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As the year is drawing to a close, it is time to look back
at the past months of E&G Quaternary Science Journal
(EGQSJ), as well as to shed some light on future plans for
the journal. As we all know, 2020 has turned out to be a year
of ever so unexpected challenges, affecting the lives of peo-
ple on a global scale. With Quaternary research being closely
linked to fieldwork and being a scientific discipline charac-
terised by a high level of interdisciplinarity, working under
conditions of a global pandemic has demanded a high effort
of the Quaternary scientific community to keep going for-
ward. Especially under these circumstances, we would like to
express our great gratitude to everybody involved in the mak-
ing of this year’s again very successful volume of EGQSJ.

Volume 69 covers a broad variety of topics related to
Quaternary research, including, among others, topics dealing
with geomorphology, chronology and dynamics of glacial
systems, paleo-environmental reconstructions based on mul-
tidisciplinary investigations of a broad range of paleo-
environmental archives, and last but not least, innovative
geo-archaeological studies from sites in Europe and beyond.
The latter includes the first papers of a currently running

special issue pooling recent results of state-of-the-art geo-
archaeological studies from different regions of the Nile
Delta.

With volume 69 now closed, the next volume will mark
the 70th anniversary of EGQSJ, and a very special issue
dedicated to both the history and future of the journal will
recognise this. A team recruited from the DEUQUA (Ger-
man Quaternary Association) board had been going through
the archives of EGQSJ and, while doing so, recognised
that especially in the early decades of EGQSJ, a signif-
icant number of conceptual benchmark papers were pub-
lished, which still have relevance in their respective fields
today. Unfortunately, these papers were only published in
German, which led to the following idea: 12 benchmark pa-
pers will be translated into English; all figures will be re-
drawn in a modern fashion; and these will be made available
on the publishing platform of Copernicus Publications via
the journal DEUQUA Special Publications (DEUQUASP,
https://www.deuqua-special-publications.net/). International
experts in the respective fields will put all the translated
manuscripts into today’s state-of-the-art context, and these
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contextualisations will be peer-reviewed and published in a
special issue of EGQSJ. In addition, the translations pub-
lished in DEUQUASP, the contextualisations published in
EGQSJ, and the original (German) papers in the back cat-
alogue of EGQSJ will all be linked digitally – choose one,
get three for free, because all will of course be open-access.

Apart from the anniversary plans, upcoming publications
are already scheduled for early 2021, so we are looking for-
ward to continuing on the successful path the journal has
taken during recent years. Many thanks again to all who
have contributed their time and effort to make this hap-
pen, and please do not forget: submission of manuscripts
is always possible via the website of EGQSJ (https://www.
eg-quaternary-science-journal.net/). Apart from all Quater-
nary science- and research-related topics, we truly hope that
2021 will turn out to be a much brighter year for all of us.
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Abstract: This paper presents new palaeoecological data from north County Mayo (Co. Mayo), western Ireland,
and reviews published data with a view to achieving a better understanding of the timing and nature of
early farming in the region, its impact on the natural environment, and the factors, including climate
change, that influenced mid- and late-Holocene vegetation dynamics and farming in the region. A long
pollen profile from Glenulra, a deep basin situated within Céide Fields, and short profiles from blanket
peat that overlies the prehistoric stone-wall field system provide unambiguous evidence for substantial
farming, including widespread woodland clearance, in the early British and Irish Neolithic (beginning
ca. 3800 BCE). This was followed by a distinct lull that lasted several centuries until farming activity
resumed again, at first modestly (at ca. 2700 BCE) and then more markedly from 2350 BCE, i.e.
at the Neolithic–Chalcolithic transition. It is argued on the basis of this and other palaeoecological
evidence, including pollen analytical investigations at nearby Garrynagran, that, contrary to recent
suggestions, there is no reason to doubt the widely held view that the stone-wall field system – unique
in a western European Neolithic context – is correctly ascribable to the earlier part of the British and
Irish Neolithic. The history of pine growing in bog contexts (mainly blanket bog) in the region is
considered in the light of 14C dates derived from pine timbers, and the results of dendrochronological
investigations at Garrynagran that have enabled two floating pine chronologies to be constructed,
are presented. The climatic implications of these data are discussed within local and wider regional
contexts.

Kurzfassung: Diese Studie präsentiert neue paläoökologische Daten aus dem nördlichen Co. Mayo (Grafschaft
Mayo), Westirland, und überprüft bereits veröffentlichte Daten in Hinblick auf ein besseres Ver-
ständnis der Zeitstellung und des Typus früher Landwirtschaft in der Region, deren Auswirkun-
gen auf die natürliche Umwelt, und auf Faktoren, einschließlich des Klimawandels, die die mittel-
bis spätholozäne Vegetationsdynamik und Landwirtschaft der Region beeinflusst haben. Ein langes
Pollenprofil aus Glenulra, einem tiefen Becken im Bereich der Céide Fields, und kurze Profile aus
Torfen, die das prähistorische System aus Steinmauern flächenhaft überlagern, liefern eindeutige
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2 M. O’Connell et al.: Holocene environmental change in western Ireland

Beweise für umfangreiche Landwirtschaft, einschließlich ausgedehnter Rodung von Waldgebieten,
im frühen Britischen und Irischen Neolithikum (beginnend ca. 3800 BC). Daran schloss eine aus-
geprägte Flaute der landwirtschaftlichen Nutzung an, die mehrere Jahrhunderte anhielt. Die land-
wirtschaftliche Nutzung fing wieder an zuzunehmen, zuerst mäßig um ca. 2700 BC und viel stärker
um ca. 2350 BC zur Zeit des Neolithisch–Chalkolithischen Übergangs. Auf der Grundlage dieser und
anderer paläoökologischer Belege, einschließlich pollenanalytischer Untersuchungen im nahe gele-
genen Garrynagran, wird argumentiert, dass es im Gegensatz zu jüngsten Vorschlägen keinen Grund
gibt, die weit verbreitete Ansicht zu bezweifeln, dass das System von durch Steinmauern umschlosse-
nen Feldern – in Europa in neolithischen Kontext einzigartig – korrekterweise dem früheren Teil
des Britisch–Irischen Neolithikums zugeschrieben wird. Auf der Grundlage von vorliegenden 14C
Daten, die an Kiefernhölzern gewonnen wurden und basierend auf den Ergebnissen dendrochronolo-
gischer Untersuchungen in Garrynagran, die die Erstellung zweier hängender Kiefern-Chronologien
ermöglichten, wird die Geschichte des Anbaus von Kiefern im Kontext von Mooren (hauptsäch-
lich geländebedeckende Moore) vorgestellt. Die klimatischen Implikationen dieser Daten werden im
lokalen und weiteren regionalen Kontext diskutiert.

1 Introduction

The importance of north Mayo, western Ireland (Fig. 1), for
understanding various aspects of early human impact on the
environment and especially farming impact during the Ne-
olithic and Bronze Age in western Ireland, and indeed in
Atlantic Europe generally, has long been recognised. Sur-
veys and excavations of megalithic tombs in the 1960s served
to highlight the already-known dense concentration of court
and wedge tombs in the north Mayo region (de Valéra, 1965;
de Valéra and Ó Nualláin, 1964). This was followed by ar-
chaeological investigations that were initially centred on pre-
bog field systems in the coastal Behy and Glenulra townlands
(referred to as Céide Fields) and Belderrig, 6 km to the west
(Fig. 1).

The uniqueness of the field system arises from the reg-
ularity with which it is laid out, its extensiveness, the early
date of its construction and use in prehistory, and its excellent
preservation due to the growth of blanket-bog peat that had
already commenced on a wide scale by the mid-Holocene.
Since its significance as evidence for land enclosure was first
fully appreciated by Irish archaeologists in the late 1960s, it
has been widely regarded as pertaining to the Neolithic (see
below). In Ireland and especially in Britain, comparably so-
phisticated systems invariably date to the Bronze Age or Iron
Age (Fowler, 1983; Overland and O’Connell, 2008; O’Brien,
2009). It appears to be mainly because of a lack of suitable
comparanda in Britain and Ireland that Whitefield (2017) ar-
gued for a Bronze Age date for Céide Fields and furthermore
suggested that a late Bronze Age or Iron Age date should not
be ruled out. Interestingly, within a central European con-
text (the loess region), Bakels (2009, p. 32), with reference
to Neolithic field systems in that extensive region, states that
“no traces of them [fields] are left after millennia of farming
the same plots”. In other words, use of the land by succeed-
ing cultures has destroyed the evidence for Neolithic fields

if such evidence did exist in the first instance. This general
background serves to emphasise the uniqueness of the Céide
Fields and also shows the importance of establishing beyond
all reasonable doubt – this is the purpose of this paper – the
chronology and environmental conditions associated with the
establishment, use and ultimately abandonment of the field
system and growth of blanket bog.

It is important too not to confuse Céide Fields with “Celtic
fields”, a term used to refer to Bronze Age and Iron Age
arable field systems known mainly from northern Continen-
tal Europe (Behre, 2000; Arnoldussen and van der Linden,
2017) and also Britain (Fowler, 1983). “Céide” in Irish indi-
cates a flat-topped hill (https://www.logainm.ie/ga/, last ac-
cess: 1 November 2019) which aptly describes the elevated
ground on which the central part of the field system lies
(Fig. 1b; also Fig. S8a in the Supplement).

The first publications by the main excavator, Seamas
Caulfield, consisted of excavation reports (Caulfield, 1972,
1973, 1974, 1975, 1976) that were followed by two sub-
stantial papers (Caulfield, 1978, 1983) and various minor
but useful publications mainly in the form of field guides
by the excavator (Caulfield, 1980, 1988, 1992). More recent
publications by Caulfield (2013, 2014, 2018) provide inter-
esting overviews in which various ideas regarding the en-
vironmental contexts of prehistoric farming in north Mayo
are proffered. The 2018 publication consists of a chapter
in an attractive and informative book (the most substantial
available to date) that was published (in English and Ital-
ian editions) to mark the award of the International Carlo
Scarpa Prize for Gardens 2018 to the Céide Fields project
(Boschiero et al., 2018). In further chapters various archaeo-
logical, geographical and cultural aspects of the north Mayo
region are explored. Warren (2018), for instance, provides an
overview of the archaeology of north Mayo, including dat-
ing evidence, with particular reference to his excavations of
a late Mesolithic site at Belderg More, close to the Belder-
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Figure 1. Maps relating to the study areas. (a) Overview map of Co. Mayo and parts of the adjoining counties. Rectangles indicate areas for
which detailed maps are provided, i.e. Belderrig (Bd) and Céide Fields (CF) (solid red outlines; see Fig. 1b, c) and Garrynagran (Grn) and
Shanvallycahill, Lough Mask (Msk) (dashed red outlines; see Fig. 2). Dashed red parallel lines indicate presence of prehistoric field bound-
aries (after Caulfield et al., 2011a). Locations of 14C-dated pine timbers (individual specimens and several specimens; nos. are indicated) and
pollen profiles are shown. (b) Megaliths (court tombs) referred to in the text and locations of pollen profiles and 14C-dated pine timbers in
the Céide Fields area. (c) Results of 14C redating of pine timbers and other details relating to the Belderrig area (UBA-16470 is from pine on
a wall in Belderg More; this and dates C04 and C18 lie 130 m to the east of the image margin). UBA dates, rather than the original UCD 14C
dates for the redated samples, are indicated. Abbreviations, in addition to those given above, are as follows: (CT) court tomb; (VC) visitor
centre; (Ck) Carrowkennedy; (Cg) Carrownaglogh; (Cm) Cregganmore; (Cr) Croaghaun East; (Do) Dooega, Achill; and (Inb) Cloonamore,
Inishbofin. The provenance of pine stumps in north Mayo is indicated as follows (Fig. 1a): (Agh) Aghoo; (Ann) Annagh More and Annagh
Beg; (Bk) Ballyknock; and (BdM) Belderg More. The widely scattered specimens from north-western Mayo are referred to by the regional
name Erris rather than by the respective townland names. Numbered pollen profiles from lakes are as follows: (1) L. Aisling; (2) L. Clevala;
(3) L. Anaffrin; and (4) L. Corslieve. For further details see Sect. 1. Sources of the base maps are as follows: (Fig. 1a) OpenStreetMap
contributors and the GIS user community (©OpenStreetMap contributors 2019; distributed under a Creative Commons BY-SA License),
accessed 20 May 2019, and (Fig. 1b, c) ©Google Maps, accessed 21 May 2019.
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rig pre-bog, stone-wall field system, while Byrne (2018) de-
scribes and discusses in considerable detail the field systems
and megalithic tombs of the Ballycastle-Lacken region, i.e.
the largely blanket-bog-covered area that lies between Buna-
trahir Bay and Killala Bay (Fig. 1a).

Syntheses of the large body of information relating to
the Céide Fields and the north Mayo region generally, pre-
pared with support from the Irish National Strategic Archae-
ological Research (INSTAR) Programme, are available in
Caulfield et al. (2011a, b), but a final synthesis of the archae-
ological investigations in the region has yet to be published.
The chronology of the field systems, employing Bayesian
methodologies, is reviewed in Cooney et al. (2011), and,
more recently, Whitefield (2017) has argued that, contrary to
the generally accepted view, the field systems in north Mayo,
including those at Céide Fields and Belderrig, relate to the
Bronze Age and most likely the late Bronze Age rather than
the Neolithic.

At Belderrig (includes Belderg Beg, Belderg More and
Geevraun townlands), where pre-bog stone walls were first
recorded, archaeological excavation that involved removal
of cutover blanket-bog peat revealed the remains of a sub-
stantial roundhouse and also well-defined, extensive culti-
vation ridges that overlay, at least in part, a mineral soil
with ard marks (Figs. 1c and S8b). Radiocarbon dating in-
dicated that the house related to the late Bronze Age (struc-
tural timber from the house gave the 14C date 3170± 85 BP;
Caulfield, 1978), while the cultivation ridges (and also the
ard marks) beside the house were regarded as mainly pre-
dating the house but also continuing after house construc-
tion (Caulfield, 1975). Initially, it was considered that the ard
marks might relate to the Neolithic, but it is now accepted
that, like the cultivation ridges, these relate to the late Bronze
Age (Caulfield, 2018; Verrill and Tipping, 2010a). The re-
sults of recent 14C dating suggest considerable activity at the
house site extending over a prolonged period in the middle
to late Bronze Age (Caulfield et al., 2011a).

The field system at Céide Fields has been shown to be
considerably more extensive than initially realised. Archae-
ological surveys, mainly involving probing to determine the
location of stone walls hidden by blanket-bog cover, have
demonstrated that the stone-wall system extends over an
area exceeding 1000 ha, though not always with the same
highly regular pattern as initially described for Céide Hill,
i.e. the spur of sloping ground that extends from Mau-
makeogh (328 m a.s.l.) to the cliffs immediately to the north
of the Céide Fields Visitor Centre (Caulfield, 2018). At Céide
Fields stone walls constructed on peat have not been re-
ported, which contrasts with the situation in Castletown on
the eastern side of Bunatrahir Bay (see Ballycastle-Lacken,
Fig. 1a) where Byrne (2018) reports a series of pre-bog stone
walls on mineral soils and also stone walls resting on a thin
layer of peat. At Belderrig, where the stone walls also rest
on mineral soil, a section of wall was extended onto a thin
peat layer (the maximum thickness of peat beneath the wall

is ∼ 60 cm; oak stakes were used to continue the line of the
wall onto deeper peat) in the mid-Bronze Age (ca. 1450 BCE
based on two 14C dates for the oak stakes; Caulfield, 1973).

Extensive stone-wall field systems, again in association
with megalithic tombs, have been discovered and surveyed
in Rathlackan and adjoining areas to the east (Byrne, 2018;
Ballycastle-Lacken in Fig. 1a) and Kilcommon to the west
(Dunne, 1985). Pre-bog stone walls have also been recorded
elsewhere in the region including on the Mullet Penin-
sula (Warren, 2018) and at Blanemore beside Garrynagran
(Figs. 1a and S8c).

In this paper, the focus is on palaeoecological investiga-
tions that have been carried out at various times by the au-
thors and other scientists. The overall aim of these inves-
tigations was to establish and secure the chronology of the
field systems, reconstruct the type of farming that was pur-
sued and assess its impact on local environments, and estab-
lish the timing and causes of the extensive blanket bog that
defines the region as a whole (Praeger, 1947). The present
review is timely given recent controversies and especially
the uncertainties arising from the questioning of the age of
the field systems (Whitefield, 2017). It is also an opportune
time to present and critically discuss the considerable body
of palaeoenvironmental information now available and to re-
late this to the archaeological data gained through survey and
excavation. Of particular interest is the dating of basal peats,
which serves as an indicator of the beginning of blanket-bog
formation, and also the history of pine (Pinus sylvestris) in
the region, the fossil timbers of which are frequently encoun-
tered at the base of, and within, blanket-bog peat (Fig. S8b).
The term “pine flush” is used here to designate pine trees
(usually several rather than isolated specimens) that grew on
peat, evidence for which is widely to be seen on cutover bog
as stumps of various sizes and occasionally as tree trunks.
Oak timbers are also present but these are much less fre-
quent. A pine flush is usually readily identifiable in pollen
profiles (already noted by Jessen, 1949; see also O’Connell
and McDonnell, 2019) as elevated Pinus pollen values. The
term may conjure up a single event or phase at a particu-
lar site, but this is not necessarily always the case. Indeed, it
was an objective of the present investigations to gain a better
understanding of the nature and chronology of pine flushes
in a north-west Mayo context. The pine flush phenomenon
is also potentially an important chronological marker in that
it provides a reliable terminus ante quem for wall construc-
tion where walls rest on mineral ground, which is usually the
case (see above). Specimens (stumps and/or tree trunks) that
are on mineral soil also provide good chronological markers
since it can be assumed that peat growth commenced within a
few decades of death (otherwise it is unlikely that the timbers
would have been preserved).
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2 Overview of completed palaeoecological
investigations with particular reference to north
Mayo

In this section, an overview is given of the palaeoecologi-
cal investigations, both published and unpublished, that the
authors are aware of and that have a bearing on Holocene
environmental change in north Mayo, particularly as regards
farming and human impact. Geographical and other details
of the sites are summarised in Table S1a.

2.1 Earliest palaeoecological investigations (1970s)

2.1.1 Investigations at Céide Fields (Behy court tomb)
by Smith et al. (1973)

In the early 1970s, investigations that included pollen analy-
sis and 14C dating were carried out by Smith and colleagues
in Queen’s University Belfast on a monolith taken in the
vicinity of Behy court tomb (see photo in Fig. S8a). The sam-
pling location was most likely close to profiles BHY IV and
BHY V (Fig. 1b; probably near to BHY V, i.e. the one nearer
to the court tomb).

The results of the 14C dating were problematic in that
the uppermost date, 3930± 105 BP (from −36 to −38 cm,
fine particulate fraction; the negative depths indicate dis-
tance above the mineral soil–peat interface), was the oldest,
while the fine particulate and humic fractions of the lowest
sample (−24 to −28 cm) yielded distinctly different dates
(3890± 110 BP and 3245± 70 BP, respectively). Smith et
al. (1973) concluded that the movement of humic acid in the
peat resulted in ages being apparently too young. The sam-
ple (bulk sample) from −30 to −34 cm also gave a 14C date
younger than expected that, according to the investigators,
was the result of humic-acid movement in the peat.

Using an age–depth curve based on three dates, i.e. 3890±
110 BP, 3930±105 BP and a surface point with an estimated
date of 1950 CE (peat thickness estimated to be 170 cm), it
is estimated that peat initiation began at ca. 3350 BCE. The
pollen data (not published) indicated that, in the basal peat,
oak-dominated woodland prevailed and, rather significantly,
there is no mention of pine (Smith et al., 1973). The base
of the record thus seems to postdate the pine flush in the
area (see Sect. 5.1). The peat–mineral soil interface in pro-
file BHY V dates to 2500 BCE which would appear to be a
more realistic, even if too young, date for initiation of peat
accumulation close to the Behy tomb (see Sect. 5.1).

Smith et al. (1973) suggested that, on the basis of a com-
parison of the pollen data from the monolith with those from
a sample from beneath cairn stones (presumably associated
with the tomb), construction of the cairn that is associated
with the tomb took place as peat at−27 to−28 cm (dating to
ca. 2500 BCE) accumulated. From what is known about the
age of court tombs (Schulting et al., 2012) and our present
understanding of Neolithic and Bronze Age developments

in the Céide Fields area, it is doubtful that cairn (and court
tomb) construction was so late.

2.1.2 Pollen analytical investigations at Céide Fields by
Moore (1979)

Moore (1979) discusses pollen profiles that had probably
been constructed about a decade before publication, i.e. Behy
I from beside the Behy court tomb and Behy II from 2 km to
the west and at lower elevation (profiles Behy I and II are
reproduced in Fig. S1a), and a third from Glenamoy (deeper
peat; pollen diagram not published). There is no independent
evidence of age, but the pollen signature is such that it can
be assumed with a high degree of certainty that the base of
Behy II predates the start of Neolithic impact and that Behy
I starts in the middle to late Neolithic.

Behy I shows high arboreal pollen (AP) levels, includ-
ing high Pinus values (∼ 20 %–30 %), in a few spectra at
the base after which non-arboreal pollen (NAP) levels and
especially Poaceae (initially), Ericoids (presumably mainly
Calluna) and Potentilla-type pollen have increased represen-
tation. A Plantago lanceolata curve begins when Pinus starts
to decline and continues, though frequently interrupted, un-
til mid-profile where the values increase at first modestly but
then substantially towards the top. Profile Behy II is longer
(230 cm) and the base is older. Noteworthy is a major de-
crease in Pinus together with the first records for cereal-type
pollen and P. lanceolata near the base of the profile (cor-
responding to Neolithic landnam followed by increased AP
(corresponding to woodland regeneration), including a rise
in Pinus (i.e. a pine flush) and then the demise of pine and
expansion of grasses and heathers. These later changes are
comparable to those recorded in Behy I.

2.1.3 Pollen analytical investigations at Belderrig by
Bourke (1972)

These investigations resulted in a pollen profile (here referred
to as Belderg; for a summary pollen diagram (profile BDG1)
see Fig. S1b) from beside a stone wall on peat (wall 3 in
Verrill and Tipping, 2010a) that has been dated to the late
Bronze Age (it is regarded as the extension of a much ear-
lier wall onto peat; see Sect. 1). The pollen profile is similar
to Behy I in that, at the base, AP dominates (mainly Cory-
lus/Myrica). Pinus subsequently increases to achieve 33 %
which is regarded as reflecting a pine flush. After that, Pi-
nus decreases to low values and does not recover. Initially
Betula expands and then Poaceae. These developments are
very similar to those recorded in BHY VI (see results in
Sect. 4.1.2) but have little in common with profile BEL by
Verrill and Tipping (2010b) which is from less than 250 m
away (see Sect. 2.2.2). Interestingly, P. lanceolata values are
low (more or less continuously but generally < 2 %), and
only a few cereal-type pollen grains are recorded which sug-
gests low levels of farming. Perhaps the investigations are
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insufficiently detailed to comprehensively reflect farming ac-
tivity, the evidence for which, including cultivation ridges,
ard marks, lynchets and a saddle quern, points to substantial
arable activity. The arable activity may have been confined
to the vicinity of the Bronze Age house where the ard marks
and overlying extensive cultivation ridges were recorded (see
Sect. 1 and Fig. S8b). This is ∼ 190 m downwind from the
profile location which, given that cereal pollen is poorly dis-
persed, is considerable.

2.2 Palaeoecological investigations since ca. 1990

2.2.1 Investigations at Céide Fields (Molloy and
O’Connell, 1995; O’Connell and Molloy, 2001)

Detailed pollen analytical investigations commenced in 1992
with a view to reconstructing long-term vegetation history,
long-term human impact and blanket-bog development at
the main stone-wall complex that is usually referred to as
Céide Fields. For this purpose, monoliths consisting of blan-
ket peat and underlying mineral soils (BHY III–VI, also
monoliths and samples from at and beside the visitor cen-
tre), as well as a long core from Glenurla basin (GLU IV)
which lies within the field complex, were collected (Figs. 1b
and S8a). The main results were published in Molloy and
O’Connell (1995). These were later summarised, together
with additional details, in a review paper relating to Neolithic
impact in Ireland (O’Connell and Molloy, 2001). Since these
investigations are still the main evidence for environmental
change at Céide Fields, the data are presented below in some
detail, together with information that was not available at
the time of the earlier publications including additional 14C
dates obtained in 2000, loss-on-ignition (LOI; ashing) mea-
surements and tephra investigations. Details regarding results
of the tephra investigations, including geochemical analyses,
will be published separately.

2.2.2 Palaeoecological investigations at Belderrig by
Verrill and Tipping (2010a, b)

These authors presented information derived from multidis-
ciplinary investigations relating to the Belderrig field system,
including a pollen diagram that spanned ca. 3600–2500 BCE.
The dates derived from these publications that we cite be-
low, including the age–depth relationship for the profile, are
based on the 14C dates given by the authors that have been
recalibrated (the resulting differences are small). Verrill and
Tipping (2010b) showed that substantial mineral soil erosion
took place after wall construction (in the Neolithic) and that
peat initiation was time transgressive, beginning in the basin
(wood peat being initially formed rather than blanket bog)
and proceeding upslope where blanket-bog peat began to ac-
cumulate in the early Bronze Age (ca. 2010 BCE). Interest-
ingly, Dwyer and Mitchell (1997; see Sect. 2.2.4) also re-
port diachronous peat development at Croaghaun East, to the
south of Céide Fields, where peat initiation started distinctly

later (at ca. 3800 BP, i.e. 2200 BCE) at a downslope location
from the main core. It is suggested that blanket-bog expan-
sion coincided with increasing wetness, and at two locations
in Croaghaun East it dates to ca. 4200 BP, i.e. ca. 2900 BCE.

The main features of the pollen diagram BEL by Verrill
and Tipping (2010b) include dominance of Alnus (the pollen
was so abundant that it was excluded from the pollen sum),
little P. lanceolata apart from a single spectrum near the base
where it achieved 2 %–3 %, exceptionally high Ilex (holly)
values (for much of the profile 5 %–18 %), and AP taxa con-
sisting mainly of Corylus, Pinus and Quercus. There is a
small peak of Pinus near the top that may reflect a pine flush
though it is rather late (ca. 2600 BCE) if it is the classical
pine flush (see Sect. 5.1). Cereal-type pollen is not recorded.
Caulfield (2018, p. 66), in what appears to be a reference to
this pollen profile, points to records of cereal pollen in “the
upper levels of the core” which he attributes to “the tillage
plots to the west”. Only part of the pollen profile may be
published in Verrill and Tipping (2010b), which, if correct,
is regrettable given the importance of the site. The tillage
plots referred to by Caulfield (2018) are presumably those
associated with the late Bronze Age house.

On the basis of their investigations, Verrill and Tip-
ping (2010b) draw various conclusions regarding human im-
pact and farming in the area. They suggest that the base of
profile BEL, which dates to ca. 3600 BCE, captures the final
phase of Neolithic farming and that, outside the field system,
a partially wooded landscape persisted. In reality, more data
are required, including much higher pollen counts, to enable
firm conclusions to be drawn regarding Neolithic farming at
Belderrig.

Verrill and Tipping (2010b) emphasise the importance of
climate rather than human impact as a driver of landscape
change including blanket-bog formation. Humification data
relating to core BEL suggest particularly low peat humifi-
cation in the interval 3000–2900 BCE, this trend having set
in as early as 3200 BCE. Lower levels of peat humification
are interpreted as signalling wet climatic conditions. Low hu-
mification and decomposition are regarded as giving rise to
low pollen concentrations as a result of faster peat accumula-
tion, which is plausible but additional independent evidence
is desirable. Apart from an interruption in the Calluna curve,
the curves for bog and aquatic taxa remain steady. This is
not what might be expected if the mire surface became sub-
stantially wetter. The evidence for increased wetness due to
wetter and stormier conditions at Belderrig is not as well
founded as implied by Verrill and Tipping (2010b) and in-
deed does not agree with the evidence derived from the pine
timber record for the north Mayo region (see Sect. 5.1).

In Verrill and Tipping (2010a) attention is focussed on
the tillage plots (cultivation ridges and ard marks) associated
with the Bronze Age house (Fig. S8b). In thin-soil sections,
features associated with the cultivation ridges were clearly
distinguishable, but it was not possible to be definitive as
to whether the cultivation ridges were made using an ard or
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spade. Caulfield (1972) assumes the latter which is plausi-
ble on the basis of recent ethnographic parallels (Bell and
Watson, 2008; see also photographs in Fig. S8b). The ard
marks could not be distinguished in thin sections, nor were
they distinguishable in the pollen profile (Verrill and Tipping,
2010a). The unnamed pollen profile, derived from mineral
soil and overlying peat samples taken in the area with culti-
vation ridge and ard marks, is here referred to as BEL-S1. As
expected, pollen assigned to cereal-type and weeds of arable
or disturbed ground and also P. lanceolata are well repre-
sented in the spectra from the mineral soil. Calibration of the
only available 14C date, i.e. 2450±35 BP, from the basal peat
suggests a terminus ante quem for local peat development of
ca. 600–410 BCE (53 % probability), but an older date can-
not be ruled out (26 % probability that the 14C date relates
to the interval 750–680 BCE). Given that the 14C date relates
to basal peat and also bearing in mind 14C dates relating to
the site that have become available more recently (Caulfield
et al., 2011a; Warren, 2018), it is reasonable to conclude that
the final phases of tillage as recorded in the pollen record re-
late to the late Bronze Age. This conclusion is also supported
by the lack of Pinus in profile BEL-S1 though it is unclear if
Pinus pollen was actually not recorded; it may be that Pinus
records were simply omitted from the pollen diagram (Verrill
and Tipping, 2010a). The ard marks, originally regarded as
possibly Neolithic (Caulfield, 1972), have been assigned to
the late Bronze Age by Verrill and Tipping (2010a), a view
that appears to be generally accepted (e.g. Caulfield, 2018).
In other words, they are probably not much older than the
overlying cultivation ridges.

There is evidence that farming, including cereal cultiva-
tion, continued at the site before and after house construction
(Caulfield, 1973, 2018) and indeed over a considerable pe-
riod (Verrill and Tipping, 2010a). Interestingly, Verrill and
Tipping (2010a) point to soil features that suggest ameliora-
tion practices including the addition of domestic waste (ash
and animal bone) to the area under tillage.

