fleitmann
et al., 2007) and even more so from the intensified East
African Summer Monsoon (EASM) penetrating into the Ara-
bian Peninsula. The role of the mid-level westerlies for the
Early Holocene Humid Period (EHHP) in the southeast-
ern Arabian Peninsula, however, remains unclear (Parker et
al., 2016). Recent climate model simulations by Jennings
et al. (2015) and Guagnin et al. (2016) suggest that Qatar
might have had an increase in rainfall following an intensi-
fication of the African–Asian monsoonal systems, although
far less than the sites of Awafi, Hoti Cave, or another site
in south Oman, i.e. Qunf Cave (Fig. 12c). The onset of la-
custrine conditions as reflected by the Ti and magnetic sus-
ceptibility records from Awafi (Parker et al., 2016; Fig. 12d)
overlaps well with the intensification of Middle Neolithic oc-
cupation at Asaila (Drechsler et al., 2016; Fig. 12g), which
at its later stage also benefitted from the high groundwa-
ter table connected to the sea-level highstand (Lambeck,
1996; Parker et al., 2018; Strohmenger and Jameson, 2018;
Fig. 12e). The Hoti Cave record indicates an even earlier on-
set of the EHHP, which may reflect more favourable environ-
mental conditions and incipient human occupation at Asaila
already in the Early Neolithic (Fig. 12b, g). The same ap-
plies to the northern Arabian palaeolake record from Tayma
(Saudi Arabia), which reflects only a very short EHHP and
appears offset, probably due to a complex interplay of a range
of global and regional atmospheric moisture sources, e.g. the
EASM, Mediterranean winter rains and winter–spring tropi-
cal plumes (Engel et al., 2012; Enzel et al., 2015; Neugebauer
et al., 2018; Parton et al., 2018).

Macumber (2018) associates the phase of a wetter climate
around the 6th and 5th millennia BCE with the formation
of a massive subterraneous freshwater lens over large parts
of Qatar. The subsequent absence of archaeological traces at
Asaila – and a reduction of sites in the entire country (Muh-
esen and Al-Naimi, 2014) as well as across the wider gulf
region (Uerpmann, 2003) – is associated with aridification
on the eastern and southeastern Arabian Peninsula, sea-level
drop and associated groundwater level fall (at least after the
highstand plateau ended around 2500 BCE), and the onset
of a predominant deflation regime inside the basin. After a
hiatus, Islamic (610–1972 CE) to Modern (post 1972 CE)
pottery and remains of campsites were found (Figs. 11, 12g),
along with cairns on the higher plateau (Gerber et al., 2014;
Drechsler et al., 2016), which are difficult to date (Cuttler et
al., 2013; Izquierdo Zamora et al., 2015).

5.3 Rawdha formation

The uniform sedimentary infill of south Qatar’s shallow karst
depressions (riyad) appears rather young. The one which was
dated in this study (QAT 41) has accumulated its silts and
sands over the last 2000–1500 years as determined by OSL
data. The low ages of the sediment infill explain the absence
of older archaeological findings, which, in the riyad surveyed
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Figure 11. Spatial distribution of archaeological surface findings (basemap from IKONOS 2004) inside and around the Asaila basin. Selected
squares (indicated by mapped surface findings) of 500m× 500m were surveyed by systematic back-and-forth walking in order to guarantee
a 100 % coverage (Drechsler et al., 2016). Geomorphic units of the innermost Asaila basin are shown for orientation (see details in Fig. 2).
“Prehistoric” refers to flint artefacts with unspecific character, which, in theory, may date from any period between the Palaeolithic and
historical times (Drechsler et al., 2016).

by the SQSP, mainly consist of Late Islamic to Modern pe-
riod pottery wares, modern trash, Chinese porcelain, coins
or temporary mosque structures, all dating to the 18th cen-
tury CE or younger (Eichmann et al., 2014; Schönicke et al.,
2016).