2.2.3 Pedological investigations at Belderrig, Céide
Fields and Rathlackan by Guttmann-Bond et
al. (2016)

These authors report on multidisciplinary investigations car-
ried out on test-pit profiles from the three key archaeological
areas in north Mayo listed in the subtitle above. The main
test pits within each area are from locations where there was
evidence for arable cultivation, mainly in the form of culti-
vation ridges and/or ard marks. From Belderrig, accelerator
mass spectrometry (AMS) 14C dates – 3563±30, 3649±30
and 3091± 29 BP – are provided. These support the idea of
activity extending over a considerable duration in the mid-
dle to later Bronze Age in the vicinity of the roundhouse. At
Céide Fields, test pits were dug near the visitor centre where
excavations prior to construction of the centre revealed the
presence of ard marks. Here, and also at Rathlackan, the as-

sumption is that the sites investigated relate to the Neolithic.
Soil-phosphate and bile-acid data suggest low levels of appli-
cation of herbivore dung. In one test pit at Céide Fields, the
chemical evidence suggests human faecal material. Here also
extensive cereal cultivation is postulated for areas adjoining
the visitor centre. The authors tentatively suggest that animal
manure (dung of herbivores) was used to maintain soil fertil-
ity, which is interesting in the context of stable-isotope evi-
dence for the use of livestock manure during the Neolithic
in Europe (Bogaard et al., 2013) and recent palaeolimno-
logical evidence for major impact by Neolithic and Bronze
Age farming on lake systems, possibly involving animal ma-
nure, in nearby County Sligo (Co. Sligo; Taylor et al., 2017).
The importance of fires in the context of prehistoric farm-
ing in north Mayo is emphasised (based on the abundance of
mainly fine charcoal), but it was not possible to determine if
firing was natural or human-induced.

2.2.4 Dendrochronology and 14C dating of pine timbers
from north Mayo (Caulfield et al., 1998)

This study reports on the results of a 14C-dating programme
in the later 1990s that involved sampling and dating of pine
timbers from north-west Mayo. The numbers of 14C dates of
pine are as follows (Figs. 1, 7 and 8): 19 from Céide Fields
(includes six townlands) and 11 (this excludes dates SI-1470,
UCD-C47 and C49 that were redated; these are included in
Fig. 7 but excluded from Fig. 8) from Belderrig, i.e. Belderg
Beg, Belderg More and Geevraun townlands. Additionally,
basal peat was dated at Geevraun. From the west of Belderrig
– referred to as Erris – there are 17 dates (this excludes a date
from intertidal peat but includes two dates of pine stumps by
Håkansson, 1974). The above set of pine dates (47 in total)
from the north Mayo region shows that pine colonised peat
surfaces at various times between ca. 6500 and 1300 BCE but
most frequently over a relatively short interval of a few cen-
turies centred on ca. 3000 BCE, which may be regarded as an
indicative age for pine flush events in western Ireland (this
is regarded here as the classical pine flush to distinguish it
from other earlier (and also later) pine flushes in Ireland and
also Scotland; e.g. Birks, 1975; Bridge et al., 1990; see Dis-
cussion). Significantly from a chronological point of view,
stumps that were recorded on stone walls in Belderg More
and Annagh More townlands provide a terminus ante quem
for these walls (see Discussion). The substantial depth of peat
underlying several stumps (10 and 5 timbers on > 50 cm to
≤ 100 cm, and on > 100 cm, respectively) suggests there was
already considerable and extensive peat accumulation at or
before the late Neolithic and early Bronze Age in the region.
This has led Caulfield et al. (1998, p. 638) to conclude that
“blanket bog formation in N. Mayo is early and almost cer-
tainly unconnected with human activity”.

Investigations into the history of pine, involving match-
ing tree rings and investigating pine-pollen concentrations
in basal peats, have been carried out by Martin Downes
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with a view to strengthening the chronological framework
for blanket-bog development and settlement history, but the
results have not been published (Caulfield, 2018, p. 64).
Caulfield (1988), referring to Downes’ investigations, indi-
cates that the pine trees preserved in peat close to but at a
higher elevation than the archaeological site at Belderrig, i.e.
in Geevraun townland (Fig. S8b), grew for about a century
and are datable to the main pine flush. Caulfield et al. (2013,
p. 99) refer to unpublished investigations that rely on “evi-
dence for a pine flush in the pollen sequence” to support the
idea that “peat engulfed Céide Hill from the west” which is
plausible given the results from pollen cores BHY III–VI (see
Sect. 4.1.2).

2.2.5 Dendrochronology and 14C dating of pine timbers
from Garrynagran (Jennings, 1997)

Garrynagran refers to an area of extensive blanket bog that
lies 16 km to the south of the visitor centre, Céide Fields and
within 7 km of the nearest pine timbers dated by Caulfield
et al. (1998). Pollen analytical and dendrochronological in-
vestigations were undertaken here in the mid-1990s in the
context of a PhD study by Jennings (1997). Part of the main
pollen diagram, GRN I, was published in O’Connell and
Molloy (2001). The complete pollen profile and also the
results from dendrochronological investigations at Garryna-
gran are presented here (details below).

Core GRN I was taken in Ballynagor townland, 3 km
north-west of Moygownagh and adjoining Garrynagran
townland (Figs. 2a and S8c). Garrynagran derives from Gar-
raí na gCrann, i.e. the garden of the trees, which undoubtedly
references the many stumps and tree trunks embedded in the
extensive bogs in this part of County Mayo. The place name,
Garrynagran, is therefore appropriate when referring to this
study area.

Two court tombs (other megaliths including standing
stones ascribable to the Bronze Age and also pre-bog stone
walls) are known about from within 1.5 km of core GRN I
(de Valéra and Ó Nualláin, 1964; see https://moygownagh.
ie/, last access: 1 November 2019, for a description of
the Blanemore Forest Archaeological Walk; Fig. S8c). The
court tombs represent the southern extension of a group of
tombs with its main concentration in the area between Céide
Fields and Killala and extending south-eastwards but avoid-
ing higher ground (above ∼ 100 m) to the west (de Valéra
and Ó Nualláin, 1964). Given the close geographical and ar-
chaeological relationships to Céide Fields, it is appropriate to
present data from Garrynagran here. Also included are 14C
dates from pine timbers from Inishbofin (off the west Mayo
coast) and the shores of Lough Mask in south Mayo (details
in Sect. 4.2.2).

2.2.6 Other palaeoecological investigations in the wider
region

Profile Patchico (patch in common) refers to a ∼ 5 m long
Holocene pollen profile from a small bog pool ∼ 960 m
south-west of the Bronze Age house site at Belderrig
(Hawthorne and Davis, 2013; Fig. 1c). The record starts in
the early Holocene shortly before Corylus expands. Cory-
lus (this pollen taxon may include Myrica) and Pinus dom-
inate the AP component until mid-profile when Pinus de-
clines. This decline is presumably the regional decline in
Pinus that occurs shortly after ca. 3000 BCE. According
to Hawthorne and Davis (2013), the elm decline, which is
not a distinct feature, may be reflected in changes recorded
∼ 20 cm lower (local pollen assemblage zones (PAZs) Patc-
III–Patc-IV boundary) but it may also be reflected still lower
in the profile (the available 14C dates, i.e. 7680± 50 and
6070±30 BP, relating to the lower part of the profile, are not
helpful in this regard). High ericoid values (curves for both
Calluna and Ericoids (unspecified)) are recorded in the lower
and upper parts of the profile but surprisingly few Cyper-
aceae are recorded. The record from the upper part presum-
ably reflects the open bog-covered landscape of recent times,
while that from the lower part may reflect heathy vegetation,
at the sampling site and/or perhaps also in the wider area, that
coexisted with substantial tree cover. Records for cereal-type
pollen are not provided (so we assume none were recorded),
and P. lanceolata pollen is poorly represented which, at face
value, suggests that farming was never important, at least
near the site. This is rather at variance with the archaeologi-
cal and other palaeoecological evidence (e.g. Verrill and Tip-
ping, 2010a, b; also Bourke, 1972). More detailed analyses
are required before firm conclusions regarding local vegeta-
tion, landscape dynamics and farming history can be drawn.

Sediments from Cregganmore Lake (∼ 350× 220 m;
6.6 ha), situated 4 km to the south-west of the Bronze Age
house site at Belderrig (Fig. 1a), have been the subject of
various investigations. A pollen profile by McKeever (1984)
is summarised in McKeever and Davis (2013). The ∼ 7.5 m
long profile begins in the Late Glacial Interstadial and prob-
ably extends to recent or near-recent times. Apart from three
14C dates from the basal part, an independent chronology is
lacking. The pollen data suggest that hazel, pine and oak
were the main trees for most of the Holocene. P. lanceo-
lata or other anthropogenic pollen indicators (there are no
records for cereal-type pollen) are poorly represented, so it
is not possible to draw conclusions regarding human impact,
apart from suggesting that it seems to have been unimpor-
tant. In subsequent investigations, chironomid, geochemical
and geophysical analyses and 14C dating (10 dates) were car-
ried out on new cores, 6–7 m long, with a view to explor-
ing impact of climate variability on long-term human activity
(Holmes et al., 2013). At least half the core is pre-Holocene,
so the resolution for the period of greatest interest, i.e. the
Holocene, is low. Apart from suggesting that the chironomid-
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Figure 2. Locations of (a) 14C-dated pine timbers and the pollen profile GRN I at Garrynagran (BL is Blanemore) and (b) 14C-dated pine
timbers at Shanvallycahill. Non-filled circles are used to indicate timbers that were not in situ when sampled (1994). The aerial photograph
in (a) (accessed using ArcGIS, 22 May 2019) reflects quite well the situation at the time of sampling, especially the extant bog (both exposed
cutover surfaces and the relatively intact bog north of centre of the photo). Dark green indicates young conifer plantations on cutover bog.
The aerial photograph in (b) is from Bing Maps (©Microsoft), accessed 22 May 2019.
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derived Holocene mean July temperature was similar to that
of today (an average of 14 vs. 14.9 ◦C at nearby Belmullet in
the period 1981–2010), no firm conclusions were reached re-
garding climate during the Holocene. The authors cite Casel-
dine et al. (2005) and O’Connell and Molloy (2001) as indi-
cating that “the decline of Neolithic agriculture was linked to
an extreme climatic event ca. 5200 cal BP”. O’Connell and
Molloy (2001) nowhere suggest this.

A peat profile from Croaghaun East, which lies 12 km
south of Céide Fields and 5 km west of Garrynagran
(Fig. 1a), was investigated by Dwyer and Mitchell (1997)
with a view to documenting local expansion of blanket bog
which they show to be diachronous. The profile spanned the
interval ca. 4700–2270 BCE. In core CRST1, seven tephra
layers were detected including two closely spaced layers that
date to ca. 2100 BCE, i.e. approximately the Hekla 4 (H4)
eruption. The chemical composition of these two layers was
similar, though not in all respects, to H4. Interestingly, these
tephra layers lay above the decline of Pinus (dated to ca.
2200 BCE), and so it is concluded that tephra deposition was
not implicated in the decline of pine. The pollen data suggest
that, while the vegetation on mineral soil was unaffected, the
bog surface became distinctly wetter at the time of tephra
deposition. This too is the time when local blanket-bog ex-
pansion occurred (Dwyer and Mitchell, 1997). The authors,
however, refrain from making a causal connection between
tephra deposition and increased bog wetness but, on the other
hand, link the pine decline to a transition from dry to wetter
bog-surface conditions that preceded tephra deposition. Hu-
man activity (based on the P. lanceolata curve) registers at
the base of the profile (ca. 3100 BCE) and again towards the
top, i.e. after the pine decline. The authors saw no evidence
to connect expansion of blanket bog with human activity.

From Achill Island, Caseldine et al. (2005) report on in-
vestigations of a pronounced and extensive silty layer in
cores from blanket-bog contexts (Fig. 1a; three short pro-
files are presented that are here collectively referred to as
Dooega). The pollen profiles show the typical regional pat-
tern for Pinus in the mid-Holocene, namely strongly elevated
pollen values indicative of a pronounced pine flush, which
is preceded by (in one of the profiles it coincides with) the
well-developed and widespread silty layer that the authors
date to ca. 3200 BCE. The silty layer is regarded as indica-
tive of slope erosion caused by an extreme weather event,
most likely a storm. Dry conditions, however, which facili-
tated the pine flush, persisted for a considerable period (till
ca. 2850 BCE) after the extreme event. The authors suggest
increasing wetness from ca. 2850 BCE onwards, that led to
pronounced wetness at and after ca. 2000 BCE (see Discus-
sion). It is suggested that there was a long period (500 years)
characterised by dry and warm conditions in the early part of
the fourth millennium BCE during which Neolithic farming
was introduced and initially expanded strongly in Ireland.

Caseldine et al. (2005) also provide a useful overview of
climate-change events in Ireland and elsewhere in Europe at

about this time. The evidence includes particularly narrow
tree rings in Irish oaks centred on 3200 BCE (Baillie and
Munro, 1988) and the cessation of varve formation in the sed-
iments at An Loch Mór (dating to ca. 3300 BCE; cf. Holmes
et al., 2019; see also Discussion).

In contrast to the pollen profiles from Achill, pollen pro-
files from four lakes that lie east of Achill in Co. Mayo, i.e.
L. Aisling, L. Clevala, L. Anaffrin and L. Corslieve (Fig. 1a),
provide no evidence for a pine flush though Pinus is well
represented in the upland lakes, L. Corslieve and L. Ais-
ling (Bradshaw and Browne, 1987). Nor does a pollen profile
from L. Doo, 11 km south-west of Carrownaglogh, record a
pine flush (O’Connell et al., 1987), probably because of a
lack of bog development in the vicinity of the lake.

3 Methods

Methods as applied in the investigations relating to Garry-
nagran are presented, and information is also given as re-
gards investigations relating to cores and monoliths collected
at Céide Fields, especially where such information is not al-
ready available in Molloy and O’Connell (1995).

3.1 Fieldwork at Garrynagran

The sampling site lies in an area of extensive cutover peat
(much of the uppermost peat – estimated to be ≥ 1 m – had
been cut away) where, in the early 1990s, there were numer-
ous exposed pine stumps on the cutover bog surface and in
drainage channels and also uprooted stumps collected into
clearance heaps (Fig. 2a). At the peat face where the mono-
lith GRN I was taken, pine stumps were exposed by peat cut-
ters. These stumps were well spaced out along a drain beside
the peat bank where they protruded above the water table
(Fig. S8c). The nearest stump to the sampling site (∼ 2 m
distant) related to a depth of ∼ 140–150 cm in the profile. At
a higher level on the exposed peat face and immediately to
the side of monolith GRN I at a depth of ∼ 55–60 cm from
the cutover surface, there was a small and apparently isolated
pine stump (Fig. S8c).

Timbers, which were exposed by peat cutting (many were
obviously in situ (Fig. S8c); some lay on the cutover sur-
face and were presumed to be more or less in situ; others
were gathered in piles and so exact find contexts could not
be ascertained), were sampled for dendrochronological in-
vestigation as follows. Where possible two slices, each some
centimetres thick, were removed from as high up the stem
as possible in the case of a stump, and from an area clear of
side branches and close to the stump where tree trunks were
available. In all, 29 timbers, including three oak trunks, were
sampled.
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3.2 Laboratory methods

3.2.1 Pollen analytical methods

In the case of pollen profile GRN I, sampling for pollen, sam-
ple preparation, and pollen identification and counting were
carried out according to standard procedures as implemented
in the Palaeoenvironmental Research Unit, National Univer-
sity of Ireland Galway (NUIG; Molloy and O’Connell, 1995;
Jennings, 1997).

All available pollen counts from Garrynagran and Céide
Fields were brought into Excel files and replotted in pollen-
diagram format using CountPol or Grapher. Short and long
profiles were plotted in histogram and curve formats, re-
spectively. A total terrestrial pollen (TTP) sum and a cut-off
size for cereal-type pollen of 40 µm (provided the relevant
pore and annulus size criteria were fulfilled; see Beug, 2015)
were used. Bog taxa (Cyperaceae, Ericoids, etc.) and other
taxa such as non-pollen palynomorphs (NPPs) were excluded
from the pollen sum (PS). High pollen counts were achieved
in most samples. The main exceptions were the pre-elm de-
cline samples in GLU IV and a few levels in GRN I (which
were difficult to count due to much debris and low pollen
concentration). The average pollen count in respect of the
TTP taxa and the associated standard deviation is given in
the relevant pollen diagrams. Percentage values for the taxa
excluded from the PS are expressed relative to the PS+ the
sum of taxa relating to the relevant category, e.g. bog taxa,
aquatic taxa and NPPs. For calculation purposes, Sphagnum
and micro-charcoal particles, etc. are regarded as constitut-
ing single-component groups. The datasets are available in
the palaeo-database PANGAEA (O’Connell et al., 2020).

In the case of short pollen profiles from Behy (published
in Molloy and O’Connell, 1995), minor taxa – e.g. Quercus,
Ulmus, Fraxinus and Taxus, and also Alnus and Salix – were
summed with a view to reducing the complexity of the dia-
grams and providing greater visibility for taxa that are of sig-
nificance for palaeoenvironmental reconstruction appropriate
to this paper.

3.2.2 Loss-on-ignition and tephra investigations

LOI measurements were carried out using standard methods
(cf. Heiri et al., 2001). Tephra investigations involved the sys-
tematic ashing of 4 cm thick blocks of peat taken from mono-
liths and cores collected at Céide Fields and Garrynagran.
The ash so obtained was microscopically searched for tephra
shards (cryptotephra). Where concentrations of tephra shards
were identified, the peat was resampled by taking 1 cm thick
slices. The samples were chemically treated to extract tephra
shards. Details will be published elsewhere. For the sake of
completeness, the location of tephra layers within the rele-
vant profiles are indicated (see Results).

3.2.3 Dendrochronological investigations

Dendrochronological investigations relate to pine and oak
samples from Garrynagran and are fully described in Jen-
nings (1997). Two and, where possible, three radial sections
were cut from the timber discs using a bandsaw, avoiding
where possible side branches, distortion due to root protru-
sions and excessive reaction wood. The wedge-shaped sam-
ples were pared so as to be able to clearly see the ring bound-
aries that were highlighted by applying chalk dust.

Ring-width measurements were carried out by placing the
wood sample on a moving stage controlled by a screw thread.
A Wild M8 binocular microscope with a cross-hair graticule
was used, in conjunction with the measuring stage, to mea-
sure the distance between ring boundaries. Ring thickness
was measured to the nearest 0.01 mm by a digital counter
(Heidenhain bidirectional counter VRZ 405) and the values
were input directly into a PC. In instances where, after mea-
suring three radii for a particular timber, problems connected
with splitting, missing and false rings remained, further radii
– up to six radii in some cases – were measured. In some
instances, problems were solved by paring larger areas in
the region where problems were identified. Also, all wedge-
shaped radial sections from problem timbers were prepared,
and problem rings were then traced around the circumfer-
ence of the timber. This normally facilitated the recognition
and measurement of annual rings with a high degree of cer-
tainty. Though pine is considered to be not as amenable to
dendrochronological investigation as oak, P. sylvestris has
limited occurrence of missing and double rings compared
with other conifers such as juniper (Fritts, 1976).

Cross-dating between trees was attempted visually, by
matching the graphed plots of the ring-width measurements,
and also statistically, using the cross-dating programs CROS
(Baillie and Pilcher, 1973) and CROS84 (Munro, 1984). The
latter program provides a more rigorous test of synchrone-
ity and was mainly used. Where anomalies were identified,
these were overcome by further replication of measurements
and examining the full cross section of the particular timber.
The most reliable matches, i.e. those that yielded the highest t
values at long overlaps, were used to build up groups of trees
with overlapping ring series. A significant match was where
t was ≥ 3.5 (p = 0.01). Groups of trees that showed satis-
factory cross-dating (both visually and with self-consistent,
significant t values, i.e. above 3.5) were combined into work-
ing chronologies.

Once all potentially matching trees had been identified and
any inconsistencies eliminated, a mean master chronology
was constructed. The mean master was extended by the addi-
tion of other mean ring series that matched. This process was
continued until no further ring series reliably cross-matched
with the existing mean masters (details in Jennings, 1997).
Before a working master chronology or a site mean was pro-
duced, individual series were standardised (Graybill, 1979)
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so as to remove long-term trends in the data such as those
related to the age of a tree.

Samples from three long oak trunks (Fig. S8c) that lay
on the cutover peat surface (presumed to be close to where
they had been preserved) were measured and matched to the
Belfast oak chronology by David Brown, Queen’s University
Belfast.

3.2.4 Radiocarbon dating

Peat samples consisted of peat slices, normally 1 and 2 cm
thick in the case of peat monoliths and core GLU IV, re-
spectively. The bulk peat samples were dated by the conven-
tional 14C dating method. 14C dates were calibrated using
OxCal version 4.3 (Bronk Ramsey, 2009) and the default 14C
calibration curve, IntCal13.14C (Reimer et al., 2013). Age–
depth relationships for the peat profiles were constructed us-
ing Clam version 2.2 (Blaauw, 2010; http://www.chrono.qub.
ac.uk/blaauw/clam.html; downloaded 22 August 2017) and
the IntCal13.14C calibration curve. In all instances, several
curve-fitting options were tried (linear and polynomial re-
gressions and various spline-fitting options). Usually, many
of the options gave results that were obviously unrealistic and
so were rejected. The option that gave what was regarded as
the most realistic result was accepted.

Pine timbers from Garrynagran were sampled by taking
wood from a specific group of rings (details in Fig. 9) that
were dendrochronologically investigated (four and two 14C
dates are from timbers included in P1M and P2M, respec-
tively, i.e. the floating pine chronologies referred to as GRN
P1M and GRN P2M by Jennings, 1997). The samples – 10
in all from dendrochronologically investigated timbers (two
of these timbers could not be matched) and two timbers
from pine stumps beside peat core GRN I – were dated by
the conventional 14C dating technique. The midpoint from
the calibrated age range of 14C dates from timbers G30
(4350± 25 BP) and G50 (5620± 25 BP) was used to fix the
floating chronologies P1M and P2M, respectively (Jennings,
1997). These dates were chosen because they relate to steep
parts of the calibration curve, and so the uncertainty attached
to their calibrated age is correspondingly small.

4 Results

The main pollen analytical results are presented in pollen-
diagram format. As regards the long pollen profiles, GLU
IV (Glenulra) and GRN I (Garrynagran), percentage pollen
curves (all but a few minor curves), selected pollen con-
centration curves and macrofossil data (sievings from pollen
samples) are presented (Figs. 3–6). Short pollen profiles,
i.e. BHY series (BHY III–VI), CF I and CF III and pollen
data relating to plough marks, are presented in Figs. S3–S7.
Where histograms are used to show pollen data, “+”, i.e. a
record outside the pollen count, is indicated by a small value
(0.05 %) rather than “+”.

Graphs showing age–depth relationships for the various
cores are presented in Fig. S2. In the age–depth plots per-
taining to the various pollen profiles, the dates used and other
details including stratigraphy are indicated. Details of all 14C
dates relating to pollen and pine timbers are available in Ta-
ble S1b, c.

4.1 Céide Fields

4.1.1 Core GLU IV (long core from Glenulra basin)
(Figs. 3, 4)

This, the main pollen profile from Céide Fields, has an opti-
mal location within the main Céide Fields complex (Fig. 1).
It is the longest and most detailed pollen profile and has the
greatest temporal span (> 6800 BCE–700 CE). Furthermore,
its chronology is well constrained especially in the middle
and upper part of the profile, i.e. the most pertinent parts.
The age–depth model is derived from a fifth-order polyno-
mial regression curve that uses 20 14C dates (two 14C dates
are regarded as outliers and so were not used; Fig. S2b).

The main features of profile GLU IV are summarised be-
low and in Table S2a. Given the small size of the peat-
filled basin, especially in the early and mid-Holocene when
peat accumulation within the basin was limited, the regional
pollen signal is assumed to derive mainly from a ∼ 1 km ra-
dius of the basin. With increasing distance from the basin,
the reflection of developments are expected to decrease expo-
nentially in the pollen record (Jacobson and Bradshaw, 1981;
Gaillard et al., 2008). In the accounts that follow every effort
is made to distinguish between developments in the basin (lo-
cal, i.e. on the mire surface) and the surrounding landscape
(regional, i.e. initially on mineral ground and later on min-
eral and peaty soils as blanket bog expanded) though this is
not always possible given the uncertainties connected with
origins of pollen such as those of grasses and bog taxa gen-
erally.

Early Holocene development is reflected in the basal part
of the profile (PAZs 1–4). Chronological control is weak in
this part of the profile (Fig. S2b). The only available 14C date
(5100± 80 BP) relates to the upper part of the interval and
is clearly an outlier. It is obvious, however, that the record
begins relatively early in the Holocene and probably earlier
than 6800 BCE. Particularly noteworthy are the high Pinus
values. Stumps were frequently encountered during trial cor-
ings at about this depth in the basin, and pine wood (pine
tracheids) was noted in the pollen samples. The peat-filled
basin, which would have been much more limited in extent
than today, appears to have supported pine woodland at this
time. Calluna, which is strongly represented at the top of
PAZs 2 and 3, declines. Given that Calluna pollen is poorly
dispersed (Moore et al., 1986), it is probable that ling grow-
ing in the basin (it declines as pine expands) rather than on
the surrounding mineral ground is reflected here. The precise
composition of the woodlands on mineral soil is uncertain
but it is likely that, as well as pine, hazel and birch, small
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Figure 3. Percentage pollen curves, profile GLU IV (complete profile), Glenulra basin. All curves are drawn to the same scales, except
curves with a thick line above the x axis which are drawn to a reduced scale (thick continuous and dashed lines indicate ×0.2 and ×0.5,
respectively). Silhouettes show values ×10. A circle (non-filled) is used to indicate records for epidermal cells of Erica tetralix seeds. A
filled circle is used to emphasise small values in the case of NAP-2 taxa, i.e. taxa of arable or disturbed habitats. PAZs and PAZ-boundary
ages (derived from the age–depth curve) are indicated.
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Figure 4. Percentage composite pollen curves, macro-remains and other data including concentration curves for the main taxa, profile GLU
IV (complete profile). Cultural periods (as pertain to Ireland; main sources: Waddell, 2010; Aalen et al., 2011; EBA, MBA and LBA: Early,
Middle and Late Bronze Age, respectively; IA: Iron Age; Med.: Medieval), peat accumulation rate and stratigraphy are shown. Bars with
grey to dark infills indicate peats that are darker than usual to distinctly dark; bars with brown to reddish-brown infills indicate peats with
such colours; no bars indicate that the peat does not have distinctive coloration. The abundance of macro-remains is indicated as follows:
3, abundant; 2, frequent; 1, occasional; and 0.5, rare, i.e. +. Macrofossil parts are indicated as follows: (fr) fruit, (l) leaf, (s) seed and (br)
branch; br is in Fig. 6 only. Concentration curves are plotted to the same scale (x axis) except for Sphagnum where the scale is halved with
respect to the other curves. PAZs and PAZ-boundary ages (derived from the age–depth curve) are indicated.
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Figure 5. Percentage pollen and related data for profile GRN I, Garrynagran. All curves are drawn to the same scales, except curves with a
thick line above the x axis which are drawn to a reduced scale (×0.2). Silhouettes show values ×10. Depths are with respect to the cutover
surface at the sampling point (∼ 1 m of peat removed by turf cutters). A dot indicates a low percentage value where that may not otherwise
be obvious. The “×” symbol indicates the presence of epidermal cells of Erica tetralix seeds. Two pine stumps from beside the peat core (P1
and P2) and 14C dates derived therefrom are indicated. Note that pine stomata percentages are calculated with respect to TTP; i.e. they are
excluded from the pollen sum.

populations of oak and elm, willow, rowan, holly, ivy, and
honeysuckle were present, all of which are represented in the
pollen record (Fig. 3; also Molloy and O’Connell, 1995). The
presence of blanket bog in the vicinity of the basin (as dis-
tinct from the basin peat) so early in the Holocene cannot be
ruled out given the evidence for such a presence provided by
pine timbers (see Sect. 4.2.2).

PAZs 5–11 reflect vegetation dynamics within the basin
and wider regional contexts. Several influences that vary
over time are undoubtedly at play. These include natural
processes, e.g. species competition, pedogenesis and climate
change, as well as human impact arising mainly from farm-
ing activity. Developments in the surrounds of the basin, and
especially landscape openness and the role of tall woody
species, are, during this time, primarily determined by hu-
man activity. This activity is reflected mainly by the NAP
component, and especially Poaceae and P. lanceolata. The
major expansion of NAP, including Poaceae and P. lanceo-
lata and also Pteridium, and the correspondingly severe de-

cline in AP indicate an intensive landnam, i.e. more or less
total woodland removal at least in the general vicinity of
the basin. Landnam is at its most pronounced in the inter-
val 3790–3460 BCE (PAZ 5b) and is maintained, but with
less intensity, during the following three centuries (PAZ 5c).
In the period 3160–2790 BCE (PAZ 6a), woodland (mainly
hazel, oak, birch and alder, and small amounts of elm and
pine) more or less fully regenerates, a development facili-
tated by greatly reduced human impact. This phase of de-
velopment culminates in a small increase in Pinus that is re-
garded as reflecting the regional (also in the vicinity of the
basin) pine flush (PAZ 6b, 2820–2720 BCE). A small in-
crease in P. lanceolata (also Corylus declines) points to a
resumption of human activity at this time.

As regards the initiation and spread of blanket bog, bog
expansion cannot easily be traced in profile GLU IV since
pollen of local mire origin, i.e. within the basin, is expected
to dominate and, indeed, is probably dominant in the wet-
land pollen component. Pollen from any blanket-bog con-
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Figure 6. Percentage pollen (composite diagram), macrofossils, pollen concentration (main curves) and other data for profile GRN I, Garry-
nagran. Silhouettes show values . Abundance of macro-remains is indicated as follows: 3, abundant; 2, frequent; 1, occasional; and 0.5, rare,
i.e. +. Concentration curves are plotted to the same scale (x axis) except for Sphagnum where the scale is halved with respect to the other
curves. For other conventions, see Fig. 4.

texts present in the surrounds would thereby be masked. An
intriguing aspect is the possibility that increased mire wet-
ness in the basin (cf. Cyperaceae, Sphagnum and Hydrocotyle
(marsh pennywort)), coinciding with landnam, is the result of
increased runoff that follows on from large-scale woodland
clearance (see Discussion).