Sedimentation inside the riyad is induced by surface
runoff events as indicated by small wadi channels and run-
nels directed towards some of the larger landforms (Macum-
ber, 2015; Fig. 8). The broad grain size distribution, in par-
ticular from the distal record inside the large rawdha (QAT
66), relates to colluvial processes, even though a contribu-
tion of aeolian dust as indicated by geochemical data from
riyad surfaces of Qatar’s interior presented by Yigiterhan et
al. (2018) cannot be excluded. As small, endorheic basins,
the riyad represent pivotal sites of meteoric groundwater
recharge (Macumber, 2011, 2015; Cuttler and Naimi, 2013)
and groundwater access through wells. They become flooded
during rainfall events, which explains the distribution of re-
mains of temporary camps only along their margins (Ger-
ber et al., 2014; Schönicke et al., 2016). Accordingly, the silt
component of their infill (Figs. 9, 10) settled out of suspen-
sion. Increased soil moisture, strong evaporation and signifi-
cant sediment contributions of the local limestone-dominated
hamada lead to carbonate crust formation in the vadose zone,
as observed in QAT 41, and to incipient cementation. The

finer grain size spectrum of QAT 66 (Fig. 10) compared to
QAT 41 corresponds with its distal location in the centre of a
very large rawdha.

Thus, net accumulation inside the riyad may represent
a proxy for surface runoff, which is controlled by rain-
fall events and, as in our case, by land cover. In the Early
Holocene and mid-Holocene, much of Qatar – most probably
including the southern riyad – was covered and filled by mo-
bile sands. Only after the southeastward migrating barchan
dunes, which lost their source due to the transgression of
the gulf (Embabi and Ashour, 1993; Engel et al., 2018), had
left the riyad zone, could fine-grained colluvial deposits ac-
cumulate during surface runoff events. The rawdha HAR
5183 (QAT 41) is located ca. 21 km upwind of the migrat-
ing end of the barchan dunes west of Qatar’s inland sea
(Khor al-Udaid) (Fig. 1) according to the mean Shamal az-
imuth of 332◦ deviation from the north (Embabi and Ashour,
1993). This azimuth seems to have remained stable during
the Holocene based on the similar orientation of drowned
barchanoid dunes inside the Gulf of Salwa (Al-Hinai et al.,
1987). Considering a migration rate of ca. 8–10 m yr−1 mea-
sured for medium-sized barchan dunes in Qatar over the time
span of several decades (Engel et al., 2018), the karst depres-
sion became dune-free around ca. 2600–2100 years ago, or
even later, if higher migration rates of smaller-sized barchan
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Figure 12. Synopsis of regional palaeoclimate and sea-level data in combination with accumulation–deflation phases in Asaila and the
southern riyad as well as the chronological density of surface archaeological findings in Asaila. (a) TOC (total organic carbon) record and
relative abundance of Poaceae pollen (grasses) (Dinies et al., 2016) combined with phases of the highest lake shorelines (Engel et al., 2012,
considering revised chronology in Dinies et al., 2015) and maximum grassland expansion (Dinies et al., 2015) from the palaeo-lake and
wetlands in the sabkha of Tayma, northern Arabia. Oxygen isotope records of stalagmites from (b) Hoti Cave, northern Oman, and (c) Qunf
Cave, southern Oman (Fleitmann et al., 2007) (VPDB is relative to the Vienna Pee Dee Belemnite standard). (d) Ti flux and magnetic
susceptibility from the lacustrine record of Awafi, UAE, where low values indicate landscape (dune) stability and higher moisture availability
(Parker et al., 2016). (e) Envelope curve of relative sea-level stands from Dosariyah, Saudi Arabia, based on 14C-dated sea-level index points
considering vertical and lateral error margins (Parker et al., 2018). It is shown in combination with the global eustatic sea-level function and
a regional modelled sea-level prediction for the northern head of the Arabian Gulf (Lambeck, 1996), the peak of which is tentatively shifted
to account for 14C calibration (MSL is mean sea level). (f) Sedimentation rates at Asaila and the southern riyad as inferred from OSL data
of this study (Figs. 6, 9b, Table S1), and the inferred shift to a deflation regime. Barchan dune cover at rawdha QAT 41 was estimated based
on migration rates inferred by Engel et al. (2018). Furthermore, the number of sites identified in and around the Asaila basin per year of the
time span of each period is shown for the different historical and prehistoric periods (EN: Early Neolithic; MN; Middle Neolithic; LN: Late
Neolithic; C: Chalcolithic; U: Uruk; D: Dilmun; BA: Bronze Age; IA: Iron Age; H: Hellenistic; S: Seleucid; PIs: pre-Islamic; Is: Islamic)
as a proxy of the intensity of human occupation (Drechsler et al., 2016). The grey vertical bar crossing all proxy data curves emphasizes the
Middle Neolithic, which is prominently represented by artefacts inside the Asaila basin (Fig. 11).
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dunes are taken into account. This coincides with the start of
the runoff-related silt and sand accumulation of the rawdha
at some point before 1500 years ago, as inferred from OSL
data. The archaeological record indicates significant human
usage of the riyad during the last 300 years, when their in-
fill already resembled today’s situation. The only potential
climate signal deduced from the surveyed riyad so far may
be a shift to more pronounced aridity in very recent times
indicated by ubiquitous surface deflation patterns and small,
decimetre-scale yardangs (Figs. S33, S34). This process may
have supported a concentration of young archaeological find-
ings at the surface. Taking these observations into account, it
can be concluded that the further north a rawdha is located,
the longer it has been dune-free, and more time may be rep-
resented by its silty sediment record.