High values for Calluna and Empetrum in PAZ 6 (3160–
2720 BCE) probably reflect ling and crowberry growing lo-
cally in the mire basin where dry conditions appear to have
prevailed at this time. Given that woodland had regenerated
and was dominant, it is unlikely that pollen from pockets of
blanket bog in the wider landscape is reaching the coring lo-
cation in any appreciable quantity.

In the interval 2720–2330 BCE (PAZ 7), i.e. in the late Ne-
olithic, human activity consistently registers, but it is not un-
til the transition to the Bronze Age (PAZ 8) that there is a dis-
tinct increase in farming that results in a decrease in wood-
land and especially a decline in birch, hazel and oak. Fire
too increases in importance (cf. micro- and macro-charcoal
curves in Figs. 3 and 4, respectively). This strong level of hu-
man impact is maintained until 110 CE (particularly high im-
pact in ca. 1650, 850 and the final century BCE; pine ceases
to have any importance – locally at least it is probably ex-

tinct – from 1650 BCE) when there is a lull in activity that
is regarded as the Late Iron Age Lull. This lasts until the
beginning of the sixth century CE when an upsurge in farm-
ing associated with the early medieval period registers (PAZ
11). From 850 BCE onwards, the mire surface appears to
have been particularly dry. Calluna is strongly represented,
indicating that ling is dominant, and pollen records for hy-
grophilous plants, such as Narthecium and Rhynchospora,
more or less cease.

4.1.2 Short pollen profiles from Céide Fields

Short pollen profiles from five sites within the Céide Fields
complex are presented in Figs. S3–S7. Age–depth curves
are given in Fig. S2a. Each profile is independently zoned,
mainly on the basis of careful visual inspection of the pollen
percentage curves (zones are similar to those in Molloy and
O’Connell, 1995). A zone boundary is always placed at the
peat–mineral soil horizon to emphasise this important litho-
logical boundary.

In the headings used below, the profile name and the time
span reflected in the particular profile are indicated. Esti-
mated ages are also given as follows: the age of the base
of the profile in brackets where mineral soil has been pollen
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analysed, followed by the time span represented by the pollen
spectra from the overlying peat. In the Discussion, the ages
as assigned below to the individual profiles are further con-
sidered and, in some instances, modified in the light of the
dataset as a whole.

BHY III, [≥ 2700] 2700–250 BCE, i.e. late Neolithic to
mid-Iron Age

The age–depth curve for BHY III is a smooth spline curve
(smooth factor= 0.3) that is based on five of the available
seven 14C dates (Fig. S2a). The 14C dates 3360±50 BP (Gd-
7147) and 3290± 60 BP (Gd-7148) (both relate to peat from
−6 to−7 cm) have not been included in the analysis as, from
the beginning, they were regarded as suspect. The other 14C
dates serve to confirm that these dates are indeed erroneous.
Curve fitting that included a surface-age estimate (180 cm of
peat, i.e. 50 cm added to compensate for peat shrinkage; top
regarded as dating to 1950 CE) was attempted but the age–
depth curves that resulted were regarded as unrealistic and so
were discarded. Of the BHY series, it is only in this profile
that no tephra was recorded.

The pollen data (Fig. S3) indicate that prior to peat growth,
and probably for some decades before peat developed, i.e.
in the late Neolithic and early Bronze Age, grassland with
an ever-increasing heath (ling) component dominated at the
sampling site. Peat initiation is estimated to have begun by
ca. 2700 BCE. The high Pinus pollen values are presumed
to reflect the regional pine flush. A nearby pine stump, on
the basis of its stratigraphical position within the peat (we do
not have a 14C date for this stump), may be contributing to
the elevated Pinus pollen values. According to the age–depth
model, the pine flush had ended by ca. 2210 BCE (subzone
2a–2b boundary), but birch (also Sorbus, presumably S. au-
cuparia (rowan)) continued to be important, and farming ac-
tivity remained at a modest level (low P. lanceolata values).
At ca. 1500 BCE, there is a switch to a grass-dominated land-
scape with few trees (little or no pine or birch) or tall shrubs
locally and probably also at a regional level (see PAZ GLU
IV-9a).

BHY IV, [≥ 2400] 2400 BCE–20 CE, i.e. early Bronze Age
to late Iron Age

The age–depth curve for BHY IV is a smooth spline curve
(smooth factor= 0.1) that is based on the three available 14C
dates (Fig. S2a). Two 14C dates are from near the base and so
the lower part is chronologically well constrained. The age–
depth model indicates that peat had begun to accumulate by
2400 BCE.

The basal part of the profile (PAZs 1 and 2) reflects the
local situation as peat began to accumulate (Fig. S4). Birch
is locally dominant; there is a small amount of hazel, but tall
canopy trees, including pine, are rare and probably not lo-
cally present. From 2000 BCE, i.e. early in the Bronze Age

(base of subzone 3a), birch is replaced by grasses probably
as a result of increased farming pressures that are maintained
until ca. 600 BCE. In subzone 3b, the high values for both
Poaceae and Calluna are probably best ascribed to local veg-
etation on shallow peat that was dominated by grasses, e.g.
Molinia caerulea, and ling (Calluna).

BHY V, [≥ 2600] 2520–210 BCE, i.e. late
Neolithic/Chalcolithic to mid-Iron Age

The age–depth curve for BHY V is a smooth spline curve
(smooth factor= 0.2) that is based on the five available 14C
dates and a surface age estimate (peat thickness 180 cm, i.e.
50 cm added to compensate for peat shrinkage; top regarded
as dating to 1950 CE) (Fig. S2a).

The pollen spectra from the mineral soil (BHY V-1) and
immediately overlying peat indicate woody vegetation dom-
inated by birch. Sorbus (probably rowan), holly, ivy and
honeysuckle were common. Pine was present regionally, but
there is no evidence for a pine flush at least near the site (Pi-
nus at only ∼ 1 %–2 %) (Fig. S5).

According to the age–depth model, peat initiation at this
location began at 2500 BCE. Replacement of birch by grass-
dominated vegetation occurred at 2000 BCE. This is some-
what earlier (two centuries) than at nearby BHY IV but about
a millennium earlier than at BHY III. The age ascribed to the
Betula to Poaceae transition at BHY V may be too old. Con-
tiguous 14C samples give rather different ages. This and the
very sharp change in pollen composition at the PAZs 2–3
boundary raise the possibility of a hiatus or at least excep-
tionally slow peat accumulation in that part of the profile.
On the basis of the low P. lanceolata values in all spectra
(but cereal-type pollen is recorded in most spectra), farm-
ing activity is subdued. However, the high contribution ini-
tially by Betula and subsequently by Poaceae (both presum-
ably of predominantly local origin) undoubtedly depress the
P. lanceolata values.

BHY VI, [> 2600] 2600 BCE–120 CE, i.e. late Neolithic to
late Iron Age

The age–depth model for BHY VI is based on a smooth
spline curve (smooth factor= 0.5) that takes into account
the four available 14C dates and a surface age estimate (peat
thickness 160 cm, i.e. 40 cm added to compensate for peat
shrinkage; top regarded as dating to 1950 CE; Fig. S2a). The
exceptionally old date near the base of the peat (4080±
50 BP) does not greatly influence the shape of the curve
which is assumed to be correct given that what appears to
be the regional pine flush is recorded in BHY VI-2a.

The age–depth curve suggests that peat accumulation
started at 2600 BCE. Immediately prior to the initiation of
peat accumulation, woody vegetation (oak, hazel and espe-
cially birch) and heathy grassland (cf. Poaceae and Calluna)
were locally common (BHY VI-1; Fig. S6).
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In the basal peat (BHY VI-2a; also in the mineral soil), Be-
tula values are exceptionally high which suggests that birch
continued to be the main contributor to woody vegetation
at and near the sampling site as peat began to accumulate.
Elevated Pinus values in BHY VI-2a, which span 2600–
2270 BCE according to the age–depth model, reflect the re-
gional pine flush. In subzone BHY VI-2b (2270–1810 BCE),
there is an increase in Poaceae, Betula begins to decline, and
Pinus values have fallen and do not recover. This corresponds
closely as regards pollen (also chronology) with zone 2b in
BHY III and zones 1 and 2 in both BHY IV and V.

Zone BHY VI-3 (1810 BCE–120 CE) reflects a treeless
landscape at least in the vicinity of the sampling site. High
values for Poaceae are probably attributable to grasses grow-
ing on the blanket bog (e.g. M. caerulea and/or Nardus
stricta) and grasses on mineral soils in the wider region. In
subzone BHY VI-3b, Calluna values are exceptionally high
and charcoal (micro- and macro-charcoal) values are also
high. These changes are probably ascribable to increased
farming activity that included cereal growing (cereal-type
pollen is rather well represented). The particularly high val-
ues for P. lanceolata and cereal-type at the base of BHY VI-
3b, i.e. early Iron Age, ca. 400 BCE, which are indicative of
intensive farming in the vicinity of the site, are noteworthy.

Pollen profiles and spectra from beside the visitor centre
(CF I, CF III and PLM)

Pollen and macrofossil data from short profiles at and beside
a stone wall near the visitor centre (CF III and CF I; CF I
has also been referred to as CF Ib) are presented in Fig. S7.
This figure also includes six pollen spectra (referred to as
PLM) relating to soils associated with plough marks that
were recorded during excavations conducted on the site of
the visitor centre prior to the commencement of construction
work (Byrne et al., 2009). Results of calibration of 14C dates
(three dates from CF I and a single date from the plough-
mark infill), including an age–depth plot for profile CF1,
are provided in Fig. S2a. The material was not searched for
tephra.

Peat initiation at CF I began at 1000 BCE, i.e. in the late
Bronze Age. Locally, the landscape was treeless, and grass-
lands, in which ling played an increasingly important role,
dominated (subzone CF I-2a; 950–710 BCE). The lack of
trees is attributed to pastoral farming. In subzone CF I-2b,
pastoral farming continues, but there is now a considerable
arable component that continues to the top of the profile,
i.e. into the early medieval period (cereal-type pollen of all
size categories are well represented; details are in Molloy and
O’Connell, 1995, Fig. 20).

Pollen profile CF III reflects local conditions at, and im-
mediately prior to, wall construction. AP values are low but
higher than in CF I. 14C dates are not available for this short
profile, but conditions at a time prior to that represented in
CF I-1 are assumed to be reflected here (Pinus values, though

low, are higher than in CF I; this supports the idea of a late
fourth millennium BCE date). The high fern values (also in
the basal samples of CF I) are assumed to result from differ-
ential loss of corrosion-susceptible pollen (e.g. Cyperaceae,
etc.) and survival of corrosion-resistant pollen and spores and
especially fern spores.

Regarding the spectra that relate to the plough-marks
(PLM), the pollen representation is broadly comparable to
that in CF 1-2. This, and the single 14C date (2390± 40 BP;
calibration indicates an 81 % probability that the age lies be-
tween 550 and 390 BCE), suggest that the plough marks re-
late to the early Iron Age. There are some noteworthy dif-
ferences within the plough-mark pollen spectra, for instance,
the contrasting values for both P. lanceolata and cereal-type
pollen in samples 1 and 2 versus 3 and 4. Such differences
are not unexpected as the pollen content of soil samples is
invariably dominated by pollen of local origin. In samples 5
and 6 (these samples are from the parent soil that contained
the plough mark), bog and heath taxa are less well repre-
sented, and high values for Poaceae, P. lanceolata and other
pastoral pollen indicators suggest that pasture was dominant
prior to ploughing and cereal cultivation.

4.2 Garrynagran

4.2.1 Pollen profile GRN I, ca. 5700–1800 BCE, i.e.
early mid-Holocene to mid-Bronze Age

Pollen profile GRN I is from within an extensive bog and
hence is expected to reflect, on the one hand, local bog vege-
tation (cf. bog and heath pollen taxa) and, on the other, veg-
etation and land use on a wide regional scale (Figs. 5 and
6; Table S2b). Potential complications arise from the distinct
possibility, given the high frequency of large timbers (mainly
pine, also oak) preserved in the bog, that pollen that would
normally be regarded as arising exclusively from vegetation
on mineral soils may derive, in part, from mire vegetation.
In the latter category are also grasses such as M. caerulea
(common on blanket bogs) and Phragmites (pollen of these
taxa and other grasses are included in Poaceae as is normally
done).

In all, there are 11 14C dates directly relevant to core
GRN I, i.e. nine from slices of peat and two from outer rings
of two pine stumps, both present in the peat bank where
core GRN I was taken but laterally separated by ∼ 1 m (Ta-
ble S1b, c; Fig. S8c). Timber from the outermost rings of the
lower and upper pine stumps gave 14C dates 5455± 15 BP
and 4110±20 BP, respectively. The age–depth model for the
pollen profile is derived from a smooth spline curve (smooth
factor= 0.4) fitted to 10 14C dates which includes these two
pine dates (Fig. S2b). The uppermost peat-derived 14C date,
1170± 30 BP (from depth 10–8 cm; at least 1 m of peat had
been removed by peat cutters), was not used in curve con-
struction as it was regarded as unrealistically young.

The main features of the pollen assemblages are sum-
marised in Table S2b. The lower and middle parts of the
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profile (zones 1–5a) have high AP values (but much reduced
values in 3b) that reflect not only woodland cover on min-
eral soils but also substantial woodland (mainly pine but also
oak) on peat. This is supported by the stomatal pine record
(Fig. 5) and also the investigations of pine timbers that are
directly associated with GRN I and in the area generally (see
Sect. 4.2.2).

The elm decline is a distinct feature (base of 3a) and oc-
curs at the expected age (3880 BCE). An unusual aspect (in
an Irish context) is the failure to record P. lanceolata (also
there is little change in Poaceae) during the elm decline
which suggests that opening up of woodland was minimal
and that there was little or no farming in the area during the
elm decline. Neolithic landnam registers clearly, however,
in subzone 3b. The shape and also the composition of the
anthropogenic-indicator pollen component (e.g. Poaceae, P.
lanceolata, Ranunculus acris-type and Filipendula) indicate
a gradual increase in human impact beginning at 3800 BCE,
relatively high and sustained impact from 3700–3300 BCE,
and then a gradual decline that continued to the end of sub-
zone 3b (3240 BCE) and into zone 4. Interesting also are the
changes in mire conditions during subzone 3b. Sphagnum
macrofossils (mainly leaves) are important for the first time
(Sphagnum spores and capsules were well represented before
this, but no leaves were recorded; Figs. 5 and 6). Initially, the
leaves are mainly of S. sect. Acutifolia and, later, S. palus-
tre, and, at the base of zone 4, S. austinii (i.e. S. imbricatum)
is recorded, but this species does not become dominant until
2750 BCE (base of zone 5). A trend towards lower ash values
(higher LOI) that begins at the base of zone 3 also suggests a
change in mire hydrology that probably involved a shift from
rheotrophic to ombrotrophic conditions.

The regional pine flush, on the basis of the pollen record,
is of ca. 130 years duration (subzone 5a). The pine timber
(P2; Fig. S8c) associated with this feature had a lifespan of
ca. 120 years and, based on the 14C date from the outer rings
of the stump (Fig. 7), died shortly before 2600 BCE. Inter-
estingly, most of the stumps in the vicinity of the coring site
were stratigraphically related to the lower stump (P1) so that
pine stump P2, which was almost 1 m higher in the peat,
seemed to be an isolated specimen. However, other pines
were probably growing nearby on peat, at about the same
time as P2, and were presumably contributing to the pine
flush (see Sect. 4.2.2).

The start of the pine flush coincides with the beginning
of the continuous dominance of S. austinii and also a record
for Racomitrium moss (Fig. 6). Whether or not this shift pre-
ceded, coincided with, and was subsequent to, the local pres-
ence of pine trees on the bog surface is difficult to say. The
stratigraphy suggests that the stump may have predated these
changes.

Bearing in mind the more or less continuous pine-stomata
record and the results of 14C and dendrochronological in-
vestigations of pine timbers from elsewhere on the bog (see
Sects. 4.2.2 and 5.1; also Jennings, 1997), it can be concluded

with confidence that pine grew in at least some places on the
mire over the entire period, apart from the youngest inter-
val, i.e. apart from subzone 5b and zone 6 (from 2600 BCE
onwards; Figs. 5 and 6).

4.2.2 Radiocarbon dating of bog pine in north Mayo and
dendrochronological investigations at
Garrynagran

The results of 14C dating of pine-wood samples from north-
west, west and central Co. Mayo are shown graphically in
Figs. 7 and 8, and details are provided in Table S1b. In Fig. 7,
probability curves from calibration of 68 14C dates (these
including three replicate dates from Belderrig) of pine tim-
bers are plotted. Provenance and stratigraphic context of the
timbers involved are also indicated. In Fig. 8, histograms
are used to show age frequencies (200-year bins) for all
pine dates (Fig. 8a; in the case of the replicate dates from
Belderrig, the UBA rather than UCD dates are included). The
dates are grouped according to geographical areas, i.e. Céide
Fields together with nearby Aghoo and Annagh More and
Annagh Beg (referred to as Annagh Tds), Belderrig, Garry-
nagran and Carrowkennedy and Inishbofin, and Shanvallyc-
ahill, i.e. a cutover peatland on the south-west shore of Lough
Mask (Fig. 8b–f). The thickness of peat beneath the timbers
is schematically indicated (details in Table S1b).

The 14C dates are decidedly concentrated in the interval
3400–2400 BCE, with the greatest concentration in the in-
terval 3200–2600 BCE which can be regarded as the period
characterised by widespread growth of pine on bog and peaty
surfaces, i.e. the regional pine flush. The widest span of dates
is recorded from the Erris region (ca. 6400–1350 BCE) but
here too most of the dates are concentrated in the interval
3400–2200 BCE.

As regards thickness of peat beneath the timbers, not sur-
prisingly many (20) are associated with a thin layer of peat
(≤ 50 cm; these statistics include the 47 pine 14C dates dis-
cussed in Caulfield et al., 1998; information was not pro-
vided for C52). Relatively few pine stumps (9) rest on min-
eral ground which again is not too surprising as peat growth
is expected to have commenced during the lifetime of the
tree or shortly after death; otherwise the chances of preser-
vation would have been small. Rather surprisingly, however,
several timbers were recorded on substantial thicknesses of
peat (51–100 cm, 10; > 100 cm, 13) which may have taken
several centuries to accumulate. This suggests that blanket
bog was already present as Neolithic culture spread though
it remains unclear how widespread blanket bog was (exten-
sive areas without megaliths, however, may be indicative of
widespread presence of bog in parts of the region at the time
of expansion of Neolithic peoples) and the degree of land-
scape openness, particularly at a local level, due to presence
of bog as farming commenced (evidence supporting land-
scape openness at a local level is lacking). As emphasised
by Caulfield et al. (1998), the two pine stumps recorded on

www.eg-quaternary-sci-j.net/69/1/2020/ E&G Quaternary Sci. J., 69, 1–32, 2020



20 M. O’Connell et al.: Holocene environmental change in western Ireland

Figure 7. Results of calibration of 14C dates from bog-pine wood from Co. Mayo. Sample names include the 14C laboratory number and,
in some instances, the label given by the laboratory that took and submitted the sample for dating is given. In the case of samples for which
University College Dublin was responsible (UCD in the number indicates dating by its radiocarbon laboratory), the townland name is given.
Note that Lu-774 and Lu-775 relate to Lund University. The curves show the calibrated ages (probability distributions, 95.4 % and 99.7 %) of
68 14C dates that relate to the following areas: 1 CF, Céide Fields; 1 Agh, Aghoo (5 km south-east of visitor centre (VC), CF); 1 Ann, Annagh
More and Annagh Beg (10 km south-east of VC, CF); 2 Bd, Belderrig (6 km west of CV, CF); 3 Err, Erris region; 4 Grn, Garrynagran (16 km
south of Céide Fields), 4 Ck, Carrowkennedy, W. Mayo; 5 Inb, Inishbofin (Cloonamore); and 6 LM, Shanvallycahill, L. Mask. Replicate
14C dates are presented from three timbers that relate to Belderrig, i.e. original 14C dates and later obtained AMS 14C dates (indicated
by * and **, respectively). Calibration results for both sets of dates are plotted; the original dates, which have larger standard deviations,
are not included in the compilation shown in Fig. 13. Peat thickness beneath the specimens is indicated schematically, where available.
Primary data sources are as follows: 1 Caulfield et al. (1998); 2 Caulfield et al. (1998, 2011a); 3 Caulfield et al. (1998); Håkannson (1974);
4 Jennings (1997); 5 Ní Ghráinne (1993); O’Connell and Ní Ghráinne (1994); and 6 O’Connell (unpubl.). Most of the dates derive from outer
tree rings, except MY-002 GrN-33046 (marked by a closed circle) that derives from inner rings. Details of the part of the timbers used for
dating by Caulfield et al. (1998) and Håkannson (1974) are mostly not available; in a few instances it is indicated that the outer rings were
dated, and so it is assumed that this is generally the case.
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Figure 8. Histograms showing age–frequency distribution (calibrated medium ages derived from OxCal) of pine stumps from Co. Mayo (for
sources see legend to Fig. 12). Fill patterns are used to show the depth of peat on which the 14C-dated pine stumps occurred; a schematic
representation of the relationships of the pine stumps to the mineral soil or peat and stone walls is provided in the inset.

a stone wall (see Discussion; presumably drainage resulting
from the stone wall created a locally favourable environment
for these trees to germinate, establish and grow) are impor-
tant indicators of age of wall construction. The walls in ques-
tion date to ca. 3000 BCE at the latest, and, most likely, are a
couple of centuries older if allowance is made for the inher-
ent age of the tree (outer rings dated). So, with confidence,
construction of these walls can be justifiably imputed to the
Neolithic; i.e. they are much older than the late Bronze Age
dating argued for by Whitefield (2017).

The results of the dendrochronological investigations at
Garrynagran are presented in Fig. 9. The age span of indi-
vidual pine and oak timbers that have been dendrochrono-
logically dated (the pine chronologies are floating; the oak
chronology is fixed) are plotted as well as 14C dates from
pine timbers including the date used to “fix” the two floating
pine chronologies, P2M and P1M.

Centres of the five trees included in P1M were preserved,
but sapwood was not present in any sample. Matching of
G49M with G50M gave a t value of 12.02 (this was the max-
imum t value for the pine timbers). There is the possibility
that the samples relate to the same tree (the samples came
from stumps removed from the surrounding bog and stacked)
but it is also possible that the trees grew in close proximity
which could explain the high correlation (Fritts, 1976). The
G40M ring series is only 66 years in length, and hence t val-

ues are low. However, visual comparison of the plotted ring
widths suggested that it matched well, and so G40M has been
included in master chronology P1M.

The floating chronologies P1M and P2M, each of which
was fixed on the basis of a calibrated 14C date from a selected
timber (see Methods; Fig. 9c), have a duration of 438 and
183 years, and span the intervals ca. 3135–2700 and 4530–
4350 BCE, respectively (Jennings, 1997). Pine timbers G43
and G42 yielded ring patterns that could not be matched,
and 14C dating confirmed that these were older than P1M
and P2M, respectively. Pine timbers P2 and P1, that were
14C dated but not dendrochronologically investigated, are
interesting in that the former fits in well with P1M (pine
flush), while P1 relates to the younger part of P2M and could
potentially extend that chronology forward by some years
(Fig. 9c). The eight pine trees that constitute P1M were all
alive at ca. 2950 BCE and possibly also pine P2 that was
not dendrochronologically investigated. The three oak trees
also began life at about this time (Fig. 9b). Thus an interval
centred on 3000 BCE, and including a century or so on ei-
ther side of that date, is highly significant as regards the final
phase of tree growth on peat surfaces at Garrynagran.
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Figure 9. Overview of data relating to pine and other developments in north Mayo in the interval 5700–1700 BCE plotted on a calendar–
calibrated timescale (BCE and cal. BP; both calibrated]. (a) Pinus percentage data from pollen profiles that show a pine flush. The curves
are weighted averages of three values; the central value is accorded double weighting. Data are plotted as follows (PAZs are specified): GLU
IV-3 to -8, BHY III-1 to -2b and BHY VI-1 to -2b); the beginnings and ends of curves where values are low (<∼ 1 %) are not shown; for
GRN I the complete profile is plotted. Peat initiation dates are indicated for BHY profiles; that the age may be underestimated is suggested
by an arrowhead pointing towards older ages (see text). Pine stomatal data (%; silhouette indicates ×10 exaggeration) for GRN I are shown.
(b) Master chronologies from Garrynagran, i.e. two floating pine chronologies and one fixed oak chronology (three timbers). Time intervals
represented by individual oak timbers, G32, G36 and G37, are indicated. (c) Chronologies for individual pine timbers from Garrynagran
(dendrochronological data and results of 14C dating; r is ring nos.) that are included in the floating pine chronologies GRN P1M and
GRN P2M. Probability curves for calibrated dates from pines G42 and G43 (dendrochronologically investigated but without matches) and
pines W1 and W2 (also referred to as P2 and P1, respectively) from beside pollen profile GRN I are also shown.

5 Discussion

5.1 Chronology, pine dynamics and blanket-peat
formation

The chronologies attached to the various palaeoecological
components of the investigations reported on are first con-
sidered. Reliance is placed on radiocarbon dating as the best
independent indicator of age. We focus on 14C dates from
peat cores that have been pollen analytically investigated at
Céide Fields and Garrynagran and also on 14C dates obtained

from pine timbers (stumps and trunks) in the wider region.
The latter are particularly useful for a variety of reasons in-
cluding the high integrity of the samples, and, in the case of
several dates, the errors attached to the 14C dates are small.
The dates published by Caulfield et al. (1998) derive from
a geographical area that extends 36 km across north Mayo
from close to Killala Bay in the east to Broadhaven Bay and
Blacksod Bay in the west. The importance of these dates de-
rive, in the first instance, from the information they provide
for the presence and age of peat (mainly but not exclusively
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blanket bog) at a regional scale and hence, indirectly, the age
of pre-bog stone walls (in general stone walls in the region
are seldom found on peat but are invariably occluded by peat;
see Introduction). Two of these pine-timber dates derive from
stumps situated on stone walls and so provide terminus ante
quem dates for stone-wall construction at the particular sites
(UBA-16470, 4580± 60 BP, from Belderg More, 1.3 km NE
of Belderg; C26, 4350± 60 BP from Annagh More, 6.5 km
SE of VC, Céide Fields; Fig. 7).

The 14C dates from pine timbers in Garrynagran serve
to validate and chronologically fix floating pine chronolo-
gies constructed using dendrochronological methods from
this extensive mire (Figs. 2a and 9). The dendrochronolog-
ical investigations show that pine trees were most frequent
on peat during a narrow window of about two centuries cen-
tred on 4450 BCE and later in a wider window that extended
from ca. 3150–2700 BP (Fig. 10). In the latter period the
three substantial oaks that have been dendrochronologically
dated also grew on peat. The pollen data, including a pine
stomatal record, point to a more or less continuous record
for pine growing on peat at Garrynagran beginning at ca.
5700 BCE (when the pollen record begins) and continuing
for ca. 3100 years, i.e. to the top of PAZ GRN I-5a. After
this, pine was still present (though much less frequent) in the
landscape but seems to have generally failed to establish it-
self on bog surfaces, the most likely reason for which being
not lack of seed, but increased surface wetness that inhibited
germination and establishment.

The main pollen profile from Céide Fields, i.e. profile
GLU IV, indicates sustained and intensive human impact
arising from farming that was mainly but not exclusively pas-
toral (Molloy and O’Connell, 1995) over the period 3800–
3160 BCE (subzones 5b and 5c; this is regarded as Neolithic
landnam), with farming possibly commencing as early as
3950 BCE (5a; the base of this subzone corresponds with the
elm decline which is not an important feature as elm was
unimportant; pine, hazel, birch and oak were the main wood-
land trees; Fig. 3). Other Irish pollen profiles with a pro-
nounced Neolithic landnam include Littleton Bog (Mitchell,
1965), Fallahogy (Smith and Willis, 1962), Lough Sheeauns
(Molloy and O’Connell, 1991), Templevanny Lough (Stolze
et al., 2013) and Lough Muckno (Chique et al., 2017). Com-
pared with these, landnam as recorded in GLU IV is much
more pronounced, and so we conclude that this was a par-
ticularly intensive farming phase. If, as is not disputed, the
regular stone-wall field system was constructed in the con-
text of farming, and given the demonstrated antiquity of the
stone-wall system, it appears reasonable to equate the land-
nam phase with the laying out and use of the field system. It is
also reasonable to assume that the main construction phase is
reflected in subzone 5b when trees were absent or extremely
scarce, and so the landscape was open which facilitated the
construction of the highly regular, stone-wall enclosure sys-
tem. It is envisaged that active land use continued, though
somewhat abated, into subzone 5c. We envisage the main

stone-wall construction phase lasting some decades. The reg-
ularity of the system points to a well-coordinated plan that,
presumably, was executed relatively rapidly, possibly within
a human generation or two.

Pollen profiles GLU IV and GRN I each has a chronology
that is well constrained by 14C dates. However, the same level
of certainty does not apply in the case of the chronologies at-
tached to the shorter profiles from Céide Fields. In addition
to the inherent difficulties of dating basal peats, the number
of 14C dates available is small, and, furthermore, these are
mainly bulk peat dates (dating a specific component such
as Sphagnum leaves is much more satisfactory; also basal
peat in blanket-bog contexts normally accumulates slowly so
that many decades may be represented in a 1 cm thick sam-
ple (cf. dates for pine and underlying peat at Geevraun, i.e.
4026±45 BP (UBA-16469) and 5710±90 BP (C46), respec-
tively; Caulfield et al., 1998, 2011a)). In view of the likeli-
hood of root penetration and downward movement of humic
acid and fine particulate matter, bulk 14C dates from basal
peat contexts may well underestimate true age.

Pinus percentage pollen curves are bought together and
plotted in a summary diagram with other relevant informa-
tion in Fig. 11 to facilitate inter-site comparison and eval-
uation of 14C-derived ages. Profile GLU IV, from Glenulra
basin, is first considered. A large peak in Pinus values near
the base of the profile (PAZ GLU IV-4 in Fig. 3; the lower
pollen spectra of GLU IV are not included in Fig. 11 because
of space limitations) is regarded as reflecting pine growing
in the small Glenulra basin mire and also on nearby min-
eral soils. Pine timber C44, from the edge of Glenulra basin
and on mineral ground and dated to 5370± 70 BP (Caulfield
et al., 1998), falls within this time window. The later peak
in Pinus, i.e. the pine flush, on the other hand, is in a well-
age-constrained part of profile GLU IV (Fig. 11). It spans
the interval 2820–2720 BCE (PAZ 6b) and thus potentially
lies within the younger part of the pine flush time window.
Pine timber C42, also from the edge of Glenulra basin but on
90 cm of peat, is however considerably older (4530±60 BP)
than the pine flush (Fig. 11). It should be borne in mind, how-
ever, that single pine trees or indeed several pine trees, even if
growing near a sampling site, will not necessarily be reflected
in a Pinus pollen curve (cf. Smith and Goddard, 1991).

In pollen profile GRN I, Pinus values are high (21.5±
7.6 %; n= 44) until after the pine flush. The 14C date 6315±
25 BP (G42, rings 66–98) and the Pinus stomatal record sup-
port the idea that pine was common on this mire from at least
5700 BCE, i.e. when the pollen record commences. This is
supported by the 14C dates from pine timbers and also the
floating pine chronology GRN P2M (spans 183 years, i.e. ca.
4530–4350 BCE). The final elevated values for Pinus in pro-
file GRN I (GRN I-5a; 23± 3 %, i.e. the regional pine flush)
span the interval 2750–2620 BCE (Fig. 11). There is also an
interval prior to this, centred on 3100 BCE, during which
there was a substantial pine population on bog (Fig. 10).
The small pine stump from beside pollen profile GRN I that
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Figure 10. Overview of results from dendrochronology, 14C dating and pollen analysis relating to Céide Fields and Garrynagran plotted
against a BCE (calibrated) timescale. Sources of data, other than data presented in this paper, are indicated. (a) Main cultural phases. The
Neolithic is divided into phases based on levels of human impact: N1 (human impact low), N2a (highest impact, intensive landnam), N2b
(declining impact), N3a (pronounced lull) and N3b (impact begins again). Pollen percentage curves for P. lanceolata and Poaceae for profiles
DRG1 (L. Dargan; Ghilardi and O’Connell, 2013), CNY1 (Cooney L.; O’Connell et al., 2014) and Glenulra (GLU IV). Chronology is as
in the publications cited. The y-axis scale for P. lanceolata is ×5 with respect to Poaceae. Sizes of the basins (diameter and extent) are
indicated. Shading is used to suggest levels of farming activity. (b) Bog pine, northern Scotland. The fixed master chronology WRATH 9 is
shown; this matches the Irish oak master chronology. Pine population dynamics (germination and die-off) and main radial growth patterns
are indicated (Moir et al., 2011). Bog pine, northern Ireland (Pilcher et al., 1995). Fixed chronology (filled rectangle; the denser the shading,
the higher the pine specimen frequency) and an older floating chronology (open rectangle; age span 5500–6300 BCE (based on 14C dates);
oldest part is beyond the scale and is not shown). A short chronology from Fallahogy Bog that starts shortly after 7000 BCE is also not shown
because of scale constraints. Bog pine, central Ireland. Floating chronology (fixed by 14C dates), from raised bogs (McNally and Doyle,
1984). Narrow-ring events recorded in Irish oak (also pine). 1 is 2345 BCE; 2 is 3195 BCE; 3 is 4375 BCE; 4 is 5400 BCE (Baillie, 1994,
1999). Reductions in pine ring widths (from Pilcher et al., 1995) coincide with event 2 (marked α) and occur also in 2911 BCE (marked
β; see Baillie, 1999). Nos. of Irish bog pines and nos. of dendrodated bog oaks and lake oaks (from below present-day lake levels; after
Turney et al., 2006), indicating bog-surface dryness and low lake levels. Northern Germany: wet phases inferred from bog-pine records from
N. Germany. Symbol a is 2150 BCE, b is 2850 BCE, c is 3990 BCE (a and b are referred to as long-lasting “severe wet phases”; c as the
beginning of die-off of bog pine, most trees dead within 10 years, oak ring widths also depressed; Eckstein et al., 2011). Period “b” also
marks an extremely wet phase at Campemoor, Dümmer See, when pine-trackway construction took place using pine that was growing locally
on the bog (Leuschner et al., 2007). Northern Germany: Totes Moor. Pine dying-off and expansion of raised bog phases, most likely due
to wetter conditions (Achterberg et al., 2018). The dendrochronologically dated pine record relates to 6703–3403 BCE. (c) Belderrig: soil
erosion and maximum wetness at the main archaeological site (Verrill and Tipping, 2010a). Achill: major soil-erosion event at ca. 3200 BCE
and increased wetness beginning at ca. 2850 BCE (Caseldine et al., 2005). GLU IV water table (schematic) based mainly on pollen data (cf.
Molloy and O’Connell, 1995). Pine flush refers to elevated Pinus percentage values in the particular pollen profiles. Pine growing on mire
is based mainly on pollen data, including pine stomatal data, and also 14C-dated pine timbers in the case of profile GRN I. Note: 14C-based
age–depth models probably underestimate the age of the pine flush in profiles BHY III and IV (see Discussion). Dendrochronologies from
Garrynagran (oak is fixed; two floating pine chronologies are fixed by 14C dating).
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Figure 11. Overview of chronological markers associated with pollen profiles, BHY series, GLU IV and GRN I. The following are shown
(plotted to a calibrated timescale; chronology based on age–depth model for the respective profile): Pinus pollen percentage values (non-filled
histograms used where x scale is ×10; pine flush is marked only in GLU IV and GRN I), percentage Poaceae/Betula ratios (GRN I lacked
a clear pattern and so is not plotted), and curves for deposit accumulation time (y cm−1). The upper part (dashed line) indicates average
accumulation time; it should be regarded as broadly indicative only, especially in GRN I. Also shown: position of mineral soil–basal peat
interface for BHY profiles, tephra layers as detected by ashing and also tephra that was geochemically characterised (main concentrations
indicated), and pine stumps. A line within a circle indicates the median calibrated age of a 14C-dated stump. Stumps C51, C54 and C57 are
from the vicinity of pollen profiles BHY III–IV; C42 is from the vicinity of GLU IV; P2 is directly associated with pollen profile GRN I.
Diagrammatic representations of pine stumps (1 and P2; 1 was on 10–15 cm of peat, 30 cm distant from BHY III; P2 is directly associated
with GRN I; its 14C date is positioned with respect to the timescale) are indicated with respect to their stratigraphic position relative to the
pollen data rather than the timescale.

gave the date 4110± 25 BP (ca. 2660 BCE) may have con-
tributed, at least partly, to these high values. The floating
pine chronology GRN P1M (438 years) spans the interval
ca. 3135–2700 BCE; i.e. it more or less fits into the interval
defined by these two Pinus peaks. After the pine flush, the
low Pinus values in GRN I (5± 2.4 %; n= 9) suggest that
pine persisted, probably mainly on mineral soils, until at least
1800 BCE when the pollen profile GRN I ends. Despite the
contrasting geomorphological setting at Glenulra and Gar-
rynagran (small deep basin vs. an extensive mire covering
gently undulating terrain), there is good agreement regarding
the pine records and especially the pine flush phenomenon.

As regards the short BHY peat profiles from Céide Fields,
only two of the four profiles show a pine flush (BHY III
and VI). Given that this is an event of wide regional signif-
icance (recorded also by Moore (1979) and Bourke (1972);

see Fig. S1), it is assumed that at BHY IV and V peat had not
yet begun to accumulate locally, i.e. near Behy court tomb,
and so these profiles fail to capture this event. The age–depth
models for profiles BHY III and VI (based on 14C dates and
developed independently) indicate that the pine flush is cen-
tred on or occurred somewhat earlier than 2500 BCE, i.e. a
century or two later than the same event in profiles GLU
IV and GRN I. While such a late date is possible, it is un-
likely especially given that the 14C dates from pine timbers
indicate that more than half the 14C-dated pine trees from
Céide Fields and its environs (Fig. 7) were probably dead by
3000 BCE (it is assumed that the samples dated by Caulfield
et al. (1998) derive mainly from outer tree rings). It is there-
fore best to consider the pine flushes in BHY III and VI as
being of similar age to those in GLU IV and GRN I (2820–
2720 BCE and 2750–2620 BCE, respectively), which have
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tightly constrained chronologies. The pine timber 14C dates
from close to BHY III (three in all; Figs. 1 and 9) also sup-
port this view. Hence we conclude that the age–depth mod-
els underestimate the age of the basal peat in BHY III and
VI. In other words, peat more than likely began to accumu-
late at these sites no later than ca. 2750 BCE, i.e. in the late
Neolithic.

According to the age–depth model, peat initiation at BHY
V begins at ca. 2300 BCE (Fig. 11). Whether this underesti-
mates when peat begins to accumulate at this site is not easily
evaluated. Pinus is recorded in the basal spectra at 1 %–2 %;
i.e. pine is probably still present locally, but clearly the pine
flush is not captured. It is probably best to continue to regard
2300 BCE as the best available indication of age of peat initi-
ation at this location though in all likelihood it is a minimum
age.

Another important feature of the BHY profiles (also GLU
IV but not as pronounced) is the dominance of Betula dur-
ing the initial stages of peat initiation and the subsequent
sharp rise to dominance of Poaceae at the expense of Be-
tula (see the relevant pollen diagrams and Fig. 11 where
Poaceae/Betula ratios are presented). Betula and Poaceae
pollen are probably arising from birch and grasses (e.g. M.
caerulea), respectively, present at or close to the sampling
sites mainly on peaty soils. That birch could flourish suggests
low levels of farming activity, i.e. few grazers. Interestingly,
birch charcoal dominates several of the charcoal assemblages
from late Neolithic and early Bronze Age contexts in the ex-
cavations carried out at the Céide Fields Visitor Centre prior
to its construction (O’Donnell, 2011).

It is unclear what triggers the switch from Betula to
Poaceae dominance in the Bronze Age (prior to 1500 BCE).
The apparent lack of synchroneity would appear to exclude
climate as the main factor, while increases in P. lanceolata
point to increasing human impact. Particularly high values
for P. lanceolata (up to 12.1 %) are recorded in profile BHY
IV in the late Bronze Age (Fig. S4). This suggests that hu-
man activity and non-peaty soils persisted in the vicinity of
Behy court tomb until well into the Bronze Age and possibly
the early Iron Age.

The pollen profile CF I is an outlier as regards pollen and
also age (Figs. S7 and S2a, respectively). Here peat began to
accumulate in the late Bronze Age (ca. 1000 BCE) in the con-
text of an open, more or less treeless, and grass-dominated
environment. The plough (ard) marks discovered nearby (see
Introduction) are probably older but not so old as not to be
ascribable to the same cultural period, i.e. the late Bronze
Age. Thus they are probably broadly similar in age to the ard
marks that underlie the cultivation ridges at Belderrig (see
Introduction). If the chronology as proposed is correct, they
would appear to be somewhat older than the extensive, broad
and well-defined cultivation ridges recorded beneath blan-
ket peat at Carrownaglogh, 37 km to the south-east of Céide
Fields (O’Connell, 1986).

5.2 Early prehistoric farming – an overview with
particular reference to mid-western Ireland

After the inception of farming in the mid-Holocene, human
impact becomes the main and often dominant factor influ-
encing environmental change. Human impact, however, is
not the sole factor, rather it is that which modifies, and of-
ten fundamentally changes, the direction of change induced
by other long-term influences including pedogenesis, plant
competition and succession, and climate change. Decipher-
ing which specific factors are operating at particular times
and places is never easy partly because we often do not have
the detailed evidence to identify and quantify the changes or
to disentangle how a complex web of changes is being driven
(cf. Arponen et al., 2019a, b; Riede, 2019).

In the case of north Mayo we are fortunate in now having
a rather comprehensive dataset that allows us to make some
important deductions. This dataset is summarised in Fig. 10.
Poaceae and P. lanceolata curves from the long pollen pro-
files GLU IV and GRN I, as well as pollen profiles DRG1
(Lough Dargan) and CNY1 (Cooney Lough) from nearby
Co. Sligo (Ghilardi and O’Connell, 2013; O’Connell et al.,
2014), show well-defined and closely synchronised patterns
of human impact in a relatively small area. Substantial im-
pact (landnam) characterises the early Neolithic (phase N2a,
3800–3400 BCE; Fig. 10). The strongest impact registers in
GLU IV which is not surprising if our hypothesis that this
is the period of stone-wall construction (and, by implication,
more or less complete woodland clearance) at Céide Fields
is correct. In Neolithic phase N2b (3400–3100 BCE) farming
has declined. Interestingly, however, there is still substantial
farming in north Mayo and especially at Céide Fields (GLU
IV) where, presumably, the field system continued in use in
the context of predominantly pastoral farming, i.e. farming
based primarily on animal husbandry that presumably in-
volved mainly cattle rearing which appears to have been all-
important in the Irish Neolithic (Woodman, 2016; also Mc-
Cormick (2007) who stresses the dearth of securely dated
Neolithic bone material in Ireland).

The later Neolithic phases N3a and N3b (3100–2700 BCE
and 2700–2350 BCE) are characterised by a lack of evi-
dence for farming and low-level farming activity, respec-
tively. This corresponds to the gap in activity in the Irish Ne-
olithic, highlighted by O’Connell and Molloy (2001) on the
basis of pollen evidence and subsequently complemented by
evidence derived from macrofossils (especially cereals) and
other tightly age-constrained data derived from archaeolog-
ical excavations (cf. Cooney et al., 2011; McSparron, 2008;
Whitehouse et al., 2014). Moreover, several recent detailed
pollen profiles serve to confirm that this pattern of farming
activity characterises the Irish Neolithic at many sites (e.g.
Selby et al., 2005; Taylor et al., 2017; Chique et al., 2017).

A strong upsurge in farming activity in the Chalcolithic
and early Bronze Age (Chalcolithic begins at ca. 2500 BCE
in Ireland; O’Brien, 2012) is another feature of the pollen
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profiles from north Mayo and Sligo as summarised in Fig. 10.
An upsurge in farming at the about this time is well attested
to by pollen profiles from various parts of Ireland and also
Britain (McLaughlin et al., 2016).

5.3 Mid-Holocene environmental change and human
population dynamics – insights into forcing factors

Valuable insights into local and regional environmental
change during the periods referred to above are provided by
a variety of sources including pollen profiles (e.g. water ta-
ble reconstruction at GLU IV based on changes in local bog
vegetation based largely on the pollen evidence) and the phe-
nomenon of pine associated with bogs in north Mayo and
also dendrochronological data with tight chronological con-
trol from further afield including central and northern Ire-
land, Scotland and northern Germany (Fig. 10). Though Irish
bog pine generally shows a wide spread of dates (several mil-
lennia) and pollen profiles such as GRN I suggest more or
less continuous presence of pine on the local bog surface,
the concentration of dates centred on 3000 BCE is striking.
Significantly also, there are the fixed (cross-matched to the
Irish fixed oak chronology) pine chronologies from northern
Ireland and Scotland that are centred on this date (Pilcher et
al., 1995; Moir et al., 2010). The floating dendrochronolog-
ical pine record from raised-bog contexts in central Ireland
is, however, younger (2500–2000 BCE; McNally and Doyle,
1984) and appears to be an outlier, at least as far as Ireland is
concerned (but see Lageard et al., 1999).

Under present-day climatic conditions, pine does not
colonise Irish bog surfaces in the absence of drainage
or a disturbance such as fire (cf. O’Connell and Doyle,
1990) most likely because these habitats are too wet. The
widespread pine colonisation of bog surfaces in the past,
especially in instances where regional synchroneity can be
demonstrated, was presumably triggered by climate shifts
that involved less precipitation and/or high temperatures
which, in turn, led to lower wetland water tables (cf. Achter-
berg et al., 2018; Eckstein et al., 2011). Such changes, rather
than factors such as storms or fire, facilitated pine establish-
ment and growth on bog surfaces (Eckstein et al., 2009).
McGeever and Mitchell (2015), however, on a basis of a
compilation of 14C dates of Irish bog-pine timbers, ques-
tion the validity of regarding climate change as the main
factor leading to the high frequency of bog pine during the
mid-Holocene in Ireland. We appreciate that several fac-
tors are undoubtedly involved, but, in our view, the regional
synchroneity of the pine flush favours a climate-change ex-
planation. We envisage that drier bog surfaces led to the
widespread establishment and growth of pine on bog that,
previously, had been too wet for tree growth.

Given that the intensity and timing of phases of farming
activity as described here appear not to be positively cor-
related with fluctuations in climate (Fig. 10; especially the
tree-ring (both pine and oak) records from Ireland and Ger-

many), it is difficult to justify invoking climate change as
the main factor determining levels of farming activity in the
north Mayo region and indeed Ireland generally (cf. Krossa
et al., 2017; Stevens and Fuller, 2015; Stolze et al., 2013; Tur-
ney et al., 2006, 2016; for a general discussion on determin-
ism in archaeological contexts see Arponen et al., 2019a).
Rather it would appear that farming and human population
dynamics were more influenced by factors such as cultural
developments and societal changes (cf. Plunkett et al., 2013;
Bishop, 2015; Arponen et al., 2019b) and, in the case of north
Mayo, blanket bog that was already locally extensive prior to
the commencement of Neolithic farming but expanded con-
siderably following the abandonment of or reduction in farm-
ing in the middle and later Neolithic.

6 Conclusions

Long pollen records from Céide Fields and Garrynagran,
north Mayo, indicate substantial, and in the case of Céide
Fields, major landnam, i.e. woodland clearance in the con-
text of Neolithic farming. Landnam started from 3800 BCE,
with the initial intensive phase lasting 400 years. We sug-
gest that the stone-wall field system at Céide Fields was con-
structed during this time, which, as regards its early date and
highly regular and extensive pattern, is unique in European
Neolithic contexts (Fowler, 1983; Bakels, 2009). The early
landnam phase was followed by a less intensive but yet sub-
stantial farming phase – well pronounced at Céide Fields –
of 300 years duration.

A distinct lull in farming activity characterised the middle
and late Neolithic (3100–2350 BCE). Midway in this inter-
val, there are signs of the resumption of farming in the pollen
records. During this time the phenomenon of the pine flush
is recorded, i.e. widespread establishment of pine on blanket
bog. In this connection, it was possible to construct a floating
pine chronology (P1M) at Garrynagran that spanned the in-
terval 3135–2700 BCE. It is argued that the pine flush serves
as a useful chronological tool, especially for the critical as-
sessment of the age of basal peats in blanket-bog contexts at
a regional level.

The long history of pine growing on peat surfaces in Co.
Mayo is particularly well demonstrated by the evidence from
Garrynagran where pollen and stomata and securely dated
pine timbers (dendro- and 14C-dated) show that pine had a
continuous presence on peat from 5700–2600 BCE (and al-
most certainly earlier (lower part of pollen core was not anal-
ysed) and possibly later). These and other records of pine
of similar and older ages from blanket-bog contexts indicate
relatively widespread presence of bog pine and, more signif-
icantly in the context of the possibilities for prehistoric farm-
ing, extensive blanket bog in the region prior to the begin-
ning of Neolithic farming (cf. for a wider regional perspec-
tive on blanket-bog growth see Gallego-Sala et al., 2016; also
O’Connell, 1990).
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Given that the pine flush centred on ca. 3100–2700 BCE is
a regional phenomenon, it is argued that it signifies climate
change involving decreased precipitation and/or higher tem-
peratures that enabled pine to germinate freely and grow for
many years on bog. At Garrynagran, of the dendrochronolog-
ically investigated pine timbers, 19 had > 100 annual rings
and eight had > 200 annual rings, while only four had < 60
annual rings (not used for matching). The three oak samples
had > 150 annual rings.

Expansion of blanket bog in areas that were previously
farmed (pasture and also arable) at Céide Fields and Belder-
rig appears to be a phenomenon of the middle and late Ne-
olithic period rather than the Bronze Age. Given that major
blanket-bog expansion coincides more or less with the pine
flush, it is unlikely that the expansion was mainly the result
of wetter conditions, i.e. climate-induced. The abandonment
or neglect of previously farmed land and soil degradation,
rather than a wetter and/or cooler climate, are more likely
to have given rise to conditions favouring peat accumulation
and bog expansion.

On the basis of the palaeoecological data available to us,
we reassert the importance and intensity of farming (mainly
pastoral but with an arable component) in the early Neolithic
in north Mayo and elsewhere in the wider region. Further-
more, we suggest that the arguments presented by White-
field (2017) for a reassessment of the age of the stone-wall
field systems in north Mayo arise from a misunderstanding
of the evidence and especially the palaeoecological records.
We respectfully suggest that the arguments he proffers be
rejected and, unless and until substantial new evidence be-
comes available, that the pre-bog field systems be regarded
as pertaining to the Neolithic and indeed the earlier part
of the Irish and British Neolithic, a view also shared by
many archaeologists (e.g. Bradley, 2003; Cooney et al., 2011;
Caulfield, 2018; Warren, 2018).

Data availability. Geographical details, results of 14C dating,
plots of pollen profiles Behy I–VI and other short profiles from
Céide Fields and profile BDG1 from Belderrig, and photographs
from Céide Fields, Belderrig and Garrynagran are provided in the
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Abstract: The late Pleistocene Yedoma Ice Complex is an ice-rich and organic-bearing type of permafrost de-
posit widely distributed across Beringia and is assumed to be especially prone to deep degradation
with warming temperature, which is a potential tipping point of the climate system. To better under-
stand Yedoma formation, its local characteristics, and its regional sedimentological composition, we
compiled the grain-size distributions (GSDs) of 771 samples from 23 Yedoma locations across the
Arctic; samples from sites located close together were pooled to form 17 study sites. In addition, we
studied 160 samples from three non-Yedoma ice-wedge polygon and floodplain sites for the compar-
ison of Yedoma samples with Holocene depositional environments. The multimodal GSDs indicate
that a variety of sediment production, transport, and depositional processes were involved in Yedoma
formation. To disentangle these processes, a robust endmember modeling analysis (rEMMA) was per-
formed. Nine robust grain-size endmembers (rEMs) characterize Yedoma deposits across Beringia.
The study sites of Yedoma deposits were finally classified using cluster analysis. The resulting four
clusters consisted of two to five sites that are distributed randomly across northeastern Siberia and
Alaska, suggesting that the differences are associated with rather local conditions. In contrast to prior
studies suggesting a largely aeolian contribution to Yedoma sedimentation, the wide range of rEMs
indicates that aeolian sedimentation processes cannot explain the entire variability found in GSDs
of Yedoma deposits. Instead, Yedoma sedimentation is controlled by local conditions such as source
rocks and weathering processes, nearby paleotopography, and diverse sediment transport processes.
Our findings support the hypothesis of a polygenetic Yedoma origin involving alluvial, fluvial, and
niveo-aeolian transport; accumulation in ponding waters; and in situ frost weathering as well as post-
depositional processes of solifluction, cryoturbation, and pedogenesis. The characteristic rEM com-
position of the Yedoma clusters will help to improve how grain-size-dependent parameters in per-
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mafrost models and soil carbon budgets are considered. Our results show the characteristic properties
of ice-rich Yedoma deposits in the terrestrial Arctic. Characterizing and quantifying site-specific past
depositional processes is crucial for elucidating and understanding the trajectories of this unique kind
of ice-rich permafrost in a warmer future.

Kurzfassung: Der spätpleistozäne Yedoma Eiskomplex ist ein eisreicher und organikhaltiger Permafrosttyp, der in
Beringia weit verbreitet ist. Durch den hohen Eisanteil wird der Yedoma Eiskomplex im Zuge des
Klimawandels als besonders anfällig für tiefgreifende Störungen betrachtet und damit ein potentieller
Kipppunkt des Klimasystems. Um seine Entstehung, die lokalen Eigenschaften und die regionale sed-
imentologische Zusammensetzung besser zu verstehen, haben wir die Korngrößenverteilung von 771
Proben an 23 Yedoma-Standorten in der Arktis zusammengestellt; räumlich eng zusammenhängende
Probenserien wurden zu 17 Untersuchungsstandorten zusammengefasst. Darüber hinaus wurden 160
Proben aus nicht Yedoma-Ablagerungen von drei Eiskeilpolygon- und Überschwemmungsgebieten
als holozäne Referenzen untersucht. Die multimodalen Korngrößenverteilungen zeigen, dass eine
Vielzahl von Sedimentbildungs-, Transport- und Ablagerungsprozessen an der Yedoma-Entstehung
beteiligt waren. Um diese Prozesse zu erkennen, wurde eine robuste Endmembermodellierungs-
analyse (rEMMA) durchgeführt. Neun robuste Endmember (rEM) charakterisieren die Yedoma-
Ablagerungen über ganz Beringia. Die untersuchten Standorte der Yedoma-Ablagerungen wurden
anschließend mittels Clusteranalyse klassifiziert. Die daraus resultierenden vier Cluster umfassen
zwei bis fünf Untersuchungsstandorte, die unregelmäßig über den Nordosten Sibiriens und Alaska
verteilt sind. Die breite Palette von rEMs zeigt, dass nicht allein äolische Sedimentationsprozesse
für die Variabilität in den Korngrößenverteilungen von Yedoma-Ablagerungen verantwortlich sind.
Vielmehr wird die Sedimentation der Yedoma-Ablagerungen eher durch lokale Bedingungen wie
Ausgangsgesteine, ehemalige Topographie und multiple Transportprozesse gesteuert. Das stützt die
Hypothese einer polygenetischen Yedoma-Entstehung, die alluvialen, fluvialen und nival-äolischen
Transport und Akkumulation in polygonalen Tümpeln und in-situ Frostverwitterung sowie postsedi-
mentäre Frostverwitterung, Solifluktion, Kryoturbation und Pedogenese beinhaltet. Die charakteristis-
che rEM Zusammensetzung der Yedoma Cluster kann auch helfen korngrößenspezifische Parameter
besser in der Kohlenstoffbudgetierung und Permafrostmodellierung zu berücksichtigen. Damit trägt
die Charakterisierung und Quantifizierung standortspezifischer Ablagerungsprozesse in der Vergan-
genheit dazu bei, die charakteristischen Eigenschaften eisreicher Yedoma-Ablagerungen in der ter-
restrischen Arktis aufzuklären. Dies ist entscheidend für das Verständnis der Fortentwicklung dieses
besonderen Permafrosttyps in einer wärmeren Zukunft.

1 Introduction

The formation and distribution of late Pleistocene Yedoma
Ice Complex deposits located in western (Siberia) and
eastern (Alaska and northwest Canada) Beringia are still
widely debated (Table S1 in the Supplement). These perma-
nently frozen (permafrost) deposits are of silt- and sand-rich
organic-bearing sediments up to tens of meters thick inter-
spersed with large syngenetic ice wedges that contain high
amounts of excess ground ice, making them highly sensitive
to degradation in a warming climate. Syngenetic ice wedges
and segregated intrasedimental ice (ice lenses and bands)
constitute the largest portion (50 %–95 %) of this type of de-
posit by volume in most Yedoma regions (Kanevskiy et al.,
2011, 2016; Strauss et al., 2013; Ulrich et al., 2014), next to
clastic and organic components (Schirrmeister et al., 2013).
Thus, ground ice aggradation is clearly one of the most crit-
ical factors in Yedoma Ice Complex genesis (hence also the

name “Ice Complex”), and ice forms a main component of
the entire deposit, in clear contrast to the accumulation of
sedimentary deposits in temperate regions where ice does not
play a role either in the formation of deposits or as a struc-
tural and stratigraphic component.

In terms of depositional and stratigraphic characteristics,
various Yedoma types seem to exist (Kaplina, 1981; Sher et
al., 2005; Strauss et al., 2012; Murton et al., 2015) across
the area of 1.4× 106 km2 where Yedoma deposits currently
occur (Strauss et al., 2017). Because of their carbon storage
and high ice content, Yedoma deposits have been suggested
as a potential “tipping element” for future climate warming
(Lenton, 2012). Permafrost models require the parametriza-
tion of the types of Yedoma deposits, for example in terms of
their grain-size composition, to better constrain factors such
as the hydraulic conductivity and pore space volume where
water can freeze (Dall’Amico et al., 2011). The estimation of
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carbon storage potential also seems to be linked with grain-
size composition (Palmtag and Kuhry, 2018), making a better
granulometric characterization of Yedoma types useful for
carbon budget studies.

Most of the studies on Yedoma formation agree that it
was dominated by the growth of syngenetic ice wedges
in polygonal tundra landscapes during the late Pleistocene
(Schirrmeister et al., 2013). The ice wedges formed in low-
center polygon nets during the interstadial Marine Isotope
Stage 3 (MIS 3) and the stadial MIS 2 promoted by long-
lasting continental cold climate conditions with short thaw
phases during late Pleistocene summers (for references see
Table S1). The widespread formation of ice-wedge polygons
in much of Beringia was closely related to the persistence of
stable, poorly drained accumulation areas with a low topo-
graphic gradient (Schirrmeister et al., 2013).

More debated is the origin of allochthonous clastic
Yedoma components. Different hypotheses have been sug-
gested, pointing especially to the role of aeolian processes
during Yedoma formation. Studies in Yukon and Alaska
interpret Yedoma as loess or retransported loess (“muck”;
Péwé, 1955, 1975; Muhs et al., 2008). A range of other hy-
potheses have emerged to explain the late Pleistocene depo-
sition processes in the Siberian Yedoma region, interpreting
the clastic Yedoma deposits as being derived from multi-
ple, rather local sediment sources and transport pathways,
as well as from secondary sediment deformation and cryo-
genic reworking (Schirrmeister et al., 2011, 2013; Siegert et
al., 2002) and Cryosol formation (Orthels, Turbels, or His-
tels; Walter Anthony et al., 2014; Table S1), with an aeolian
fraction as one of many components of the sediment mate-
rial.

Grain-size distributions (GSDs) are known to provide es-
sential information about source-to-sink relations, transport
modes, sorting, and depositional processes (Folk and Ward,
1957; Visher, 1969; Sun et al., 2002; Bartholdy et al., 2007;
Weltje and Prins, 2007; Dietze et al., 2014; Ulrich et al.,
2019). Here, we analyzed (i) to what extent regional- to
continental-scale aeolian processes contributed to Yedoma
genesis and (ii) what the role of local sedimentation pro-
cesses was. Assuming rather similar environmental (i.e., land
cover) and climatic conditions across the Yedoma region at
the time of Yedoma formation during the late Pleistocene, we
suggest that Yedoma types and varieties originated in differ-
ent bedrock and paleotopographic configurations (Table S2).
We test this hypothesis by analyzing the GSDs of more than
700 Yedoma samples from across the Arctic in order to iden-
tify sedimentological endmembers (EMs) that can be associ-
ated with certain depositional regimes. The development of
site-specific and region-wide interpretations of Yedoma de-
positional processes helps to elucidate the typical composi-
tion, formation, and transformation conditions of these de-
posits, which are an important indicator for the late Pleis-
tocene paleoenvironment in Beringia.