6 Conclusions

Among the diverse arid landform units of south Qatar, the
Asaila basin as well as the numerous riyad of the central
peninsula reveal the richest archaeological record. The for-
mer has a density of 108 surface findings per square kilome-
tre extrapolated from the three surveyed squares inside the
basin (Fig. 11). In contrast to previous maps of the Asaila
basin, which only differentiate between “sabkha” and “ae-
olian deposits” (Al-Yousef, 2003), we demonstrate greater
geomorphic variability and additional signs of (relict) sur-
face runoff. The areas of mounds of different shapes – for
the first time systematically investigated in this study – are
important indicators for groundwater (and, thus, sea level)
control of accumulation and deflation inside the basin. While
the 8 m long sediment core reveals a continuous dominance
of aeolian sedimentation over the Early Holocene to mid-
Holocene, the mounds, cemented by capillary evaporites
originally grown in the vadose zone, are a clear sign of de-
flation after the mid-Holocene sea-level (and groundwater-
level) highstand. Abundant archaeological evidence of Early
and Middle Neolithic occupation – the latter with a clear fo-
cus inside the Asaila basin – indicate more favourable liv-
ing conditions. Whether these imply denser vegetation and
better access to groundwater and are linked to the EHHP in-
ferred from other records on the southeastern Arabian Penin-
sula (e.g. Fleitmann et al., 2007; Preston et al., 2012; Parker
et al., 2016) still awaits verification. The existence of more
favourable conditions inside the Asaila basin is particularly
evident when compared with the adjacent basin of Jaow
Aqeeq, which shows how a higher groundwater table and
higher groundwater salinity are reflected by higher amounts
of capillary gypsum and thicker surface evaporite crusts.

In contrast, the sediment records of the riyad in southern
Qatar are very shallow, younger (only ca. 1500 years in the
case of QAT 41) and apparently controlled by surface runoff,
deflation and the constantly diminishing barchan dune cover
over the Middle and Late Holocene (see Engel et al., 2018).

The young age of the infill explains the exclusive presence of
young artefacts, mainly covering the Late Islamic to Mod-
ern periods. In combination with the indicators of current
deflation, it may relate to a decrease in rainfall and surface
runoff in recent decades to centuries. Whether this shift is re-
lated to inactivity and burying of runoff channels identified
at the northern margin of the Asaila (Figs. 4, 5) is a matter
of future investigations. It remains to be stated that the Late
Quaternary environmental changes on the peninsula of Qatar
are still largely unknown due to a lack of suitable geological
archives. This report adds to the scarce information available,
e.g. from Wadi Debayān (e.g. Tetlow et al., 2013), northeast
Qatar, or the Ras Abrouq peninsula north of Dukhan, where
archaeological layers were encountered down to a depth of
2.6 m (Smith, 1978; Vita-Finzi, 1978), even though chrono-
logical resolution and climatic significance still need to be
improved. In the future, geophysical prospection of the riyad
further north, e.g. using the combined approach of electrical
resistivity tomography and seismic refraction tomography as
applied for dolines on Crete by Siart et al. (2010), may help
to locate thicker rawdha infill with more detailed palaeo-
environmental information through a higher-resolution age
model in combination with the analysis of grain size distri-
bution, micromorphology, phytoliths or even pollen spectra.
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