2 Material and methods

2.1 Study region

The nonglaciated lowlands and formerly exposed shelf ar-
eas between the Eurasian and Laurentide ice sheets formed
a land bridge, commonly named Beringia, between Eurasia
and northern America during the late Pleistocene (Hultén,
1937). Study sites in eastern Beringia are situated on the
Alaska North Slope with exposures along the Itkillik and
Colville rivers, on the northern part of the Seward Peninsula,
and in the Vault Creek (VC) tunnel near Fairbanks in Inte-
rior Alaska (Fig. 1a, Table S2). In western Beringia, Yedoma
exposures and drill cores from numerous coastal and delta
sites in the Laptev and East Siberian seas region were stud-
ied between 1998 and 2014, mainly along the Laptev Sea
and New Siberian Islands coasts (Fig. 1b, c, Table S2). In
addition, Yedoma sites were studied in the Yakutian inland,
at the key site Duvanny Yar in the Kolyma lowlands, at the
Kytalyk site in the Yana-Indigirka Lowland, in the Batagay
Mega-slump in the Yana Highlands, and in Central Yakutia
(Table 2). All Yedoma deposits that contributed samples to
this study were formed during the late Pleistocene MIS 3
and MIS 2 periods (Table S2). Sediments from Holocene ice-
wedge polygons from two study areas in Yakutia (Kytalyk,
Yana-Indigirka lowland, and Pokhodsk, Kolyma Lowland)
were used for comparison as we consider those low-center
polygons as final formation areas of the Yedoma Ice Com-
plex (Tables 1, S2).

2.2 Analytical methods

We compiled 671 samples from previous studies and 100
unpublished samples from 23 individual Yedoma locations
in Alaska and Yakutia and added 103 samples of 13 drill
cores and 57 modern surface sediments from non-Yedoma
ice-wedge polygons from five Yakutian sites as references
(see Table S2). The modern polygon pond substrate was col-
lected from the uppermost 5 cm at the substrate–water inter-
face. For all Yedoma sites, all available samples from each
site were used for the following analysis.

Sampling and grain-size analysis followed a similar proto-
col for all samples (see references in Table S2). Frozen sed-
iment samples were taken by hammer and hatchet from out-
crops on seashores, riverbanks, and thaw slumps during ex-
peditions. Numerous vertically overlapping subprofiles 1 to
5 m in height were sampled and merged into a combined pro-
file of the site-specific stratigraphy. The correlation of sam-
pling positions was carried out by comparing height mea-
surements using measuring tape or laser theodolite. At VC,
Alaska (no. 4 in Fig. 1a), samples were taken in a tunnel with
the same approach. In addition, permafrost drill cores from
Bol’shoy Lyakhovsky Island (no. 17), Buor Khaya Peninsula
(no. 11), and Yukechi (no. 23, Table 1) were taken and later
subsampled at a 20 to 30 cm resolution in a cold laboratory
in Germany. All samples were freeze-dried in the laboratory,
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Figure 1. (a) Study region showing the distribution of investigated Yedoma sites. Study locations are grouped into three major Yedoma
regions: Alaska (diamonds), Laptev and East Siberian sea coasts including the Lena Delta (circles), and the Yakutian inland (triangles).
Investigated non-Yedoma sites are also shown (squares). The background map indicates the outline of maximum Last Glacial Maximum
areas according to Ehlers et al. (2011) and the subaerially exposed Arctic shelf areas (Beringia) based on a −125 m sea-level lowstand using
the bathymetric data from ETOPO2 (2006). Location numbers and additional characteristics are explained in Table S2. Exemplary Yedoma
study sites shown are (b) Mamontov Klyk on the western Laptev Sea coast (no. 5 in Fig. 1a) and (c) Kurungnakh Sise Island in the Lena
Delta (no. 8 in Fig. 1a).

manually homogenized without destroying the particles, and
split into subsamples for the various analyses.

For grain-size analysis 5–10 g of a sample was treated
three times a week over several weeks with 100 mL of 3 %
H2O2 in a horizontal shaker to remove organic matter. The
suspension was tested and the pH value adjusted to 6–8. At

the end of sample preparation, the samples were centrifuged
and dried. Of the dry organic-free sediment samples, 1 g was
then dispersed in 1 L of 0.01 normal NH4OH and shaken for
about 24 h in an overhead shaker. After that, the sample was
split into subsamples to obtain a solid content of 8 %–12 %
(sufficient transparency for a laser beam). The subsamples
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Table 1. Grain-size minimum and maximum, arithmetic grain-size mean, sorting, and sample numbers of the collections from the combined
17 Yedoma study sites and the non-Yedoma reference sites.

Loc. no. Location Grain-size Grain-size Sorting No. of
min–max mean±SD min–max samples

(µm) (µm) (ϕ)

Alaska

1 Colville River 20.0–161.8 36.7± 24.1 1.8–2.5 34
2 Itkillik River 21.3–76.1 41.8± 14.2 1.8–2.3 45
3 Seward Peninsula (Kitluk River) 26.3–63.7 35.6± 9.6 1.9–2.4 24
4 Vault Creek tunnel 29.2–108.2 48.0± 20.0 1.4–1.9 24

Western Laptev Sea

5 Cape Mamontov Klyk 13.8–68.8 41.3± 13.2 1.2–2.4 34

Lena Delta

6, 7 Ebe Basyn Sise and Khardang Sise is-
lands

2.6–386.2 154.7± 72.3 1.0–2.7 47

8 Kurungnakh Sise Island 35.7–467.3 102.1± 70.2 1.8–2.9 48

Central and eastern Laptev Sea

9 Bykovsky Peninsula 15.8–161.4 65.4± 34.9 1.8–3.1 36
10 Muostakh Island 33.3–590.9 190.3± 129.9 1.8–3.5 29
11 Buor Khaya Peninsula 20.8–90.9 47.1± 19.3 1.8–2.4 90

New Siberian Islands and the Dmitry Laptev Strait

12, 13, 14, 15, 16 Stolbovoy, Bel’kovskiy, northern
Kotelny, southwestern Kotelny, and
Maly Lyakhovsky islands

14.5–40.5 27.0± 6.9 1.5–1.9 19

17 Bol’shoy Lyakhovsky Island 7.9–291.3 44.6± 33.8 1.6–2.7 105
18 Oyogos Yar coast 15.7–52.7 28.5± 8.4 1.6–2.1 44

Yakutian inland

19 Duvanny Yar 19.6–48.3 30.5± 4.8 1.9–2.3 94
20 Kytalyk 19.7–41.8 30.2± 7.0 1.9–2.3 18
21 Batagay Mega-slump 65.0–126.2 87.5± 12.7 1.4–2.4 38
22, 23 Tabaga and Yukechi 31.1–86.4 47.1± 13.3 2.0–2.4 42

Non-Yedoma (as reference)

Pokhodsk polygon cores 21.1–123.9 66.5± 25.6 2.0–2.9 47
Pokhodsk polygon bottom 25.6–347.3 105.4± 79.1 2.0–3.1 31
Kytalyk polygon cores 24.2–137.8 46.9± 23.5 1.8–2.6 28
Kytalyk polygon bottom 15.5–264.2 99.7± 73.1 1.9–2.8 26
Kolyma and Berelekh floodplains 20.1–119.2 38.3± 19.2 2.0–2.5 27

were sieved through a 1 mm sieve to avoid the destruction
of the diffraction sample cell by larger particles. There is
mostly no, or sometimes a little, content (< 1 %) of sieve re-
mains larger than 1 mm. It should be noted that due to the
methodical assumption of spherical grains in laser grain-size
analysis, the final grain size can sometimes be slightly above
the upper limit of 1 mm. Hence, we here consider the GSD
up to 2000 µm. Finally, the subsamples were measured in a
laser diffraction particle analyzer (Beckman Coulter LS 200)
with 92 channel sizes between 0.375 and 2000 µm using

the Fraunhofer optical model preprogrammed in the LS 200
analyzer. Three or more subsamples of each main sample
were analyzed, and their combined GSD was calculated with
the analytical software of the laser diffraction particle ana-
lyzer. Grain-size parameters such as sand–silt–clay distribu-
tion, arithmetic mean in micrometers (µm), and sorting in phi
(ϕ) were calculated using GRADISTAT 8.0 (Blott and Pye,
2001).

To have a sufficient number of individual samples for fur-
ther analysis (here, n > 15), we combined the 23 studied
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Figure 2. Example of grain-size analysis and the different steps of rEM modeling analysis (R package rEMMAgeo; Dietze and Dietze,
2019). (a) All grain-distributions of a site, (b) identification of rEM from all similarly likely endmembers with a > 50 % explained variance,
(c) mean and 1 standard deviation of rEM, and (d) mean robust scores of respective rEM (more details are explained in the text).

Yedoma sites into 17 regional groups by merging sites lo-
cated close together (Table 1). To distinguish characteristic
grain-size subpopulations from specific regions and to disen-
tangle formation and transformation processes, we unmixed
the polymodal GSDs of each site and the overall record us-
ing a robust endmember modeling analysis (rEMMA) run in
the open-source R package EMMAgeo following Dietze et
al. (2012, 2014) and Dietze and Dietze (2019). A type of
eigenspace analysis, rEMMA is similar to principal compo-
nent analysis but with the capacity to transform the endmem-
ber (EM) components so that the loadings can be interpreted
as GSDs (see details in Dietze et al., 2012). The scores pro-
vide a quantitative estimate of how much an EM contributes
to a sample. To obtain a robust estimate of EMs from a mea-
sured GSD, several EM models were analyzed with the fol-
lowing steps (see background in Dietze et al., 2012):

1. The ranges of a weight transformation parameter and
likely numbers of possible EMs were identified from the
measured data set (Fig. 2a).

2. Robust EMs (rEMs) were defined as grain-size subpop-
ulations that appear independent of model parameters.
For a number of parameter sets, rEMMA was then per-
formed. All model solutions with an overall explained
variance of > 50 % were used to determine the rEMs,
which consistently appeared among all chosen solu-
tions (with similar main modes and shape, identified in
Fig. 2b). An average over all similar EMs was calcu-
lated to describe the rEM.

3. An uncertainty estimate for the loadings (contribution
of grain-size classes to each rEM) of each mean rEM
was calculated from the spread of the modeled rEM
loadings (Fig. 2c).

4. Mean scores (Fig. 2d) were calculated for the mean rEM
loadings and a weight transformation limit that opti-
mized the explained variance in the data set. The un-
certainty estimate for the scores was calculated via a
Monte Carlo simulation (see Dietze and Dietze, 2019).
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From the rEM loadings and scores, variances explained
by sample and class were calculated.

To group the study sites further based on the rEM analy-
sis, the rEMs, along with their explained variances, were
used for a hierarchical cluster analysis (Anderberg, 1973).
The explained variances in the primary modes of all rEMs
were summed within nine grain-size classes that contain
the most common rEM modes (see rEMMA results below)
into coarse sand (> 750 µm), medium sand (281–750 µm),
fine sand (101–280 µm), coarse silt (51–100 and 28–50 µm),
medium silt (12–27 µm), fine silt (8–11.9 µm), very fine silt
(4–7.9 µm), and clay (< 4 µm). As the explained variances
represent the fraction of a certain rEM for a specific site, a
chi-square distance measure was used; distances dij between
two sites i and j were determined using the following for-
mula:

dij =

∑7
k=1

[
exvar (EMk (i))− exvar (EMk (j ))

]2
exvar (EMk (i))+ exvar (EMk (j ))

,

where exvar (EMk (i)) is the explained variance in the kth
rEM of site i. The clustering method used was “complete”,
meaning after the creation of a new cluster, distances to the
remaining clusters were calculated using the larger of both
original distances. The bootstrapping approach from the R
package pvclust (Suzuki and Shimodaira, 2006) was used
to assess the significance of possible clusters. Using this
method supplied probabilities for each edge in the cluster
dendrogram, allowing the choice of statistically certain clus-
ters. The package supplies a basic bootstrapping probability
significance value and a corrected approximately unbiased
significance value, which we used to assess the statistical sig-
nificance of the cluster edges and to determine the significant
clusters.

In addition to cluster analyses, we combined the stud-
ied Yedoma sites into three spatially explicit regions for
Arctic-wide comparisons: (1) Alaska; (2) the Laptev and East
Siberian sea coasts, including the Lena Delta; and (3) the
Yakutian inland.

3 Results

3.1 Results of classical grain-size analyses

GSD curves of Yedoma sites reflect strong regional hetero-
geneity. The sand–silt–clay diagram of all studied samples
(Fig. 3) shows the various compositions of the Yedoma se-
quences. The studied Yedoma deposits consisted mostly of
poorly to very poorly sorted material with maxima in the silt
and fine sand fractions (Table 1), with a certain proportion of
the clay fraction. In addition, coarse sand and gravels were
also observed in the field. Most sites are silt-dominated, but
sites in the Lena Delta and on the Laptev Sea coast are sand-
dominated.

The Colville site (Fig. S3.1a in the Supplement) on the
Alaska North Slope is characterized by uni-, bi-, tri-, and

polymodal distributions of poorly to very poorly sorted mud
to medium sandy silt (Fig. S4.1). The Itkillik site exhibits bi-,
tri-, and polymodal distributions of coarse silt to fine sandy
coarse silt. The VC tunnel Yedoma site near Fairbanks shows
mostly unimodal and sometimes bi- and trimodal distribu-
tions of poorly sorted coarse silt to very fine sandy coarse
silt. The Kitluk site on the Seward Peninsula contains sorted
to very poorly sorted very fine sandy coarse silt that is uni-,
bi-, tri-, and polymodally distributed.

The Yedoma sites on the coasts of the western and cen-
tral Laptev Sea as well as in the Lena Delta (Fig. S3.2) all
show a wide range of GSDs including uni-, bi-, tri-, and
polymodal curves (see examples in Fig. 4a). The sorting and
the prevalent particle sizes, however, differ from site to site.
The Mamontov Klyk site on the western Laptev Sea coast
is characterized by poorly to very poorly sorted medium silt
to very fine sandy coarse silt. The Ebe Sise (Nagym) and
Khardang Sise Lena Delta sites are composed of moderately
to very poorly sorted clay to fine sand. The Kurungnakh
Lena Delta site is characterized by poorly to very poorly
sorted fine sandy coarse silt to coarse silty medium sand.
The Bykovsky site includes sorted coarse silt to coarse silty
fine sand. The adjacent Muostakh site has the widest range in
GSD of poorly to very poorly sorted fine sandy coarse silt to
fine silty coarse sand. The Buor Khaya site contains poorly
to very poorly sorted coarse silt to fine sandy coarse silt.

The Yedoma sites of the New Siberian Islands are uni-
to bimodally distributed poorly sorted fine silt to fine sandy
coarse silt (Fig. S4.3). The largest data set from Bol’shoy
Lyakhovsky Island is characterized by uni-, bi-, tri-, and
polymodal distributions and poorly to very poorly sorted fine
silt to coarse silty coarse sand. The Oyogos Yar site located
on the opposite side of the Dmitry Laptev Strait is composed
of uni-, bi-, tri-, and polymodal poorly to very poorly sorted
coarse silt to fine sandy coarse silt.

3.2 Results of site-specific endmember modeling
analyses

The rEMMA method was applied to data sets of each site
separately. Main modes of rEMs, their explained variances,
and the total grain-size variability explained by the average
robust model for each study site are presented in Table 2 and
Figs. 4 and S4.1–S4.5. Each data set can be described by
different numbers of rEMs with modes in various grain-size
fractions between clay, fine silt, and coarse sand fractions
(rEM 9= 1.0 µm from Oyogos Yar to rEM 1= 863.9 µm
from Muostakh Island; Fig. 4a). Across all sites, the mean
of the robust models explains between 54 % and 85.5 % of
the total grain-size variability in the 17 studied data sets
(Table 2). The non-Yedoma ice-wedge polygons have sim-
ilar distributions, from the clay fraction (rEM 9= 3.2 µm)
to the coarse sand fraction (rEM 1= 716.9 µm; Table 2b,
Figs. S4.5, S5.5).
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Figure 3. Sand–silt–clay diagram of the Yedoma sites in Alaska (diamonds), on the Laptev Sea and East Siberian Sea coasts including the
Lena Delta (circles), and in the Yakutian inland (triangles) and non-Yedoma sites (squares).

In 4 out of 17 sites (Seward Peninsula, New Siberian Is-
lands, Duvanny Yar, Kytalyk), only three rEMs contribute to
the grain-size variability, whereas the sites from the Laptev
Sea coast and the Lena Delta are composed of four to five
rEMs. Figure 4a shows examples of the rEM loadings and
the original GSDs from the Laptev Sea coast and the Lena
Delta. The rEM modeling results for all study sites, shown in
Figs. S4.1–S4.5, 4b, and S5.1–S5.5, present the mean scores,
i.e., the relative contribution of a rEM to each sample. The
mean scores of the studied sample sets show the internal
variability in the composite Yedoma profiles or Yedoma se-
quences taken from different sites along riverbank and coast
segments.

Coarse sand rEMs (rEM 1; between 750 and 865 µm, ex-
plained variance 3.1 % to 38.4 %) were calculated for three
sites (Table 2a, Fig. 5) in the Laptev Sea region. Medium
sand rEMs (rEM 2) between 280 and 750 µm (explained vari-
ances 8.6 % to 31.0 %) occurred at one site in Alaska, on
two islands in the Lena Delta, and at one site on the eastern
Laptev Sea coast (Table 2a, Fig. 5). Fine sand rEMs (rEM 3;
101–280 µm) are present in all regions (Table 2a, Fig. 5), e.g.,
forming the coarsest grain-size components at two sites in
Alaska, at two sites in Central Yakutia, and on the Oyogos
Yar coast.

Two or three rEMs out of all rEMs are in the silt range.
Several rEMs with main modes in the coarse silt to very
fine sand range that we have grouped into two main rEMs
– rEM 4 (51–100 µm) and rEM 5 (28–50 µm) – occur in
most of the sites. These size classes constitute the finest and
second-finest rEMs of the combined Ebe Basyn Sise and
Khardang Sise islands regional group (i.e., main mode at

57.8 µm). These rEMs have the highest explained variances
in the Yakutian inland (Table 2a, Fig. 5).

Medium silt rEMs (rEM 6; 12–27 µm) explain variance of
11.5 % to 47.6 % of eight sites in the three regions (Fig. 5).

Fine silt rEMs (rEM 7) between 8 and 11.9 µm (explained
variance 13.5 % to 33.2 %) are calculated for four sites but
not in the Yakutian inland. Very fine silt rEMs (rEM 8) be-
tween 4 and 7.9 µm (explained variance 12.4 % to 37.8 %)
occur at six sites (Table 2a) throughout the study regions. The
clay rEMs (rEM 9) between 1 and 4 µm (explained variance
of 9.2 % to 33.9 %) are present at seven sites (Table 2a); the
finest rEM, with a main mode at 1 µm, occurs on the Oyogos
Yar coast.

The reference sites of non-Yedoma ice-wedge polygons
have clay (rEM 9) and very fine silt (rEM 8) with explained
variances between 16.8 % and 44.2 %, fine to coarse silt
(rEMs 7 to 5) with explained variances of 8.8 % to 35.1 %,
and very coarse silt to coarse sand (rEMs 4 to 2) with ex-
plained variances of 12.6 % to 47.5 % (Table 2b, Fig. 5).

3.3 Results of regional and Arctic-wide endmember
analyses

The rEMs of the regional aggregation of sites as well as the
rEMs from all Arctic-wide sites are presented in Table 2c and
Figs. 5, S6.1, and S6.3 (see scores in Figs. S6.2 and S6.3).
They show that very fine silt rEMs exist in Alaska and the
Laptev and East Siberian seas region but not in the Yaku-
tian inland. Fine and medium silt rEMs are missing in the
regional and Arctic-wide combinations. Coarse silt rEMs oc-
cur in all three regions, with the coarsest silt rEMs occur-
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Figure 4.
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Figure 4. (a) Examples of GSD curves and rEM modeling from six sites on the Laptev Sea coast and from islands in the Lena Delta. The
GSD diagrams reflect different curves for each site. GSD curves from all studied Yedoma sites and non-Yedoma reference sites are given in
Figs. S4.1–4.5 (sediment nomenclature according to Blott and Pye, 2001). The rEM modeling shows a great variety with four to five different
rEMs. The dotted lines show the standard deviation for each rEM. Grey lines show original GSDs. The EM modeling results for all study
sites are also shown in Figs. S4.1–4.5. (b) Examples of the mean scores (i.e., the relative contribution of a rEM to each sample) for the Laptev
Sea coast and the Lena Delta sites. Please note, for better comparability, scores are plotted in the same stratigraphic order, i.e., from top (left)
to bottom (right). The mean score results for all study sites are shown in Figs. S5.1–5.5.

ring in Alaska and the Yakutian inland. Very fine sand rEMs
are calculated for sites on the Laptev Sea and East Siberian
Sea coasts and for the Yakutian inland but not for Alaska.
A medium sand rEM occurs only in the Laptev and East
Siberian seas region, while coarse sand rEMs are found in
Alaska and the Yakutian inland.

3.4 Results of cluster analysis

Clustering the study sites based on the explained variances
in the rEMs resulted in four significant clusters and three
additional sites that could not be combined into a cluster
(Fig. S7.1) according to a corrected, approximately unbiased
significance value above 0.9. There are two to five sites in one

cluster. The outliers (black in Fig. S7.1) comprise the New
Siberian Islands, Muostakh Island, and Kurungnakh Sise Is-
land. Cluster 1 consists of Bol’shoy Lyakhovsky Island and
the Duvanny Yar site; cluster 2 includes one Yakutian inland
site (Batagay), three sites at the Laptev Sea (Ebe Basyn Sise
and Khardang Sise, Bykovsky, Buor Khaya) and the Alaskan
VC tunnel. All three other Alaskan sites fall into cluster 3,
together with two Siberian sites from the Laptev Sea coast
(Oyogos Yar) and the Yakutian inland (Tabaga and Yukechi).
Finally Cluster 4 consists of Kytalyk and Cape Mamontov
Klyk, both in the Laptev Sea region. The sites that cluster to-
gether are often hundreds or thousands of kilometers away
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Figure 5. Position of the rEMs and their explained variances and the overall explained variance for each calculated rEM in the entire sample
collection, the regional and Arctic-wide combinations, and the non-Yedoma references. On the left side the different clusters from the cluster
analyses are shown (more details are explained in the text).
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from each other and have no common geological history,
source rocks, or typical distances to late Pleistocene glaciers.

The clusters that include Siberian sites are more or less
randomly distributed (Fig. 6), indicating that grouping of
sites is determined by factors other than geographical loca-
tion. Instead, clusters show a typical rEM composition. Clus-
ter 1 lacks the coarse rEMs 1–3, the medium silt rEM 6,
and very fine silt rEM 8, while cluster 4 is dominated by
the coarser rEMs 1, 3, and 5 and a distinctive contribution
of rEM 8. Cluster 3, like cluster 1, lacks the coarse rEMs 1
and 2 and the very fine silt rEM 8. Cluster 2 only lacks the
coarse sand rEM 1 and the fine silt rEM 7. Statistically sig-
nificant differences between the clusters are evident for the
rEMs with main modes in the very fine sand and very fine
silt classes (rEMs 4 and 8; p values ≤ 0.05; Fig. S7.2).

4 Discussion

4.1 Interpretation of endmember modeling analyses

The multimodal GSD curves of Yedoma deposits from the
studied sites of the Laptev Sea region, from Alaska, and
from the Yakutian inland indicate a wide range of contribut-
ing grain-size subpopulations that could be unmixed by a
rEMMA. Grain-size characteristics and contributing rEMs
differed within the horizons of a site as well as between study
sites, confirming the results of heterogeneous GSDs across
the Yedoma region (Schirrmeister et al., 2011).

These subpopulations likely reflect different sediment pro-
duction, transport, depositional, and postdepositional pro-
cesses. Here, we interpret the main modes of the nine rEMs
that cluster in similar grain-size classes across sites (Table 2,
Fig. 5), suggesting that common processes were involved
in Yedoma formation. The main assumption is that higher
energy is required to mobilize and transport coarser com-
pared to finer sediment. We consider fluvial deposits from
large streams and from temporary meltwater creeks as simi-
larly important parts of the periglacial sediments that com-
prise Yedoma deposits, as are deposits from aeolian pro-
cesses (Murton et al., 2015, 2017; Péwé and Journaux, 1983;
Tomirdiaro, 1996).

However, the interpretation of the contributions of rEM
subpopulations to the individual sample compositions (i.e.,
rEM scores) can only occur in general terms, because
comparing samples and depositional environments across
Yedoma sites is hampered by postdepositional cryogenic
processes such as cryoturbation and ground ice formation
that complicate assigning an age to individual samples and,
hence, their temporal comparison. In addition, due to neotec-
tonics (seismotectonics and isostatic adjustments following
the deglaciation), we cannot reconstruct site-specific catch-
ments and ancient fluvial sediment pathways to determine
local sediment transport processes.

4.2 Yedoma grain-size endmembers and associated
processes

High transport energies are required to move the coarse sand
grains (rEM 1) that are found at three sites in the Laptev
Sea region, with the highest contributions to the sediment
of Muostakh Island deposited ca. 20–39 kyr ago, as well as
medium sands (rEM 2) that dominate on three other Laptev
Sea islands. The two rEMs found at these sites (explained
variance 10.9 % to 55.2 %) point to high-energy processes,
i.e., saltation and traction processes, in confined running wa-
ter such as during strong meltwater runoff, with the medium
sands forming the main saltation component (Visher, 1969;
Sun et al., 2002; Cockburn and Lamoureux, 2008). Fluvial
sands of rEMs 1 and 2 are coarser compared to aeolian
sands, from modes in the medium sand (e.g., 200–400 µm;
Sun et al., 2002) to coarser sand fractions, and they are more
poorly sorted, as occurs, for example, in alluvial fan envi-
ronments (Tsoar and Pye, 1987; Pendea et al., 2009; North
and Davidson, 2012). On the Tibetan Plateau, fluvial sands
with modes of around 450 µm appeared as rEMs in lake
sediments (Dietze et al., 2014). We cannot assess the an-
cient topographic position of these coarse-grained deposition
sites anymore. Yet, all these sites are located in the vicin-
ity of Permo-Carboniferous sandstone outcrops (Table S2),
which could have served as sand sources. Modern pond sub-
strates from modern ice-wedge polygons also exhibit rEM 2
with explained variances of 30.7 % to 47.5 % (Table 2b,
Figs. 5, S2.5).

The fine sand rEM 3 between 101 and 280 µm (explained
variance 14 % to 51.1 %) was found for 11 sites (Table 2a)
in all study regions. Studies of modern snow patches show
grain-size means in the same fraction, linking this rEM with
niveo-aeolian deposition (Galabala, 1997; Kunitsky et al.,
2002), which could have been reworked postdepositionally
by runoff below or on top of the snow patch. These rEMs
also include the size classes of local aeolian sands that roll
and saltate due to strong surface winds (Tsoar and Pye, 1987;
Sun et al., 2002; Vandenberghe, 2013; Dietze et al., 2014).
When showing a well-sorted rEM distribution, as at the Itkil-
lik, Colville, and Mamontov Klyk sites, these sands could
indicate local dune deposits (Tsoar and Pye, 1987; Sun et al.,
2002) and/or additional sorting by unconfined alluvial flow
(North and Davidson, 2012; Pendea et al., 2009). The rEM 3
explained 14.5 % to 33.5 % of the variance, on average, in the
modern polygon tundra samples (Table 2b, Fig. S2.5), sug-
gesting that polygonal structures are ideal sites to retain snow
patches and trap local sediments.

Two rEMs fall within the very fine sand to coarse silt
fractions (rEM 4, 51–100 µm, explained variance of 3.2 %
to 51.1 % and rEM 5, 28–50 µm, explained variance of
11.5 % to 44.8 %). Only two sites (Bykovsky Peninsula, New
Siberian Islands) did not exhibit these rEMs. These sub-
populations could be explained as fine-grained overbank de-
posits or settled suspended loads in temporarily flooded sec-
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Figure 6. Distribution of the clustered sites in Beringia according to the hierarchical cluster analyses (Fig. S7.1). Location numbers are
explained in Table 1. The color codes of the legend denote the cluster corresponding to Fig. S7.2.

tions with small slopes or shallow flow depth (Visher, 1969;
Cockburn and Lamoureux, 2008). Accordingly, rEM 4 ex-
plains most of the variance in modern floodplain sediment
of the Berelekh and the Kolyma rivers (Table 2b) and both
rEM 4 and rEM 5 were present in drill cores from ice-
wedge polygons (Table 2b, Fig. S2.5). In addition the sub-
population rEM 5 could also be explained as primary or
secondary (reworked) aeolian material (Vandenberghe, 2013;
Vandenberghe et al., 2018). The disintegration of coarser
grains by repeated frost weathering processes (Viran and Bi-
nal, 2018) could also contribute to these rEM 4 and 5 frac-
tions. Schwamborn et al. (2012) showed that experimen-
tal frost weathering of fine sand samples (63–125 µm) by
up to 230 freeze–thaw cycles leads to an increase of up to
25 % in the < 63 µm fraction of a sand sample; this pro-
cess seems likely to occur in ice-rich Yedoma sediments.
Snow patches could also have acted as sediment traps, form-
ing niveo-aeolian deposits (Galabala, 1997; Kunitsky et al.,
2002). The studied snow patch samples from Kunitsky et
al. (2002) exhibit an arithmetic mean from 22 to 491 µm
(median 10–381 µm). Very fine sand to silt fractions are also
characteristic of grain-size subpopulations of dune sand and
coarse local dust in present-day arid and periglacial environ-
ments (Tsoar and Pye, 1987; Dietze et al., 2014; Vanden-
berghe, 2013). These rEMs explain most of the grain-size
variances at Yakutian inland sites (Table 2a, Fig. 5), where
during glacial time a grassy steppe environment (Fradkina
et al., 2005a, b; Ashastina et al., 2018) could have provided
the surface roughness required for the deposition of sediment
from local low-energy floods and/or aeolian transport during
storms and short-term near-surface suspension clouds, as de-

scribed from modern-day periglacial settings (Stauch et al.,
2012; Dietze et al., 2014).

Medium silt rEM 6 between 12 and 27 µm with an ex-
plained variance between 24.9 % and 47.6 % dominates at
six sites and is present in Alaska and the Laptev Sea (Ta-
ble 2a, Fig. 5). This could be the result of unconfined flu-
vial and alluvial sediments that settled out of suspension in
ponding water, when the Shields stress fell below a criti-
cal threshold needed for motion (Dietrich, 1982). Medium
silts can either reflect low-energy sediment delivery from the
main fluvial suspension component during snowmelt (Sun et
al., 2002; Macumber et al., 2018; Cockburn and Lamoureux,
2008; Visher, 1969) or represent coarse regional dust that can
remain in suspension for several days during storm events
(Tsoar and Pye, 1987; Dietze et al., 2014). The rEM 6 ex-
plained 13.4 % to 30.9 % of the explained variance in the
modern polygon tundra samples (Table 2b, Fig. S4.5), sug-
gesting that fluvial suspension components contributed to
modern and Yedoma deposits.

The fine silt rEM 7 between 8 and 12 µm was present at
four sites in the Laptev Sea, on the New Siberian Islands,
and in the Dmitry Laptev Strait (Table 2a, Fig. 5) but not
in Alaska, the Lena Delta, or the Yakutian inland. Our ice-
wedge polygon references do not show this rEM 7. In addi-
tion, dust that traveled over distances of several hundred kilo-
meters (Vandenberghe, 2013; Tsoar and Pye, 1969; Dietze et
al., 2014) could have accumulated along rough surfaces, sim-
ilar to other aeolian components (see also experiments on dry
dust deposition by Goossens, 2005).

Very fine silt rEM 8 between 4 and 7.9 µm (explained vari-
ance between 12.8 % and 40.9 %) occurred at three sites,
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which are 500 to 1000 km apart from each other (Table 2a).
This could have originated from fine silts that were trans-
ported in low-energy fluvial suspension for a long time, as
could occur in larger streams (e.g., Kytalyk in the Yana-
Indigirka Lowland) or in recurring meltwater runoffs which
would require still water conditions for the sediments to set-
tle (Tsoar and Pye, 1987; Visher, 1969). On the Kolyma and
Berelekh river floodplains, rEM 8 deposits explain 44.2 % of
the variance (Table 2b, Fig. S4.5). This rEM 8 could also
derive from primary or fluvially reworked background dust
(Vandenberghe, 2013; Dietze et al., 2014) or even from pri-
mary or fluvially reworked pedogenic clay (Vandenberghe et
al., 2018) potentially deposited in polygon ponds such as the
polygon structures where the reference samples are from.

Similarly, clays between 1 and 4 µm (rEM 9, explained
variance of 9.2 % to 33.9 %), were present at 10 sites (Ta-
ble 2a, Fig. 5). Similar to the very fine silts, calm water con-
ditions, such as under frozen surfaces of ponds or small lakes,
i.e., palustrine conditions, are required for these clays to set-
tle (Cockburn and Lamoureux, 2008; Francus et al., 2008;
Dietze et al., 2014). The finest rEM at the Oyogos Yar coast
site can only be explained by postdepositional conditions.
Clay was formed in situ during pedogenesis (Schirrmeister
et al., 2013; Strauss et al., 2017), as it happened during the
short but warm summers of the interstadials (Kienast et al.,
2005; Andreev et al., 2011). Clays could also be concentrated
into polygon ponds by cryogenic reworking; rEM 9 consti-
tuted 16.8 % to 38.2 % of the sediment in modern ice-wedge
polygon samples (Table 2b, Fig. 5). Hence, frost weathering
might have been more important for postdepositional grain
disintegration in polygon ponds compared to at dry sites.

4.3 Synthesis

Overall, various Yedoma types exist across the large region
where Yedoma occurs (Fig. 6), ranging from spatially con-
fined Yedoma valley fills along, for example, the Lena, Yana,
Indigirka, and Kolyma rivers to vast accumulation plains on
Arctic lowlands and shelves. Cluster analyses revealed four
distinct site clusters, each comprised of two to five sites that
are distributed across Siberia. Yet the three major regions,
Alaska, the Laptev and East Siberian seas, and Yakutian in-
land, could not be differentiated by unique rEM configura-
tions. Accordingly, rEM modes did not show a distinct re-
gional or Arctic-wide pattern.

The large variety and spread of rEMs from very coarse to
very fine grain sizes suggests different source areas and dif-
ferent transport and depositional processes that act along the
sediment cascades from source rock to final deposition and
subsequent reworking (Fig. 7). In cold environments, physi-
cal weathering of clayey, silty, and sandy source rocks deter-
mines the grain sizes available for transport from local and
regional sources. From an energetic point of view grain-size
rEMs > 250 µm and < 2 µm can only be explained by flu-
vial transport (Dietze et al., 2014, and references therein) or

in the case of the < 2 µm fraction also by chemical weather-
ing. Silts and very fine sands could have derived from sev-
eral transport and depositional mechanisms that depend on
shear stress and shear velocities modified by surface rough-
ness, grain densities, cohesiveness, and other properties of
the transport medium such as water flow depth or wind fields
(Tsoar and Pye, 1987; Visher, 1969; Dietrich, 1982; Van-
denberghe, 2013; Dietze et al., 2014). In the Yedoma sam-
ples, we find a link, in that sites of coarser rEMs tend to
be located close to sandy source rocks. Yet de facto fluvial–
alluvial catchment areas and fluvial pathways are difficult to
constrain for our sites and samples due to isostatic neotecton-
ics during the Holocene and seismotectonics in modern times
(e.g., Franke et al., 2000; Grigoriev et al., 1996). Therefore,
the identification of specific catchments as sources of fluvial
and aeolian deposits is not possible without further, for ex-
ample mineralogical, information. Yet, both local to regional
fluvial and aeolian transport and depositional processes are
represented by several rEMs, especially in deposits of the
periglacial environments of MIS 2 and 3 during the late Pleis-
tocene (Fig. 7). For example, the trapping of all types of ae-
olian sediment in snow patches, forming niveo-aeolian de-
posits (Bateman, 2013), is supported by snow patch samples
from Kunitsky et al. (2002) that showed arithmetic means
from 22 to 491 µm.

Yet, the finding of primary grain-size modes across all
Yedoma deposits outside the range of classical aeolian de-
posits (i.e., coarser and finer) supports the hypothesis of a
polygenetic origin of Yedoma deposits including alluvial,
fluvial, and palustrine processes (Sher, 1997; Schirrmeister
et al., 2013; Fig. 7). In addition, further postdepositional pro-
cesses occur in periglacial environments, such as cryotur-
bation, mass wasting, solifluction, frost weathering, and re-
working (Francus et al., 2008; French, 2018; Bateman, 2013;
van Huissteden et al., 2013; Strauss et al., 2012; Dietze et al.,
2014; Fig. 7). These processes might have affected the grain-
size composition directly via postdepositional disaggrega-
tion (e.g., Schwarmborn, 2012) or soil (clay) formation dur-
ing warmer interstadials (e.g., Munroe and Bockheim, 2001;
Ping et al., 2015).

However, the dominance of ground ice and cryostrati-
graphic and cryolithologic properties in Yedoma deposits
is key to understanding the genetic distinction between the
Yedoma Ice Complex and other permafrost deposits of al-
luvial, fluvial, and aeolian origin that did not have a ma-
jor ground ice component. Various ground-ice-forming pro-
cesses during and after sediment deposition increase the in-
fluence of frost weathering and cryoturbation processes com-
pared to ice-free deposits. These processes can principally
affect all grain sizes, with potentially higher contributions
to rEM 4 and 5 (see above). Yet, assessing the contribu-
tion of secondary cryogenic processes relative to primary
sedimentation processes would require further studies that,
for example, characterize microstructures on mineral grains
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Figure 7. The polygenetic origin of Yedoma Ice Complex including (a) primary accumulation areas, (b) sediment formation, (c) sediment
transport, and (d) accumulation including postsedimentary alteration (modified after Schirrmeister et al., 2013).

(Woronko and Pisarska-Jamroży, 2016) and/or compare with
permafrost deposits of low ice content.

Indirectly, all postdepositional sediment reworking pro-
cesses affect rEM interpretation across larger geographic ar-
eas, adding uncertainties to the already large dating uncer-
tainties. Still, the quantification of the contribution of grain-
size EMs to Yedoma samples allows us to assess the relative
importance of certain sedimentary and postdepositional pro-
cesses. The four rEM clusters are not related to a certain ge-
ographic area. Yet, they are differentiated by a characteristic
lack of certain rEMs in the coarse sand, very fine sand, and
very fine silt classes, which allows for the characterization of
certain types of Yedoma deposits from a granulometric point
of view. These types and their full grain-size distributions
may help to improve parametrization in a reasonable way in
further permafrost modeling and carbon storage estimates.

5 Conclusions

We applied grain-size endmember modeling to a large pan-
Arctic sample data set of GSD data to differentiate between

possible sedimentation processes responsible for the forma-
tion of Yedoma in Beringia during the late Pleistocene. We
characterized up to nine robust grain-size endmembers, or
rEMs, within Yedoma Ice Complex deposits. We interpret
these rEMs as signals of diverse sedimentation processes,
from local to regional aeolian, alluvial, fluvial, nival, and
ponding water accumulation, which occurred in a polygo-
nal landscape and likely contributed to the minerogenic pro-
cess in different Yedoma regions. These deposits were not
only frozen into permafrost over thousands of years but also
periglacially altered during this time, for example, by in situ
frost weathering. The observed variability in grain-size rEMs
supports the hypothesis of a polygenetic Yedoma origin in-
volving multiple transport, depositional, and transformation
processes. Each Yedoma site had a different rEM composi-
tion dominated by silty rEMs, with cluster analyses revealing
four distinct rEM composition clusters.

The diversity of Yedoma deposits results from multiple
sediment origins and transport and (post)depositional sedi-
mentary processes. This has strong implications for assess-
ments of the role of Yedoma permafrost in the future. Sed-
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iment properties such as cryolithologic properties, sediment
pore volumes, and field capacities are mediated by grain sizes
and are important parameters for modeling, for example, car-
bon storage capacities, ground ice content, and permafrost
thaw rates that are very different in sand-dominated com-
pared to silt- and clay-dominated deposits (Strauss et al.,
2013; Langer et al., 2016). Hence, next to ground ice content,
future assessments of climate change impacts on circum-
Arctic permafrost deposits need to consider the current grain-
size compositions that are ultimately determined by past sed-
imentation histories.
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1 Geographical setting

The Matmata Plateau in southern Tunisia is a mid-
Cretaceous limestone plateau also called the Dahar highlands
which lies at an elevation between 400 and 700 m a.s.l.. The
plateau is located at the extreme northern margin of the Sa-
hara, between the Gulf of Gabès to the east and the Grand
Erg Oriental to the west (Fig. 1). On the plateau, several large
basins filled up with sandy loess are situated around the vil-
lages of Matmata and Techine (Coudé-Gaussen and Rognon,
1986). Two of these basins, named the Matmata basin (MB)
and Techine basin (TB), host the loess–paleosol sequences
(LPS) studied here. Because the loess sediments are highly
dissected and feature extremely steep slopes, the profiles are
easily accessible.

2 Methods

Most of the work was carried out during several field trips.
After a long-lasting prospection phase, during which we
opened as many profiles as possible, we decided to select
the nine most representative LPS for detailed geochemical
and granulometric analyses and dating (Fig. 2). Archeolog-
ical investigations were actually never planned, but we al-
ways kept an eye out for potentially interesting findings.
The chronological framework is ongoing work by the means
of optically stimulated luminescence (OSL) and infrared-
radiofluorescence (IR-RF) dating (OSL – Huntley et al.,
1985; IR-RF – Trautmann et al., 1998, 1999; Frouin et al.,
2017) as a joint effort of four different laboratories located
at the University of Bayreuth (Germany), the Max Planck In-
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Figure 1. Location of the study area and the investigated profiles (source: © Google maps).

Figure 2. Profile compilation of the Matmata loess region (southern Tunisia) supported by a model of Caude-Gaussen and Rognon (1988).
In TB-1 and MT-02 we found artifacts of the African Middle Stone Age in an open-site setting. The luminescence age estimates should be
understood as preliminary; changes are possible.
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Figure 3. Selection of artifacts from the TB-1 profile.

stitute for Evolutionary Anthropology in Leipzig (Germany),
the Université Bordeaux Montaigne (France) and the Univer-
sity of Freiburg (Germany).

3 First results

The original aim of the project was the reconstruction of pa-
leoenvironmental conditions during loess sedimentation and
soil formation phases. In this short communication, however,
we focus on lithic artifacts found by chance during field-
work. The chronology is still preliminary and allows only
a rough temporal framework. However, our still-ongoing lu-
minescence dating indicates that the lithic artifacts can be
attributed to the marine isotope stage (MIS) 6 or older. Stone
artifacts made of fine-grained flint (Fig. 3) were found on
top of a paleosol in two locations (Fig. 4; for orientation
see Fig. 2; TB-1 is 33.48162◦ N, 10.00782◦ E, and MT-02
is 33.51820◦ N, 9.99644◦ E). Combining both locations, the
collection comprises 23 unretouched complete flakes larger
than 2 cm, which are cortical, partially cortical and noncorti-
cal. We also found stone artifacts in a couple of other sections
(20 complete flakes and flake fragments), albeit without ex-
act stratigraphic context (the artifacts were washed out and
transported downslope). The location of the artifacts found
on paleosols is shown in Fig. 2. The age attribution has to

Figure 4. Stone artifact in its position found in TB-1 on a paleosol.

be corroborated by further luminescence dating efforts, but
even the possible minimum chronological placement in MIS
6 renders these findings the oldest stone tools ever found
in Tunisia (see Aouadi-Abdeljaouad and Belhouchet, 2017).
Currently, the oldest reported Middle Stone Age deposits in
Tunisia originate from Oued El Akarit, about 30 km north of
Gabès, dated to around 80 ka (thermoluminescence on flint
artifacts; Reyss et al., 2007). Ages older than this are also
presented in Reyss et al. (2007) but highly questioned due
to severe dosimetric problems. In a subsequent publication,
we plan to provide more detailed contextual information on
the as yet provisional chronology presented here. Neverthe-
less, our preliminary findings suggest that the Matmata loess
region as an extraordinary sedimentary archive could poten-
tially play a major role in reconstructing past environmental
conditions of human mobility and survival in central northern
Africa in this period.

4 Outlook

Our multinational project enriches the reconstruction of pa-
leoenvironmental conditions in central northern Africa with
a further aspect. The number of artifacts found suggests the
presence of humans in this region during the more humid
soil formation phases. The next step will be to increase the
sample size of archeological material during future fieldwork
seasons.
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Glacitectonic deformation in the late Weichselian caused
the tectonic framework of large-scale folds and displaced
thrust sheets of Maastrichtian (Upper Cretaceous) chalk and
Pleistocene glacial deposits in the southwestern Baltic Sea
area.

A wide spectrum of methods has been compiled to unravel
the structural evolution of the Jasmund Glacitectonic Com-
plex (JGC). The analyses of digital elevation models (DEMs)
suggest a division into two structural sub-complexes – a
northern part with composite ridges striking NW–SE and a
southern part with SW–NE-trending ridges. Geological cross
sections from the eastern coast (southern sub-complex) were
constructed and restored using the software Move™ and the
complementary module 2D Kinematic Modelling™.

The final geometric model of the southern sub-complex
shows a small-scale fold-and-thrust belt (Fig. 1a). It includes
three different orders of architectural surfaces (Pedersen,
2014): erosional surfaces and the decollement (first order),
thrust faults (second order), and beds outlining hanging-wall
anticlines as well as footwall synclines (third order). Thrust

faults of the southern structural sub-complex are mainly in-
clined towards the south, which indicates a local glacier push
from the S-SE (Fig. 1a).

The glacitectonic structures have a surface expression in
the form of subparallel ridges and elongated valleys in be-
tween. Geomorphological mapping and detailed landform
analyses together with the structural investigations provide
an insight into the chronology of sub-complex formation.
The northern part of the JGC is suggested to have been
formed first by an ice push from the NE, followed by
the slightly younger formation of the southern sub-complex
(Fig. 1b, c). Partly truncated northerly ridges and their su-
perimposition by the southern sub-complex indicate this
chronology. Crenulated ridges and anomalies in the structural
configuration of the easternmost part of Jasmund suggest a
third glacier push from E-ENE (Fig. 1d).

Although there is a high number of scientific publications
on the glacitectonic evolution of Jasmund, these presented
models often lack a consistent theory for the development
integrating all parts of the 100 km2 large complex. Therefore,
the combination of all results leads to a more self-consistent
genetic model for the entire JGC.
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(dissertation online) and references therein.
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Figure 1. (a) Interpreted cross section of the southern structural sub-complex below the DEM of the JGC, which shows the main parts of
the northern and southern ridge domain. The model is 2 times exaggerated. (b) First step of the multistage evolution of the JGC – formation
of the northern sub-complex by a local ice push from NE. (c) Development of the southern sub-complex by a local ice push from SE leading
to a partial truncation and superimposition of the northern ridge domain. (d) Minimum reconstruction of the ice front only touching the
easternmost part of the JGC (light blue) and assumed wider glacier extent, which kind of envelops the complex (transparent light blue).
The local ice push from E-ENE reshapes the quasi-straight ridges to wavy forms (DEM data provided by the LAiV M-V, modified after
Gehrmann, 2018; Gehrmann and Harding, 2018).
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Abstract: The southern Black Forest was temporarily covered by a ∼ 1000 km2 large ice cap during the Late
Pleistocene. However, during the last glaciation maximum in the Alps the atmospheric circulation
over Europe was presumably characterised by the advection of humid air masses from the Mediter-
ranean Sea. As a consequence, the ice cap of the Black Forest was likely in a leeward position due to
its location north of the Alps. This raises the question of whether it reached its last maximum extent
simultaneously with the glaciers in the Alps. As modern dating techniques have hitherto not been
applied to the southern Black Forest, the timing of the last local glaciation maximum remains poorly
constrained. As a first step towards an independent regional glacier chronology, we present a critical
re-examination of glacial landforms in the area north-west of the highest summit of the Black Forest
(Feldberg, 1493 m a.s.l.). It relies on both the analysis of remote sensing data and field mapping. The
review of previous studies highlights important disagreements regarding the location of ice-marginal
positions and their correlation. In addition, our findings challenge earlier studies on the glaciation of
the Black Forest: some previously described ice-marginal positions could not be confirmed, whereas
some of the newly identified moraines are described for the first time. This highlights the need for
detailed geomorphological investigations prior to the application of geochronological methods. A
multi-ridged series of terminal moraines in one of the studied valleys, Sankt Wilhelmer Tal, is pro-
posed as the main target for future dating. Due to discrepancies with earlier studies, future efforts
should reinvestigate other key areas related to the last glaciation of the southern Black Forest.

Kurzfassung: Der südliche Schwarzwald war während des Spätpleistozäns zeitweise von einer etwa 1000 km2

großen Eiskappe bedeckt. Während des letzten glazialen Maximums in den Alpen war die atmo-
sphärische Zirkulation über Europa jedoch wahrscheinlich durch eine Zufuhr feuchtebringender Luft-
massen aus dem Mittelmeergebiet geprägt. Demnach lag die Eiskappe des Schwarzwaldes vermutlich
im Lee der Alpen. Es stellt sich somit die Frage, ob die Ausdehnung der Eiskappe des Schwarzwaldes
synchron mit den Alpengletschern ihr letztes Maximum erreichte. Da moderne Methoden der Al-
tersbestimmung im Südschwarzwald bisher noch nicht eingesetzt worden sind, ist der Zeitpunkt des
letzten lokalen glazialen Maximums derzeit schlecht erfasst. Als erster Schritt zu einer unabhängi-
gen regionalen Gletscherchronologie präsentieren wir eine kritische Bewertung bisheriger Studien
zu Spuren der Vergletscherung nordöstlich der höchsten Erhebung des Schwarzwaldes (Feldberg,
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1493 m ü. NHN). Diese beruht sowohl auf der Auswertung von Fernerkundungsdaten als auch auf
Feldkartierungen. Die Betrachtung der Ergebnisse bisheriger Studien unterstreicht teilweise deutliche
Unterschiede in Bezug auf die Lage von Eisrändern und deren Korrelation. Zusätzlich zeigt diese Ar-
beit Diskrepanzen zu früheren Untersuchungen auf: einige der beschriebenen Eisrandlagen konnten
nicht bestätigt werden, während in dieser Arbeit andere Endmoränen zum ersten Mal erwähnt werden.
Dies zeigt die Notwendigkeit von sorgfältigen geomorphologischen Untersuchungen vor der Anwen-
dung geochronologischer Methoden. Eine Serie mehrerer Endmoränenwälle in einem untersuchten
Tal, dem Sankt Wilhelmer Tal, wird als Zielobjekt zukünftiger Datierungen vorgeschlagen. Aufgrund
der offensichtlichen Diskrepanzen zu früheren Studien sollten zukünftig weitere Schlüsselgebiete der
letzten Schwarzwaldvergletscherung geomorphologisch neu untersucht werden.

1 Introduction

Ice caps and glaciers are considered valuable archives for
palaeoclimatic reconstructions (Kerschner and Ivy-Ochs,
2008; Stokes et al., 2015; Mackintosh et al., 2017) if fac-
tors other than climate, such as topography, do not signifi-
cantly influence their mass balance (Barr and Lovell, 2014).
Glacier-based palaeoclimatic reconstructions require land-
forms indicative of former glacier extents to be identified and
dated. Structure-from-motion-based digital surface models
or high-resolution light detecting and ranging data are nowa-
days commonly used for their identification (Chandler et
al., 2018). Starting with the pioneering work of Ivy-Ochs et
al. (1996) in the Alps, terrestrial cosmogenic nuclide (TCN)
dating of boulders on terminal moraines has become a fre-
quently used tool for the establishment of glacier chronolo-
gies (see Balco, 2020). In addition, new approaches in the
field of optically stimulated luminescence (OSL) dating have
been developed. One of these techniques is the reconstruction
of luminescence depth profiles from boulders buried inside
glacial deposits. This approach provides not only the age of
an ice-marginal position but also insights into the transport
history of the dated boulders (Rades et al., 2018). Chrono-
logical information on past glacier extents then serves as a
base for palaeoglacier reconstruction (Pellitero et al., 2016),
whereby geographical information system (GIS) approaches
are commonly used (Pearce et al., 2017). The subsequent de-
termination of the equilibrium line altitude (ELA) reveals in-
formation on palaeotemperature and/or precipitation (Moran
et al., 2016; Hofmann et al., 2019; Protin et al., 2019).

Due to its lower elevation when compared with the south-
ern Black Forest, the last glaciation of the northern Black
Forest was restricted to small valley glaciers and cirque
glaciers in the area around Hornisgrinde (Fig. 1; Hem-
merle et al., 2016, and references therein). The southern
Black Forest was covered by a 1000 km2 large ice cap dur-
ing the Late Pleistocene (Fig. 1; Metz and Saurer, 2012).
It was characterised by radial ice flow from its centre on
top of the summit of the Feldberg (1493 m a.s.l.), and sev-
eral passes in its surroundings were overridden by outlet
glaciers. Steinmann (1902) already recognised that the sub-

sequent deglaciation was interrupted by periods of stationary
glaciers. The current subdivision of the deglaciation com-
prises, from the oldest to the youngest, the Hölzebruck, Ti-
tisee, Bärental, Waldhof, Feldsee and Seebuck-Nischenkar
stades (Metz and Saurer, 2012; Hemmerle et al., 2016). The
few limited conclusions about their age were drawn by anal-
ogy with data from sediment cores from mires and lakes in-
side terminal moraines. These approximate age estimates are
based on the apparent presence of the Laacher See Tephra
(deposited at ca. 12.9 ka; van den Bogaard and Schmincke,
1985) and on the succession of lithostratigraphic units in the
cores (Lang et al., 1984; Merkt, 1985; Lang, 2005). None
of the modern geochronological methods mentioned above
have hitherto been applied to the southern Black Forest.

From a palaeoclimatological perspective, there is an urgent
need to determine the timing of the last local glaciation max-
imum. Since the study of Florineth and Schlüchter (2000), it
has been repeatedly suggested that the atmospheric circula-
tion over Europe was characterised by the advection of hu-
mid air masses from the Mediterranean Sea during the last
glaciation maximum in the Alps (at ca. 26–24 ka; Kuhle-
mann et al., 2008; Luetscher et al., 2015; Monegato et al.,
2017). If this scenario is correct, the ice cap of the Black
Forest would have been in a leeward position with regard to
the Alps. Only a reduced amount of precipitation would thus
have been available for ice build-up. This is also consistent
with data from the Bergsee lacustrine record (southernmost
Black Forest) indicating cold and arid conditions in the 30–
23.5 ka period and a subsequent shift towards wetter condi-
tions (Duprat-Oualid et al., 2017, 2020). These lines of evi-
dence raise the question of whether the last glaciation maxi-
mum in the Black Forest was out of phase with the Alps. The
establishment of an independent regional glacier chronology
would allow for testing the hypothesis about the prevailing
atmospheric circulation over Europe.

The establishment of such a chronological framework first
requires detailed geomorphological investigations. This step
is important, as careful geomorphological analyses are often
overlooked when establishing glacier chronologies (Winkler,
2018). As high-resolution remote sensing data have hitherto
not been used in this context, glacial landforms at key sites
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Figure 1. Location of southern Black Forest, last glaciation maximum ice extent and prominent terminal moraines used for the subdivision
of the last glaciation. S: Seebuck-Nischenkar stade; F: Feldsee stade; W: Waldhof stade; B: Bärental stade; T: Titisee stade; H: Hölzlebruck
stade; J: Jostal stade. The shaded relief is based on data from the Shuttle Radar Topography Mission (SRTM; version 4) available at http:
//srtm.csi.cgiar.org/srtmdata (last access: 9 July 2019). Coordinate systems: ETRS 1989 UTM Zone 32N and WGS 1984.

in the southern Black Forest were mapped by utilising these
data and performing geomorphological field mapping. Our
study enables former studies on the glaciation to be critically
evaluated and suitable sites for terminal moraine dating to
be selected. As a reinvestigation of all glacial landforms in
the southern Black Forest would be too extensive to be pre-

sented in one paper, we focus hereinafter on glacier extent
and dynamics in the area north-west of the Feldberg. The ge-
omorphological re-evaluation of glacial landforms in other
parts of the southern Black Forest is intended to be pub-
lished separately. Since the subdivision of the deglaciation
mainly relies on glacial features in Seebachtal north-west of
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the Feldberg, this region is first reviewed in detail. The re-
sults of previous studies for three different areas (Schauins-
land area, Sankt Wilhelmer Tal and Zastler Tal) are subse-
quently critically discussed in the light of our investigations.
We do not comment on the correlation of terminal moraines
in our study area with previously defined glacial stades, as
such an assessment would require geochronological data.

2 Study area

The Black Forest (48◦ N, 8◦ E) is situated in SW Germany
close to the borders to France and Switzerland (Fig. 1).
Its highest summit, the Feldberg (1493 m a.s.l.), is situated
south-east of the city of Freiburg. The former ice cap of
the southern Black Forest is commonly subdivided into
the Brugga, Seebach, Haslach, Schluchsee, Alb, Wehra and
Wiese palaeoglaciers (Fig. 1; Hemmerle et al., 2016). With
a length of about 25 km and a thickness up to 440 m dur-
ing the last glaciation maximum (Sawatzki, 1992), the Alb
palaeoglacier was the longest and thickest of these glaciers
(Hemmerle et al., 2016). The summits of the Schauinsland
(1284 m a.s.l.), the Belchen (1414 m a.s.l.) and the Köhlgar-
ten (1224 m a.s.l.) were probably covered by distinct ice caps
that were linked to the main ice cap extending from the Feld-
berg (Fig. 1; Giermann, 1964; Rahm, 1987; Hemmerle et al.,
2016).

Our study area comprises Bruggatal, Zastler Tal, Sankt
Wilhelmer Tal and the Schauinsland area (Fig. 2). With the
exception of the western part of the latter area, our study
area belongs to the Brugga catchment, a tributary of the river
Dreisam, which flows ultimately into the Rhine north-west
of Freiburg. Zastler Tal and Sankt Wilhelmer Tal are neigh-
bouring valleys north-west of the Feldberg. The upper part
of the former valley is commonly referred to as Zastler Loch.
At an elevation of 750 m a.s.l., a change in valley orientation
occurs to the north-west. The valley meets Bruggatal at an
elevation of 450 m a.s.l. Rinkendobel, Angelsbach and Stol-
lenbach are its formerly glaciated tributary valleys. The up-
per part of the Sankt Wilhelmer Tal further south is in the fol-
lowing referred to as Napf. Wittenbach and Katzensteig are
its tributary valleys. The valley meets Bruggatal at an eleva-
tion of 650 m a.s.l. The further SW Buselbachtal including its
two tributary valleys (Steinwasental and Krummenbachtal) is
hereinafter subsumed into the upper Brugga catchment. It is
delimited to the west by a relatively smooth plateau reaching
from the Schauinsland (1284 m a.s.l.) in a southerly direc-
tion towards the Haldenköpfle (1265 m a.s.l.). Kappeler Tal,
a valley with a steep longitudinal profile north of Schauins-
land, the upper Brugga catchment and the upper portions of
all other valleys around the summit are hereinafter subsumed
as the Schauinsland area (Fig. 2).

3 Late Pleistocene glacier fluctuations in the
southern Black Forest

Multiple groups of terminal moraines inside the last glacia-
tion maximum ice extent (Fig. 1) bear witness to standstills
and/or glacial readvances during the deglaciation. As the ter-
minal moraines of the Seebach palaeoglacier were the main
target of early studies (e.g. Steinmann, 1902), they were de-
fined as stratotypes for the 7-fold subdivision of the last
glaciation (Fig. 1). Only the Seebuck-Nischenkar stade refers
to terminal moraines outside of Seebachtal (Fig. 1; Zienert,
1973). An overview of the glacial stades and the character-
istics of the glaciation as well as a tentative correlation with
biozones (Schreiner, 2011) are given in Table 1.

During the Late Pleistocene, the Seebach palaeoglacier
advanced in a NW direction into the lower portion of the
NW–SE-trending Jostal and built up a three-crested termi-
nal moraine complex (Fig. 1). Steinmann (1902) linked this
event to the last glaciation maximum and introduced the term
Jostal stade. According to later sedimentological observa-
tions summarised in Meinig (1980), the base of the termi-
nal moraine complex consists of delta sediments. The See-
bach palaeoglacier overrode this delta and deposited sub-
glacial till on top. A period of glaciofluvial sedimentation
occurred thereafter, before the ice advanced again to the
second-outermost terminal moraine and deposited till on top
of the glaciofluvial sediments. These observations suggest
that the stade was probably a multiphased period of glacial
activity.

Terminal moraines were identified west of Jostal slightly
inside the last glaciation maximum glacier extent. They prob-
ably formed during glacial standstills after the Jostal stade
(Meinig, 1966). Schreiner (1999) grouped them and assigned
the moraines to the Hölzlebruck stade named after an out-
wash plain south-east of the Jostal terminal moraine com-
plex (Meinig, 1966). The most prominent glacial landform
deposited during this stade is the Föhrwald moraine marked
with “H.” in Fig. 1. A period of ice recession occurred there-
after.

This phase of ice decay was interrupted when the Seebach
palaeoglacier readvanced and shaped the moraines north of
lake Titisee (marked with “T.” in Fig. 1). The Titisee stade
(Steinmann, 1902) was later subdivided into three phases
(Ti1–Ti3; Schreiner, 1999). The terminal moraine of the first
phase (Ti1) is found in the area north-west of the village
of Titisee. A second, relatively poorly developed terminal
moraine is observed at the western limit of Titisee (Ti2). The
terminal moraines of the third phase (Ti3) are located directly
north of the northern shore of the lake. Lang et al. (1984)
found clay at the base of their sediment core from the lake
and suggested that its deposition had already started during
the Oldest Dryas, thereby implying that the group of terminal
moraines is probably older (Fig. 3).

Another set of five terminal moraines was identified fur-
ther upvalley in Seebachtal at an elevation of 920 m a.s.l.

E&G Quaternary Sci. J., 69, 61–87, 2020 https://doi.org/10.5194/egqsj-69-61-2020



F. M. Hofmann et al.: Revisiting Late Pleistocene glacier dynamics north-west of the Feldberg 65

Figure 2. Location of our study area and last glaciation maximum ice extent (Hemmerle et al., 2016). See Fig. 1 for the data source of the
shaded relief in the inset. Coordinate systems: ETRS 1989 UTM Zone 32N and WGS 1984.

Table 1. Glacial stades in the southern Black Forest and their stratotypes (Fig. 1), characteristics of the glaciation, and a tentative correlation
with biozones.

Glacial stade Stratotype Characteristics of the
glaciation

Biozone
(Schreiner,
2011)

Seebuck-Nischenkar Terminal moraines in the uppermost Zastler Tal
at 1320 m a.s.l. and the cirque floor upvalley from
Feldsee (Zienert, 1973)

Glaciers only present in the
uppermost parts of Zastler
Tal and Seebachtal

–

Feldsee Terminal moraines at the margin of Feldsee
(Steinmann, 1902)

Glaciers mainly restricted
to the glacial cirques

Older Dryas

Waldhof Terminal moraines at the margin of the Waldhof
mire (Schreiner, 1981a)

Valley and cirque glaciers Oldest Dryas

Bärental Terminal moraines on the southern valley side of
Seebachtal near the hamlet of Bärental (Schreiner,
1981a)

Titisee Group of terminal moraines north of lake Titisee
(Steinmann, 1902)

Ice cap dominated by radial
ice flow from the Feldberg

–

Hölzlebruck Outwash plain at Hölzlebruck (Meinig, 1966) –

Jostal Terminal moraine complex at the entrance to
Jostal (Steinmann, 1902)

–
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Figure 3. Longitudinal profile of Seebachtal showing its lakes, terminal moraines and mires. See Lang et al. (1984) and Merkt (1985) as
well as the later synthesis of Lang (2005) for a detailed description of the sediment cores. Note that ages on the ordinate axis are based on
the supposed presence of Laacher See Tephra in the cores as well as on the succession of lithostratigraphic units. Radiocarbon dates were
not obtained. Modified and updated from Schreiner (1981a).

near the hamlet of Bärental (Figs. 1 and 3). Due to their
location well upvalley of the group of terminal moraines
discussed before (Fig. 1), they were defined as a type site
of the Bärental stade (Schreiner, 1981a). The ridges further
upvalley near Zipfelhof (Fig. 3) were classified as terminal
moraines and attributed to a distinct glacial stade (Zipfel-
hof stade; Schrepfer, 1925). Later field observations revealed
that they are hilltops made up of bedrock partly covered by
till (Schreiner, 1981a), and the Zipfelhof stade has thus been
abandoned (Liehl, 1982; Leser and Metz, 1988; Schreiner,
1999).

Two terminal moraines further upvalley at the margin of
the Waldhof mire at an elevation of around 1000 m a.s.l.
(Figs. 1 and 3) were already described by Ramsay (1862).
The mire is situated in a depression on the floor of a cirque
extending in a southerly direction from the main valley. The
terminal moraines were probably deposited when a transflu-
ent glacier advanced in a northerly direction into the ice-free
Seebachtal. Hence, Schreiner (1981a) attributed them to a
distinct glacial stade, the Waldhof stade.

Two nearby arc-shaped terminal moraines are found fur-
ther upvalley at an elevation of around 1100 m a.s.l. (Figs. 1
and 3). The outer moraine is located at the eastern end of
the Feldsee mire, whereas the inner moraine is situated fur-
ther west directly at the eastern shore of lake Feldsee (Fig. 3;
Ramsay, 1862). In his 3-fold subdivision of the last glacia-
tion, Steinmann (1902) attributed these features to the last
glacial stade during the deglaciation. The terminal moraines
were later attributed to two distinct stades (Zienert, 1973;

Schreiner, 1977b, 1981a, b; Metz, 1985b). The Laacher See
Tephra was apparently identified in sediment cores from the
mire (Fig. 3; Lang et al., 1984) and later in the lake (Fig. 3;
Merkt, 1985; see Lang, 2005, for a later synthesis). Hence, it
was concluded that the ages of the terminal moraines are not
considerably different, and both moraines were subsequently
attributed to the Feldsee stade (Leser and Metz, 1988; Lang,
2005; Metz and Saurer, 2012). Outside of Seebachtal, the
glaciation of the southern Black Forest was restricted to small
cirque glaciers (Liehl, 1982). The apparent presence of the
Laacher See Tephra in the sediments of the lake suggests
that this area had already become ice-free during the climat-
ically favourable period between ca. 14.6 and 12.8 ka docu-
mented in lacustrine records in and around the Alps (Heiri et
al., 2014, and references therein). Hence, the Feldsee stade
probably occurred during this time or, alternatively, before
the climatic amelioration at ca. 14.6 ka (Lang, 2005). Metz
and Saurer (2012) suggested that the stade is correlated with
the Gschnitz stadial in the Alps dated to 17–16 ka at the type
locality (Ivy-Ochs et al., 2006; Ivy-Ochs, 2015).

The youngest glacial stade, the Seebuck-Nischenkar stade,
was introduced by Zienert (1973). The formation of both the
cirque floor upvalley of Feldsee and the terminal moraines
in Zastler Tal at around 1320 m a.s.l. (Fig. 1) was assigned
to this stade (Zienert, 1973; Schreiner, 1990). According to
Zienert (1973), only the uppermost parts of Zastler Tal and
Seebachtal were covered by residual glaciers at that time.
Lang et al. (1984) speculated that it may have occurred dur-
ing the cooling in Europe between 12.8 and 11.7 ka docu-
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mented in palaeoclimatic archives in and around the Alps
(Heiri et al., 2014, and references therein). After this stade,
the glaciers of the southern Black Forest finally disappeared.

4 Methods

The comprehensive review of previous studies was per-
formed by creating an inventory of previously published
maps of glacial landforms north-west of the Feldberg (e.g.
Giermann, 1964). They were scanned and subsequently
georeferenced in Esri ArcMap 10.5.1. For the establish-
ment of our new geomorphological maps at a 1 : 10000
scale, a high-resolution digital terrain model (DTM) in-
cluding its derivates was chosen for a GIS-based ap-
proach that offers the unique opportunity to remove and
add layers on the fly (Wagner, 2018). Firstly, a shaded re-
lief was created using the “hillshade” tool. The applica-
tion of the “slope” and “aspect” tools in ArcMap enabled
two supplementary raster files to be derived. For geomor-
phological mapping of unforested areas, the derivates of
the DTM were jointly used with orthophotos obtained in
2016 and 2018 available at https://gis.lkbh.net/buergergis/
synserver?project=buergergis&view=kreiskarte (last access:
11 May 2020). The morphology of suspected ice-marginal
landforms was assessed with the “3D analyst” tool. As re-
mote sensing data do not provide insights into the internal
structure of landforms, it was later verified in the field if
the supposed ice-marginal features consisted of sediments.
Outcrops were inspected, where available. All confirmed ice-
marginal landforms were subsequently marked in a printout
version of the shaded relief at the 1 : 5000 scale. The result-
ing field maps were finally scanned, imported in Esri ArcMap
10.5.1 and digitised.

Due to the presence of well-preserved terminal moraines
and the lack of vegetation, an additional drone survey was
conducted in the Katzensteig valley to derive a more pre-
cise digital surface model (DSM) based on structure-from-
motion photogrammetry (Westoby et al., 2012). Photos ob-
tained from a quadcopter with a 12 MP camera were pro-
cessed in Agisoft Metashape using the highest default set-
tings allowed for the establishment of a DSM with a 3.7 cm
pixel size and an orthophoto with an x- and y-cell size of
5.4 and 3.7 cm, respectively. A detailed description of the
methodology is given in the Supplement. As discussed for
the DTM, three supplementary raster files were derived from
the DSM in ArcMap using the hillshade, slope and aspect
tools.

Geomorphological mapping was performed at a scale of
1 : 5000 in ArcMap 10.5.1 using the ArcGIS version of the
geomorphological mapping system of the University of Lau-
sanne (Schoeneich, 1993). The mapping system is based on
the principle that surfaces mainly affected by erosion or de-
nudation are not highlighted in colours. The colours of the
depositional landforms stand for distinct process categories.

For example, glacial landforms are highlighted in violet. A
section of the detailed geomorphological map of Sankt Wil-
helmer Tal is given in Fig. 10. All other maps are found in
the Supplement. Morphostratigraphies were established by
first grouping terminal moraines apparently belonging to the
same ice-marginal position. The following criteria were em-
ployed for grouping terminal moraines: the topographic po-
sition on the valley sides, the geometry of the ends of the ter-
minal moraines and the size. All frontal positions defined by
terminal moraines, or those inferred from a group of terminal
moraines, were then numbered. The numbering of the termi-
nal moraines starts from the cirque and thus enables older
ice-marginal positions further down the valley to be added in
the future if appropriate.

Radiocarbon ages from a mire inside a terminal moraine
complex in our study area (Friedmann, 1998/1999) were
recalibrated using the OxCal program (version 4.3; Bronk
Ramsey, 2009) based on IntCal13 (Reimer et al., 2013). They
are expressed by both the median of the probability distribu-
tion function and the 2σ interval of calibration (Telford et al.,
2004).

5 Results and interpretation

5.1 Schauinsland area

It is generally accepted that the Brugga catchment was cov-
ered by an outlet glacier, the Brugga palaeoglacier, fed by
both the ice cap of the Schauinsland and the significantly
larger ice cap centred on the Feldberg (Fig. 1; Steinmann,
1896; Schrepfer, 1931; Giermann, 1964; Hüttner, 1967;
Schreiner, 2011). The most recent synthesis of glacial land-
forms in the northern part of the Schauinsland area is given
by Hüttner (1967). Glacial landforms further south are de-
picted on the geological map “8113 Todtnau” (Hann et al.,
2011) and described in Schreiner (2011). As they are partic-
ularly abundant, terminal moraines in Sankt Wilhelmer Tal
and its tributary valleys are presented in a distinct section
below. A map of previously identified glacial cirques and
moraines is given in Fig. 4. Prominent terminal moraines and
glacial cirques are depicted in Fig. 5. Confirmed and newly
mapped terminal moraines and glacial cirques are presented
in Fig. 6. The complete geomorphological maps of key areas
are found in the supplementary material (Fig. S1).

5.1.1 Kappeler Tal

There is a consensus that the S–N-trending valley with a
steep longitudinal profile (Fig. 2) was occupied by a small
valley glacier during the last glaciation maximum (Stein-
mann, 1896; Schrepfer, 1931; Erb, 1948; Giermann, 1964;
Hüttner, 1967). Despite its favourable orientation (Fig. 2),
the valley does not feature the typical U-shape of a glacial
valley. The lack of large accumulation areas in the upper part
of the valley (Hüttner, 1967) is one possible explanation for
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Figure 4. Previously mapped glacial cirques and terminal moraines in the Schauinsland area (Giermann, 1964; Wimmenauer and Hüttner,
1968; Schreiner, 1996b; Hann et al., 2011). See Fig. 1 for the data source of the shaded relief in the inset. Coordinate system: ETRS 1989
UTM Zone 32N.

the absence of a clear glacial morphology. It seems unlikely
that the valley precursor was not suitable for modification
into a glacial trough. In fact, the well-developed trough in
the upper part of Sailentobel further south-west is situated in
an area where the same bedrock lithologies occur (Schreiner,
1996b). The upper end of the valley consists of two neigh-
bouring slightly amphitheatre-shaped niches. These are in-
terpreted as poorly developed glacial cirques in this study.
They are separated by two smooth sediment ridges extend-
ing from 960 to 1120 m a.s.l. Due to their position between
the two poorly developed glacial cirques, they are interpreted
as medial moraines in agreement with Hüttner (1967). A fur-

ther small ridge at around 860 m a.s.l. further down the val-
ley, on the centre of the valley floor (Fig. 4), may be either a
terminal moraine or an anthropogenic dam for timber rafting
(Giermann, 1959; Hüttner, 1967). Due to the unknown origin
of the ridge, it was not classified as an ice-marginal position
in this study (Fig. 6).

A ridge emerges from the steep western valley side fur-
ther down the valley. The several-metres-thick ridge meets
the valley floor with an angle of 75◦ at around 600 m a.s.l.
(Fig. 5a). No outcropping bedrock was observed during field
mapping, and it seems that the feature consists of sedi-
ments. It is about 200 m long, extends up to an elevation of
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Figure 5. Terminal moraines and glacial cirques in the Schauinsland area. (a) A terminal moraine in Kappeler Tal at around 600 m a.s.l. is
mapped for the first time. (b) The Gegendrum cirque and the terminal moraine at its entrance viewed from an aircraft above Buselbachtal
(photo: Matthias Geyer). (c) The moraines at the entrance to the Gegendrum cirque. (d) The prominent terminal moraine at Drehbach formed
at the front of a small palaeoglacier originating from Haldenköpfle. See Fig. 6 for the locations from where the photos were taken.

685 m a.s.l and is separated from the valley side by a 4 m deep
and about 30 m wide depression. The separation from the val-
ley side and the arcuate shape lead to the conclusion that the
sediment ridge has to be classified as a terminal moraine. As
the landform is particularly prominent (Fig. 5a), it is surpris-
ing that it was never mentioned in previous studies. Due to
the absence of glacial landforms further down the valley, it
reflects the outermost securely identified ice-marginal posi-
tion. This study does not provide evidence for formerly sug-
gested ice-marginal positions at around 500 m a.s.l. (Stein-
mann, 1896) and at around 700 m a.s.l. near Herderhütte
(Fig. 4; Schrepfer, 1931).

5.1.2 Steinwasental

Two prominent, 15 m high terminal moraines consisting of
rounded clasts and finer sediments are situated on both sides
of the stream at the entrance to the Gegendrum cirque (Klute,
1911; Schrepfer, 1931; Giermann, 1964; Schreiner, 1996b).
The presence of well-preserved terminal moraines at the en-
trance to the cirque is confirmed here (Figs. 5b–c and 6).

A N–S-oriented sediment ridge is located further down-
valley at the entrance to Steinwasental (Fig. 4). Stein-
mann (1896) already classified the ridge as terminal moraine.
Giermann (1959) suggested that the ridge should be re-

garded either as a medial moraine deposited between the
palaeoglaciers from Steinwasental and Buselbachtal or as a
terminal moraine built up at the margin of the palaeoglacier
from Buselbachtal. Based on the geometry of the ridge,
Hüttner (1967) rejected this interpretation. Instead, he pro-
posed that it was built up during a readvance of a small
palaeoglacier from a cirque north-west of the feature (not
shown in Fig. 4) when the snout palaeoglaciers in Stein-
wasental and Buselbachtal were located well upvalley.
Schreiner (2011) suggested that the terminal moraine formed
during an advance of a palaeoglacier from a cirque directly
west of the ridge (Fig. 4). We did not identify a cirque di-
rectly west of the terminal moraine but a slope with a fairly
constant angle. Hence, we suggest that the sediment ridge is a
terminal moraine deposited by a palaeoglacier from the well-
developed glacial cirque further north-west (Fig. 6) men-
tioned by Hüttner (1967).

5.1.3 Krummenbachtal

Klute (1911) describes a terminal moraine at an elevation of
1000 m a.s.l. that is confirmed in this study (Fig. 6). An about
15 m high terminal moraine is found on the area further up-
valley around Krummenbachhütte (Fig. 4; Schrepfer, 1931;
Hann et al., 2011), with two ridges extending from 1085
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Figure 6. Confirmed and newly mapped terminal moraines as well
as glacial cirques in the Schauinsland area. See Fig. S2 for a com-
plete geomorphological map of key localities in the Schauinsland
area. Coordinate system: ETRS 1989 UTM Zone 32N.

to 1105 m a.s.l., separated by a stream. Together they form
an about 270 m long, 40 m wide and 3 m high arch. These
parameters confirm the terminal moraine interpretation by
Schrepfer (1931) and Hann et al. (2011).

5.1.4 Buselbachtal

A terminal moraine consisting of boulders is the only glacial
landform in this valley, situated about 200 m west of the en-
trance to Sankt Wilhelmer Tal. As the landform is partly sep-
arated from the surrounding slope and it has an asymmetric
shape, the terminal moraine interpretation by Hüttner (1967)
is confirmed (Fig. 6).

5.1.5 Bruggatal

A triangular feature solely consisting of boulders is found at
the entrance to Sankt Wilhelmer Tal at about 650 m a.s.l. It
is located on the southern part of the valley floor (Fig. 6).
The surface of the landform is almost flat. As it consists of
sediments, the landform was classified as a medial moraine
deposited between the confluent palaeoglaciers from both
valleys (Hüttner, 1967). Hüttner (1967) suggested that the
matrix between the boulders was washed away by meltwa-
ter after the deposition of the medial moraine. As the boul-
ders are partially rounded, we infer that the boulders must
have been transported for at least some distance. Therefore,
it is unlikely that the boulders originate from the escarp-
ment directly uphill. We suggest that a rockslide occurred
somewhere on the southern side of Sankt Wilhelmer Tal and
boulders were deposited on the ice-free valley floor. The de-
posit was then moved to its present location by an advanc-
ing glacier. During this process the boulders were partially
rounded. The triangular shape developed when the glacier
front met the palaeoglacier from Buselbachtal. Hence, the
landform is interpreted as a medial moraine derived from a
rockslide and it might be of the same age as the terminal
moraine 200 m further west described in the previous section
(Fig. 6).

Schrepfer (1931) proposed a halt in the glacier recession
of the Brugga palaeoglacier that occurred when the terminus
was located halfway between the entrance to Hörnegrund and
Sankt Wilhelmer Tal. This study does not reveal geomorpho-
logical evidence supporting this hypothesis (Fig. 6).

Steinmann (1896) described a roughly 10 m thick accumu-
lation of boulders near the entrance to Hörnegrund, a trib-
utary valley of Bruggatal (Fig. 2). It was interpreted as a
terminal moraine (Fig. 4) and classified as the last glacia-
tion maximum position of the Brugga palaeoglacier, con-
firmed by Schrepfer (1931). For the widening of a road, the
slope at the entrance to the tributary valley was excavated,
and the sediments in the lower portion of the outcrop were
classified as moraine (till) material, whereas those in the up-
per part were interpreted as glaciofluvial sediments (Gier-
mann, 1959). Giermann (1959) argued that the sediments
should be considered remnants of a terminal moraine formed
during the furthest advance of the palaeoglacier in Brug-
gatal. In contrast, Hüttner (1967) suggested that the sedi-
ments in the lower part of the outcrop should be classified
as fluvial sediments from the tributary valley, interfingering
with glaciofluvial sediments from the main valley. Never-
theless, Hüttner (1967) assumed that the ice margin was lo-
cated somewhere near the outcrop by analogy with Zastler
Tal, where the palaeoglacier possibly reached an elevation
of about 500 m a.s.l. during the last glaciation maximum. It
should be noted that this interpretation is not supported by
geomorphological evidence (Schreiner, 2011). Although an
ice-marginal position at the entrance to the tributary valley
is still mentioned in the most recent syntheses on the glacia-
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tion of the southern Black Forest (Schreiner, 2011; Metz and
Saurer, 2012; Hemmerle et al., 2016), this study does not
provide any geomorphological evidence for an ice-marginal
position at this locality. Rather, this area is occupied by a
large cone-shaped feature interpreted as an alluvial fan (see
Fig. S1c for further details). Hence, the terrace-shaped fea-
ture at the entrance to Sankt Wilhelmer Tal is considered the
outermost evident ice-marginal position (Fig. 6). As no as-
sociated frontal position was identified, the location of the
glacier terminus during the deposition of the triangular fea-
ture remains unknown.

5.1.6 Hörnegrund

The tributary valley of Bruggatal (Fig. 2) was probably oc-
cupied by a small valley glacier originating from the poorly
developed glacial cirque in its uppermost part during the
last glaciation maximum (Fig. 4). However, it remains un-
certain whether the palaeoglacier reached the main valley
or not (Schrepfer, 1931; Giermann, 1959). Schrepfer (1931)
observed a ridge at an elevation of 640 m a.s.l. (Fig. 4) and
suggested that this landform is either a terminal or a medial
moraine that developed between two small confluent glacier
systems from the upper part of the valley. According to later
observations, the ridge consists of poorly rounded clasts in
a matrix of loamy sand (Hüttner, 1967). This study reveals
that the ridge is composed of bedrock, and, thus, the moraine
interpretation has to be rejected. Hence, there is no evidence
for an ice-marginal position in the entire valley (Fig. 6).

5.1.7 Drehbach

A 15 m high prominent ridge in the SE–NW-trending val-
ley north-west of Haldenköpfle (Fig. 5d) was first described
by Steinmann (in Klute, 1911) and later mapped by the
State Geological Survey of Baden-Württemberg (LGRB;
Schreiner, 1996b; Hann et al., 2011). It is interpreted as a
terminal moraine of the palaeoglacier originating from the
cirque in the uppermost part of the valley (Fig. 4; Schrepfer,
1931; Giermann, 1964; Schreiner, 2011). This study reveals
the absence of indications of a mass movement from an area
further upslope as well as the lack of channels further ups-
lope. Hence, a gravitational or fluvial formation of the fea-
ture is excluded and the classification of the ridge as a ter-
minal moraine (Schrepfer, 1931; Giermann, 1964; Schreiner,
2011) is approved (Fig. 6).

5.1.8 Sailentobel

The upper part of the SE–NW-trending valley was covered by
a small glacier (Giermann, 1964; Wimmenauer and Hüttner,
1968). Its uppermost part is a NW-oriented glacial cirque
characterised by a steep headwall. Nowadays a mire occu-
pies the almost horizontal cirque floor at an elevation of about
1000 m a.s.l. The mire with a diameter of about 150 m is lim-
ited by a terminal moraine (Fig. 4). The terminal moraine is

subdivided into two parts by a stream (Schrepfer, 1931; Gier-
mann, 1959; Wimmenauer and Hüttner, 1968). The western
terminal moraine partly covers roches moutonnées (Wimme-
nauer and Hüttner, 1968).

In addition to the previously mentioned terminal moraines,
two ridges further downvalley are identified in this study.
The sediment ridges meet at 975 m a.s.l. and are separated
by a stream. The western ridge extends over 270 m and is
100 m wide and up to 20 m high. The ridge in the NE part of
the cirque is described as a 370 m long and 50 wide flatten-
ing of the slope. As the sediment ridges resemble the previ-
ously mentioned terminal moraines at the margin of the mire,
they were mapped as terminal moraines. The outer west-
ern moraine was mistakenly classified as a roche moutonnée
by Giermann (1964) as well as by Wimmenauer and Hüt-
tner (1968). No geomorphological evidence was found for
an ice-marginal position further down the valley (Fig. 6).

5.1.9 Langenbach

In the poorly developed cirque north-east of Sailentobel
(Fig. 2), Schrepfer (1931) observed two recessional moraines
at an elevation of about 1020 m a.s.l. (not shown in Fig. 4
due to their unknown location). We did not observe any clear
glacial landforms in the valley with a steep longitudinal pro-
file (Fig. 6). Due to the location of the valley head at a higher
elevation than that of Sailentobel, it is surprising that the up-
per part of the valley only meets the criteria for a poorly
developed cirque. This pattern is probably explained by the
considerably steeper longitudinal profile of the valley.

5.2 Sankt Wilhelmer Tal

The valley is one of the most impressive trough valleys in the
Black Forest (Metz and Saurer, 2012). It was occupied by a
branch of the Brugga palaeoglacier (Fig. 7). The first descrip-
tion of terminal moraines in this area dates back to the be-
ginning of the 20th century (Klute, 1911). Glacial landforms
in this area were first systematically investigated by Zienert
(1973) and later mapped by the LGRB (Schreiner, 1977a). A
more precise geological map at the 1 : 25000 scale was later
published (Hann et al., 2011) along with a detailed commen-
tary (Schreiner, 2011). Previously mapped terminal moraines
are depicted in Fig. 7, and prominent terminal moraines are
shown in Fig. 8. Glacial cirques and moraines mapped in this
study are presented in Fig. 9. A detailed geomorphological
map is found in the supplementary material (Fig. S2). The
ice-marginal positions are presented in an inverse chrono-
logical order starting with the terminal moraines in the Napf
cirque and the main valley. For an overview of ice-marginal
positions in this area, the reader is referred to the supplemen-
tary material (Table S1). Ice-marginal positions in the Wit-
tenbach and Katzensteig cirques are detailed in the following
two sections.
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Figure 7. Previously mapped glacial cirques and terminal moraines in Sankt Wilhelmer Tal as well as in the Katzensteig and Wittenbach
cirques. K: Klute (1911); Z: Zienert (1973); S: Schreiner (Hann et al., 2011). See Fig. 1 for the data source of the shaded relief in the inset.
Coordinate system: ETRS 1989 UTM Zone 32N.

An ESE–WNW-oriented sediment ridge emerges from
the eastern headwall of the Napf cirque at an elevation of
1030 m a.s.l. The sediment ridge is subparallel to the sur-
rounding slope and about 100 m long. It is slightly asymmet-
ric and features a smooth crest. These observations exclude
a gravitational or fluvial formation and lead to the conclu-
sion that the ridge is a terminal moraine. Since no terminal
moraines have been identified further upvalley, it is assigned
to ice-marginal position 1 (Fig. 9a). An ice-marginal position
at 985 m a.s.l. (Fig. 7) further down the valley mentioned by
Zienert (1973) was not identified here.

Another two-crested ridge is located at an elevation of
910 m a.s.l. at the entrance to the cirque (Fig. 7). As he identi-
fied outcropping bedrock, Zienert (1973) classified the ridge
as a riegel. However, the ridge was later mapped as a two-
crested terminal moraine (Fig. 7; Schreiner, 1977a; Hann
et al., 2011). According to Schreiner (2011), it consists of
coarse sediments as well as boulders. Due to the presence
of two crests and the steep proximal and distal sides, the
landform is probably as old as the outer terminal moraine
at Feldsee in Seebachtal (Schreiner, 2011). The lack of vis-
ible bedrock at the surface on either side of the stream or

in the crests themselves is an argument against the sugges-
tion of Zienert (1973) that this feature is solely a riegel. Due
to the lack of outcrops, it cannot be excluded that the fea-
ture is a combination of a riegel and a terminal moraine. The
sediment ridge probably formed during a long stationary pe-
riod characterised by the continuous dumping of debris from
the ice margin. However, one key argument against this de-
positional model is the strong asymmetry of the feature, i.e.
the steep distal side and the gently sloping proximal side.
Terminal moraines related to gravitational processes are nor-
mally characterised by a flat distal and a steeper proximal
side (Lukas and Rother, 2016). The reconstruction of the for-
mation of the terminal moraine at 910 m a.s.l. requires fur-
ther sedimentological observations. The crests of the termi-
nal moraine are considered the ice-marginal positions 2 and
3 (Fig. 9a).

An accumulation of boulders is observed at an elevation of
850 m a.s.l. (Klute, 1911). It was considered an ice-marginal
position by Zienert (1973). A dam for timber rafting was
constructed on the NE flank of the feature (Klute, 1911).
As the boulders of the terrace-shaped landform are partially
rounded, Zienert (1973) suggested that it is a glacially trans-

E&G Quaternary Sci. J., 69, 61–87, 2020 https://doi.org/10.5194/egqsj-69-61-2020



F. M. Hofmann et al.: Revisiting Late Pleistocene glacier dynamics north-west of the Feldberg 73

Figure 8. Terminal moraines (dotted lines) in Sankt Wilhelmer Tal
and in the Katzensteig cirque. The numbering refers to the ice-
marginal position. (a) Two subdued terminal moraines are found
near Küfermatteshof. (b) The terminal moraine of the ice-marginal
position 7 is partly overlain by an alluvial fan (solid lines) of Erlen-
bächle. (c) The terminal moraines of the ice-marginal positions 8
and 9 caused the course of Sankt Wilhelmer Talbach to be redirected
to the south. (d) The formation of the two-crested terminal moraine
near Holzmacherhäusle led to a northward shift of Sankt Wilhelmer
Talbach. (e) The prominent terminal moraine of the ice-marginal
position 13 is situated at the western end of the village of Sankt Wil-
helm. (f) A complete glacial series including a tongue basin, well-
preserved terminal moraines (dotted lines) and a glaciofluvial ter-
race (solid lines) is observed in the Katzensteig cirque. The tongue
basin is nowadays occupied by the Katzensteig mire. See Fig. 9 for
the locations from where the photos were taken.

ported rockslide. Since its morphology does not correspond
to a terminal moraine, the landform is not considered an ice-
marginal position in this study.

Two E–W-oriented ridges are found on the northern val-
ley side near Küfermatteshof at an elevation of 820 m a.s.l.
(Fig. 8a). The eastern ridge is about 80 m long, whereas the
western ridge has a length of 50 m. The crests of the ridges
are subdued, only 1–3 m high and oblique to the surround-
ing slope. Hence, a gravitational or fluvial formation is ruled
out. It is more likely that the ridges are terminal moraines

indicative of the ice-marginal positions 4 and 5 (Fig. 9a). Al-
though the terminal moraines are quite conspicuous, they are
described for the first time.

A ridge is found 200 m further downvalley on the southern
valley side, situated at an elevation of 820 m a.s.l. and entirely
consisting of partly rounded boulders. Hence, it is inferred
that the boulders must have been transported for some dis-
tance. The feature has a SE–NW orientation, and it is 50 m
long. As the ridge consisting of boulders is oblique to the
surrounding slope, it is classified as a terminal moraine re-
flecting the ice-marginal position 6 (Fig. 9a). It has not been
mentioned before.

Two further terminal moraines on the valley floor are de-
scribed by Schreiner (2011) on both sides of the stream
(Sankt Wilhelmer Talbach) at an elevation of 780 m a.s.l.
(Fig. 7). The eastern moraine is partly overlain by an allu-
vial fan (Fig. 8b), with a smooth ridge south of the stream
considered its counterpart (Hann et al., 2011). The northern
part of the second terminal moraine 300 m further down the
valley is described as a 50 m wide ridge oriented perpendicu-
lar to the orientation of the main valley (Figs. 7 and 8c). Ac-
cording to an outcrop at its southern end, the moraine con-
sists of angular to rounded boulders (Schreiner, 2011). Its
counterpart south of the stream is a subtle ridge emerging
from the southern valley side (Hann et al., 2011). Both ter-
minal moraines have been correlated with the Bärental stade
(Schreiner, 2011). The presence of terminal moraines north
of the stream is confirmed in this study, but we did not iden-
tify the counterparts of the moraines on the southern valley
side. The terminal moraines are considered indicative of the
ice-marginal positions 7 and 8 in this study (Fig. 9a).

Two sediment ridges slightly downvalley at an elevation of
780 m a.s.l. are first described in this study (Fig. 9a). The up-
permost of these ridges (Fig. 8c) first starts parallel to the val-
ley and curves to an ENE–WSW orientation on the western
portion. The ridge rises 3 m above the surrounding area on
the upvalley side to a rounded crest and then descends 0.5–
1 m on the downvalley side. It is separated by 50 m from an-
other 80 m long ridge (marked with “10” in Fig. 9a). It starts
with an orientation parallel to the orientation of the main val-
ley, but it curves into a NE to SW alignment as it progresses
to the west. On the downvalley side of this ridge the surface
changes from smooth grass-covered land to a rockier and
rugged forest terrain with a continued increase in elevation.
The lateral shape and orientation of these two ridges leads to
the interpretation that they are a set of terminal moraines. The
consistent terrain type and the noticeable crest of the upper
ridge do strongly suggest a glacial genesis.

Another two-crested, 150 m wide terminal moraine is
found at an elevation of 700–760 m a.s.l. (Fig. 7; Hann et
al., 2011; Schreiner, 2011). Its formation caused a northward
shift in the course of Sankt Wilhelmer Talbach (Fig. 8d). Due
to its SSE–NNW orientation, the terminal moraine formed at
the margin of a combined palaeoglacier from the Wittenbach
and Napf cirques when the palaeoglacier from the Katzen-
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Figure 9. (a) Confirmed and newly mapped terminal moraines as well as glacial cirques in Sankt Wilhelmer Tal and in the Wittenbach
cirque. (b) Terminal moraines in the Katzensteig cirque. See Fig. S2 for a complete geomorphological map of Sankt Wilhelmer Tal and its
tributary valleys. Coordinate system: ETRS 1989 UTM Zone 32N.

steig cirque was already disconnected (Schreiner, 2011). The
crests of the feature are assigned to the ice-marginal positions
11 and 12 (Fig. 9a).

A 50 m long sediment ridge is found south-west of the
two-crested moraine. This feature is neither connected to a
channel on the southern valley side nor located at the bottom
of a steep slope. Hence, a gravitational or fluvial formation
is considered unlikely. As the crest of the landform parallels
the orientation of the main valley, the feature is considered a
terminal moraine (Fig. 9a), described here for the first time.
The landform is probably related to a prominent 100 m wide
and 10–20 m high moraine at the western end of the village
of Sankt Wilhelm (Fig. 8e). It documents the first unequiv-
ocal glacial standstill or readvance of the palaeoglaciers in
the valley (Klute, 1911; Erb, 1948; Zienert, 1973; Schreiner,
2011). The arcuate terminal moraine at 700 m a.s.l. is ori-
ented perpendicular to Sankt Wilhelmer Talbach (Fig. 7).
Due to its supposed second-outermost position, the termi-
nal moraine has been correlated with the Titisee stade (Erb,
1948; Zienert, 1973; Schreiner, 2011). As the maximum ex-
tent of the Brugga palaeoglacier remains unknown, the cor-
relation with the terminal moraines at the margin of Titisee
should be considered with care (Schreiner, 2011).

At the entrance to the two glacial cirques north and north-
west of the Katzensteig cirque a set of sediment ridges with
an asymmetric cross section is found. Due to the parallel ori-
entation with regard to the main valley, these are considered
terminal moraines. The lowermost series of five sediment
ridges emerges from the southern valley side (marked with
“14” in Fig. 9a). The two southernmost ridges at the low-
est elevation have a N–S orientation, whereas the third ridge
starts with a S–N orientation and changes subsequently its
orientation to the north-west. Two other segments with a SE–
NW orientation are found at 870 m a.s.l., west of the stream
depicted in Fig. 9. As the southernmost two ridges have a
N–S orientation, it is inferred that they were deposited at
the margin of a combined palaeoglacier fed by the Katzen-
steig, Wittenbach and Napf cirques (Fig. 9a). As no terminal
moraines have been identified on the valley floor downval-
ley from the terminal moraine of the ice-marginal position
13, the position of the palaeoglacier front during the deposi-
tion of the morphostratigraphically older terminal moraines
cannot be determined. As the ends of the northernmost ter-
minal moraines of these ice-marginal positions have a north-
ward orientation, it seems unlikely that they are correlated
with the terrace-shaped landform at the entrance to the val-
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ley. Due to this geometrical consideration, it is more likely
that the palaeoglacier front was located somewhere between
the terminal moraine at 700 m a.s.l. and the entrance to the
valley during their deposition. The terrace-shaped feature at
the entrance to the valley discussed above reflects the outer-
most ice-marginal position (Fig. 9a).

5.2.1 Wittenbach

The cirque features three swampy cirque floors at around
1170–1200, 1110 and 990 m a.s.l. (Schreiner, 2011). Termi-
nal moraines mapped in earlier studies are shown in Fig. 7.
For an overview of ice-marginal positions in the cirque, the
reader is referred to the supplementary material (Table S2).

The uppermost sediment ridge at 1210 m a.s.l. (marked
with “1” in Fig. 9a) has a N–S orientation and is the mor-
phostratigraphically youngest terminal moraine. A SW–NE-
oriented sediment ridge at 1170 m a.s.l. further north-west is
also classified as a terminal moraine (marked with “2” in
Fig. 9b). Two closely spaced N–S-oriented sediment ridges
further north-east (marked with “3” and “4” in Fig. 9a) are
considered terminal moraines indicative of the ice-marginal
positions 3 and 4 in this study. A sediment ridge is found
north-east of the intermediate cirque floor situated at an ele-
vation of 1110 m a.s.l. Due to its arc shape, it is interpreted as
a terminal moraine (marked with “4” in Fig. 9a). A terminal
moraine at 1120 m a.s.l. is mentioned in the commentary to
the most recent geological map of the area (Schreiner, 2011)
but is not shown on the map itself (Hann et al., 2011). It is
probably the terminal moraine at the northern end of the in-
termediate cirque floor shown on a previous geological map
of the area (Schreiner, 1996b). We did not identify any ter-
minal moraine at the margin of the intermediate cirque floor.

A set of terminal moraines is observed on the lowest cirque
floor at 950–990 m a.s.l. A subdued hump on both sides of
the stream at 990 m a.s.l. is interpreted as a terminal moraine
in accordance with Schreiner (2011), but due to the lack of
a distinct crest it is considered overprinted (Fig. 9a). The
terminal moraine may be the local expression of the Feld-
see stade (Schreiner, 2011). Another subdued hump is found
at an elevation of 980 m a.s.l. at the eastern end of the low-
ermost cirque floor. It is interpreted as a modified terminal
moraine, as it resembles the morphology of the overprinted
terminal moraine at 990 m a.s.l. Two sediment ridges are ob-
served on the eastern valley side further south-east (marked
with “5” and “6” in Fig. 9a). Due to their oblique orientation
with respect to the surrounding slope, they are considered ter-
minal moraines associated with the frontal positions at 980
and 990 m a.s.l. The terminal moraine furthest downvalley
on the lowermost cirque floor is situated at an elevation of
950 m a.s.l. (Schreiner, 2011). It is subdivided into two parts
by a stream (Fig. 7). As both parts consist of sediments and
have no distinct crest, they are interpreted as overprinted ter-
minal moraines. A sediment ridge further south-west of the
modified terminal moraine extending up to 1080 m a.s.l. on

the western headwall of the cirque is classified as a terminal
moraine (marked with “6” in Fig. 9a).

A prominent moraine is present at the entrance to the
cirque (Fig. 7). It emerges from the eastern headwall in a
SE direction up to an elevation of 900 m a.s.l. It could be
an overridden medial moraine deposited between the con-
fluent palaeoglaciers from the Wittenbach and Napf cirques
(Schreiner, 2011) or a terminal moraine (Klute, 1911). As the
northern end of the ridge progresses in a northerly direction
up to the centre of the floor of the main valley, the feature is
tentatively interpreted as a terminal moraine. It was probably
deposited when the palaeoglacier from the cirque advanced
into the main valley (Fig. 9a).

According to Schreiner (2011), another NW–SE-oriented
medial moraine is found south-east of the terminal moraine
(Fig. 7). As its deposition would require an upper limit of
the corresponding palaeoglacier at around 1100 m a.s.l., the
moraine was correlated with the last glaciation maximum
(Schreiner, 2011). We were unable to identify this moraine.
With eight ice-marginal positions presented here (Fig. 9a),
the number of ice-marginal positions in the cirque is sig-
nificantly higher than previously assumed (Schreiner, 2011;
Fig. 7).

5.2.2 Katzensteig

Two floors at 1050 and 1020 m a.s.l. are found in the well-
developed cirque, with the depression on the lower cirque
floor being occupied by the Katzensteig mire (Figs. 8f,
10). Both of the cirque floors are surrounded by terminal
moraines (Schreiner, 2011; Fig. 7). For a detailed geomor-
phological map of the cirque, the reader is referred to Fig. 10
and to Table S3 in the Supplement.

The presence of a terminal moraine at the northern end
of the upper cirque floor is confirmed here (Fig. 9a). The
terminal moraine is attributed to a late glacial stage dur-
ing a restricted glaciation of the cirque. Only one terminal
moraine was previously mapped on the eastern headwall of
the cirque (Fig. 7). In this study, a set of six N–S-oriented
to SW–NE-oriented sediment ridges was identified at this lo-
cality (Fig. 9b). The ridges have a strongly asymmetric cross
section with a steep western and a gently sloping eastern
side. With the exception of the third-outermost feature, the
ridges are separated from the surrounding slope. The asym-
metric cross section and the separation from the surrounding
slope are diagnostic geomorphological criteria for terminal
moraines (Lukas et al., 2012a).

A two-crested terminal moraine was previously mapped
at the northern end of the lower cirque floor at 1020 m a.s.l.
(Fig. 7). The terminal moraine is confirmed here (Fig. 8f).
It is probably as old as the terminal moraines at 910 and
990 m a.s.l. in the Napf and Wittenbach cirques, respectively
(Schreiner, 2011) and has been correlated with the Feldsee
stade (Klute, 1911; Schreiner, 2011). A set of three sedi-
ment ridges is found on the western headwall of the cirque
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Figure 10. Detailed geomorphological map of the Katzensteig cirque. This map is an extract of the geomorphological map of Sankt Wil-
helmer Tal in the supplementary material (Fig. S2). Coordinate system: ETRS 1989 UTM Zone 32N.

(Fig. 8f). The oblique orientation to the surrounding slope
leads to the rejection of the idea of a gravitational formation.
Only one terminal moraine was previously mapped on the
western headwall of the cirque (Fig. 7).

Six sediment cores from the mire in the centre of the lower
cirque floor were obtained by the Baden-Württemberg State
Institute for the Environment, Survey and Nature Conserva-
tion (LUBW; LUBW, 2009). Four of them are presented in
Fig. 11. A succession of decayed peat and detritus gyttja with

a thickness up to 12 m was identified in all sediment cores.
As the Laacher See Tephra was apparently found below gyt-
tja at the coring sites 2, 3 and 5, it is inferred that the lower
cirque floor was ice-free and that lacustrine sedimentation
occurred by 12.9 ka. Hence, all moraines at the margin of the
mire should be older (Fig. 11).

A set of sediment ridges is observed further down the val-
ley from the entrance of the cirque sensu stricto (Fig. 9a). It
has not been mentioned before. The features are perpendicu-
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Figure 11. Longitudinal profile of the Katzensteig mire and the terminal moraine at its northern end according to unpublished data of the
LUBW (LUBW, 2009). See Fig. 2 for the location. Coordinate system: ETRS 1989 UTM Zone 32N.

lar or oblique to the surrounding slope. As the ridges are not
related to an escarpment or a channel, a purely gravitational
or fluvial formation is considered unlikely. Their formation is
explained by the trapping of debris at the margin of a glacier
and/or bulldozing by a glacier. This suggests that the ridges
are terminal moraines. The two innermost terminal moraines
(marked with “4” in Fig. 9a) formed when the glacier snout
was located at around 890 m a.s.l. The next morphostrati-
graphically oldest terminal moraines (marked with “5” in
Fig. 9a) imply that the glacier front was located at around
800 m a.s.l. during their formation. The orientation of the
outermost moraine (marked with “6” in Fig. 9a) implies a
location of the glacier terminus somewhere in the main val-
ley. Overall, the analysis of the structure-from-motion-based
DSM and the DTM together with geomorphological field
mapping revealed seven ice-marginal positions (Fig. 9).

5.3 Zastler Tal

The valley and three of its tributary valleys (Rinkendo-
bel, Angelsbach and Stollenbach) were occupied by glaciers
during the Late Pleistocene. Moraines in these areas are
presented and discussed starting with the uppermost ice-
marginal position in the main valley, with previously mapped
moraines shown in Fig. 12. Terminal moraines and glacial

cirques mapped in this study are depicted in Fig. 13; the
complete geomorphological map is found in the Supplement
(Fig. S3). For an overview of ice-marginal positions, the
reader is referred to the supplementary material (Table S4).
Glacial features in the tributary valleys are presented in the
three subsequent sections.

The uppermost part of Zastler Tal, Zastler Loch, is a
prominent cirque with three cirque floors at 1400, 1320 and
1250 m a.s.l. (Metz, 1985b). The depression of the lowermost
cirque floor is occupied by a mire. A set of four short sed-
iment ridges is observed on the uppermost cirque floor at
1400–1420 m a.s.l. As they are neither associated with chan-
nels nor situated downvalley from escarpments, the features
are considered terminal moraines of the ice-marginal posi-
tion 1 (Fig. 13a). An arc-shaped sediment ridge is found at
the NW end of the uppermost cirque floor. Due to its arcuate
shape it is classified as a terminal moraine (Fig. 13a). The
ice-marginal positions on the uppermost cirque floor are de-
scribed for the first time.

A set of sediment ridges is observed at 1320–1340 m a.s.l.
on the SE headwall of the cirque (Fig. 12a). Since they are
arranged in an arcuate shape, the ridges are classified as
terminal moraines in accordance with Zienert (1973). The
Seebuck-Nischenkar stade was named after these landforms
(Zienert, 1973). The features are here considered to be as
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Figure 12. Previously mapped glacial cirques and terminal moraines in (a) Zastler Tal as well as around (b) Jockelehof further downvalley.
St: Steinmann (1902, 1910); K: Klute (1911); Z: Zienert (1973); S: Schreiner (Schreiner, 1977a; Wimmenauer et al., 1990); M: Metz (1985a).
See Fig. 1 for the data source of the shaded relief in the inset. Coordinate system: ETRS 1989 UTM Zone 32N.

old as the terminal moraine at the margin of the uppermost
cirque floor, as the conditions for snow accumulation were
more favourable in the SE corner of the cirque (Fig. 13a).

Two sediment ridges are observed north-east and north-
west of the terminal moraines at 1320–1340 m a.s.l. Due to
their arrangement in an arcuate shape, they are interpreted as
terminal moraines of the ice-marginal position 3. The termi-
nal moraines are mentioned here for the first time (Fig. 13a).

Steinmann (1902) already recognised that the NE margin
of the lowermost cirque floor at 1250 m a.s.l. is surrounded
by a terminal moraine (Fig. 12a). It was considered to be
as old as (Metz, 1985b; Leser and Metz, 1988; Schreiner,
1990) or younger than the moraines at Feldsee (Schreiner,
1977b, 1981b; Schreiner, 1996a). A SW–NE-oriented ridge

is found further west on the headwall of the cirque. As its
orientation resembles that of a lamprophyre dike and of an-
other dike of granite (Wimmenauer et al., 1990) and no out-
cropping bedrock is found, the ridge is interpreted as a com-
bination of a riegel and a terminal moraine (Fig. S3). Both
terminal moraines are assigned to the ice-marginal position
4 (Fig. 13a).

A set of five terminal moraines was mapped north and
north-east of the end of the lowermost cirque floor (Fig. 12a;
Wimmenauer et al., 1990). The terminal moraines were con-
firmed in this study and assigned to the ice-marginal posi-
tions 5, 6 and 7 (Fig. 13a). In contrast to Schreiner (1990),
the moraines are not correlated with the terminal moraine at
around 1030 m a.s.l., as their orientation indicates a position
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Figure 13. Confirmed and newly mapped terminal moraines as well as glacial cirques in the (a) upper Zastler Tal and in the (b) lower Zastler
Tal. The numbering of the moraines refers to the ice-marginal positions. See Fig. S4 for a complete geomorphological map of Zastler Tal and
its tributary valleys. Coordinate system: ETRS 1989 UTM Zone 32N.

of the ice margin somewhere between the lowermost cirque
floor and the terminal moraine at 1030 m a.s.l. (Fig. 13a). A
relatively short sediment ridge is mapped on the centre of the
valley floor further west. Its western end corresponds to the
NE end of another sediment ridge on the western headwall of
the cirque. As the two ridges are arranged in an arcuate shape
together with the terminal moraine on the eastern headwall,
the sediment ridges are classified as terminal moraines and
assigned to the ice-marginal position 6 (Fig. 13a).

At an elevation of about 1030 m a.s.l., a prominent two-
crested moraine is found (Fig. 12a). It was first mapped
by Steinmann (1902) and later correlated with the Titisee

stade (Steinmann, 1910). According to Zienert (1973), the
moraine reflects the fourth-outermost ice-marginal position.
Schreiner (1981a) assumed that this moraine is correlated
with the moraine at the margin of the Feldsee mire in
Seebachtal, whereas the terminal moraine further upvalley
at 1250 m a.s.l. should be considered the equivalent of the
moraines at the eastern shore of Feldsee. However, Leser and
Metz (1988) rejected this interpretation, as the assignment of
the two moraines at Feldsee to two distinct stades turned out
to be arbitrary. Moreover, the rather large distance between
the moraines in Zastler Tal (∼ 1200 m) and the significant
difference in elevation (∼ 200 m) of the terminal moraines
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that have been correlated with the moraines at Feldsee led to
the conclusion that the two-crested moraine at 1030 m a.s.l.
should be correlated with the Waldhof stade and the terminal
moraine at 1260 m a.s.l. with the moraines at Feldsee (Leser
and Metz, 1988). However, this reasoning has not been taken
into account in the commentaries to the geological maps of
the areas (Schreiner, 1990, 1996a), where the two-crested
moraine at 1030 m a.s.l. is still considered the local equiv-
alent of the moraines at the margin of Feldsee.

A set of four arcuate sediment ridges is found further east.
Due to their oblique orientation with respect to the surround-
ing slope, the features are interpreted as terminal moraines.
The terminal moraines are mapped for the first time. This
is also true for two short sediment ridges on the centre of
the valley floor further north that are interpreted as termi-
nal moraines. Two SW–NE-oriented sediment ridges are ob-
served on the steeply inclined western valley side at 1010 and
1030 m a.s.l. further north. Since they are oriented oblique
to the surrounding slope, the ridges are mapped as terminal
moraines (Fig. 13a).

Zienert (1973) first described another ridge at around
860 m a.s.l. and interpreted it as a terminal moraine
(Fig. 12a). According to him, it reflects the third-outermost
ice-marginal position in Zastler Tal. It is noteworthy that the
moraine is not shown on the most recent geological maps of
the area (Wimmenauer et al., 1990; Schreiner, 1996b). We
were unable to identify this terminal moraine. A small SW–
NE-oriented sediment ridge is found further down the valley
at 720 m a.s.l. Due to geomorphological considerations, i.e.
the lack of a channel further uphill, the ridge is mapped as a
terminal moraine (Fig. 13a). It has not been mentioned in the
literature.

Steinmann (1910) first recognised another prominent ridge
between Mederlehof and Schweizerhof (Fig. 12a). It is ori-
ented perpendicular to the orientation of the valley floor.
Zienert (1973) considered the landform on the southern
valley side a large terminal moraine. Due to its supposed
second-outermost morphostratigraphical position, both Hüt-
tner (1967) and Zienert (1973) attributed the moraine to the
Titisee stade. However, the ridge has never been mapped as
a moraine by the LGRB (Schreiner, 1996b; Schreiner and
Wimmenauer, 1999). As bedrock is outcropping on the en-
tire NW flank of the feature, it is mapped as a riegel in this
study. The terminal moraine interpretation of Zienert (1973)
has to be rejected, as it does not reflect an ice-marginal po-
sition. The terrace-shaped landform south-east of the riegel
is tentatively mapped as a glacial deposition area (Fig. S3).
Further sedimentological investigations would be needed to
evaluate this hypothesis. Interestingly, the riegel does not co-
incide with a dike consisting of bedrock that is more resis-
tant to erosion according to the geological map of the area
(Schreiner and Wimmenauer, 1999).

Another ridge-shaped accumulation of boulders parallel
to the valley floor is observed south of Schweizerhof at an
elevation of 940 m a.s.l. (Schreiner, 1996a). As this feature

has been correlated with the last glaciation maximum, the
ice must have been at least 230 m thick. However, the ridge
aligns well with a terminal moraine at 640 m a.s.l. (Fig. 13a)
first mapped by Schreiner (1977a). The terminal moraine
emerges from the southern valley side and is partly covered
by an alluvial fan at its northern end (Schreiner, 1996b). It
was suggested that the feature formed during the Titisee stade
(Schreiner, 1996a; Metz and Saurer, 2012) and is attributed
to the ice-marginal position 15 in this study (Fig. 13a).

A morphostratigraphically older ridge on the valley floor
has been identified near Adamshof at an elevation of
roughly 600 m a.s.l. (Fig. 12a). Hüttner (1967) argued that
the bedrock in this area is more resistant to erosion, and
accordingly, the ridge was classified as a roche moutonnée.
The ridge was later considered a terminal moraine and clas-
sified as the furthest downvalley ice-marginal position during
the last glaciation maximum, as the ice-marginal position at
Jockelehof further downvalley was not confirmed (Zienert,
1973). Outcropping bedrock was not observed on the ridge
during field mapping for this study. The feature is either a
combination of a riegel and a terminal moraine or simply a
terminal moraine. The hypothesis that a part of the feature is
a riegel can only be dismissed by further inspecting the sub-
surface. Irrespective of this discussion, the ridge reflects an
ice-marginal position (Fig. 13a).

According to Hüttner (1967), a ridge-shaped accumulation
of boulders is found further south-west on the southern val-
ley side between the entrance to Stollenbach and the entrance
to Angelsbach. The feature is situated at an elevation of 770–
780 m a.s.l. Since the feature is parallel to the valley floor,
it was considered indicative of the ice extent during the last
glaciation maximum. Hence, the ice thickness must have ex-
ceeded 100 m at this locality. The ridge is probably related
to the terminal moraine of the ice-marginal position 16 at
Adamshof (Fig. 13a).

On the southern valley side near Jockelehof, a remnant
of a terminal moraine was identified (Fig. 12b; Erb, 1948;
Hüttner, 1967). Without any independent chronological ev-
idence, this feature at an elevation of 540–600 m a.s.l. was
considered indicative of the last glaciation maximum ice ex-
tent (Hüttner, 1967; Metz and Saurer, 2012). In this study,
the subtle, N–S-oriented ridge on the southern valley side
is confirmed. However, a gravitational genesis of the sedi-
ment ridge cannot be excluded. Hence, the feature is tenta-
tively mapped as a terminal moraine indicative of the ice-
marginal position 18 (Fig. 13b). Three ridges are observed
on the northern valley side. According to outcrops at their
SW ends, poorly rounded clasts and boulders reside in a ma-
trix composed of finer sediments. The ridges interfinger with
a cone-shaped feature further north-east that is interpreted as
an alluvial fan (see Fig. S3 for a complete geomorphological
map of the area). Only the SE ridge features a distinct crest.
Due to their orientation perpendicular to the valley floor, the
ridges are classified as terminal moraines (Fig. 13b). Whether
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the ridges at Jockelehof are correlated with the last glaciation
maximum cannot be determined without chronological data.

5.3.1 Rinkendobel

Two amphitheatre-shaped niches in the upper part of the SE–
NW-trending valley are interpreted as glacial cirques in this
study (Fig. 13a). The Rinken pass separates the valley from
Sägenbachtal further east. During the last glaciation maxi-
mum, the palaeoglacier in Zastler Tal was probably fed by a
branch from Zastler Loch and a transfluent ice stream from
the cirque in the uppermost Sägenbachtal (Fig. 12a; Metz,
1985b; Schreiner, 1990). As till is found up to an elevation
of 1250 m a.s.l. north of the Rinken pass (Wimmenauer et
al., 1990), it was concluded that the ice must have been at
least 50 m thick at this locality (Schreiner, 1990). Numer-
ous channels are observed on the southern valley side fur-
ther west. One of these channels is roughly 300 m long. They
were classified as meltwater channels formed at the ice mar-
gin (Schreiner, 1996a).

Both the analysis of remote sensing data and field mapping
reveal that numerous sediment ridges are present in this area.
They are separated by deep channels from the surrounding
slope. Therefore, we suggest that the ridges and the channels
are terminal moraines and lateral meltwater channels, respec-
tively (Fig. 13a).

A subtle, partly eroded terminal moraine is found on the
valley floor at an elevation of 1100 m a.s.l. (marked with “M”
in Fig. 12; Metz, 1985a). This moraine was shaped during
a restricted cirque glaciation (Metz, 1985b, 1997; Metz and
Saurer, 2012). Initially correlated with the outer moraine at
Feldsee in Seebachtal (Metz, 1985b), the moraine was later
attributed to the Waldhof stade (Metz and Saurer, 2012). An
arcuate sediment ridge further uphill is interpreted as a ter-
minal moraine (marked with “1” in Fig. 12). Overall, the ter-
minal moraines in the valley are assigned to 16 ice-marginal
positions (Fig. 13a).

5.3.2 Angelsbach

The upper part of the valley is a well-developed cirque with
two cirque floors. Its headwall reaches up to 1300 m a.s.l.
The upper cirque floor is situated at 1220–1240 m a.s.l. The
depression on the significantly larger cirque floor at around
1080 m a.s.l. is covered by the Heibeermoos mire, sur-
rounded by two generations of terminal moraines (Fig. 12a;
Schreiner, 2011). Sediment cores from the mire were first
obtained by Friedmann (1998/1999) and later by the LUBW
(LUBW, 2010; Fig. 14). A bulk sample from the base of
the sediment core from the centre of the mire was dated to
7303–6954 cal BP (median probability 7148 cal BP; Fig. 15),
thereby implying that peat formation on the cirque floor
started at ca. 7 ka (Friedmann, 1998/1999). In contrast, the
considerably older Laacher See Tephra was apparently iden-
tified in a sediment core from the NE part of the mire ob-

tained by LUBW (2010; Fig. 14). This implies that the ter-
minal moraines at the margin of the mire must be at least
12.9 kyr old. The presence of Laacher See Tephra in both the
Heibeermoos and the Katzensteig mires would agree with the
hypothesis of Schreiner (2011) that the moraines at their mar-
gins are possibly of the same age.

A sediment ridge was mapped at the northern end of the
upper cirque floor. As the ridge is not associated with a
channel or an escarpment, a fluvial or gravitational forma-
tion is considered unlikely. The ridge is probably a termi-
nal moraine and developed during a period of stationary
glaciers when the glaciation of the cirque was restricted to
its very uppermost part (Fig. 13a). This terminal moraine
at 1210 m a.s.l. has not been mentioned before. The termi-
nal moraines directly at the margin of the Heibeermoos mire
(Schreiner, 2011) are confirmed in this study. Thanks to the
high-resolution remote sensing data, it was observed that
the outer moraine of these moraines has two distinct crests.
This assumption was later confirmed during geomorphologi-
cal field mapping.

5.3.3 Stollenbach

Till was mapped on the valley floor at an elevation of 720–
840 m a.s.l. (Wimmenauer and Hüttner, 1968). Its occur-
rence on the valley floor has been considered an indication
that the ice from the cirque near the hamlet of Stollenbach
reached the main Zastler Tal during the last glaciation maxi-
mum (Hüttner, 1967). However, the deposit may also be flu-
vially reworked till. Secondly, the valley features a strong
V-shape north of the glacial cirque on the southern valley
side (Fig. 13a). Note in particular the V-shaped 800 m a.s.l.
contour line in Fig. 12. Due to these observations, we argue
that the glaciation was restricted to the cirque on the southern
valley side and the poorly developed cirque in the uppermost
part of the valley (Fig. 13a).

6 Discussion

As we identified terminal moraines associated with 18 ice-
marginal positions in Sankt Wilhelmer Tal and Zastler Tal
(Figs. 9 and 13), it is inferred that the deglaciation of the
southern Black Forest was interrupted by more glacial stand-
stills and/or glacial readvances than previously expected.
The presence of terminal moraines associated with such a
high number of ice-marginal positions is not surprising. In
contrast to larger ice bodies, smaller glaciers react to cli-
matic oscillations on short timescales (Mackintosh et al.,
2017). Secondly, the palaeoglaciers were probably temper-
ate or polythermal, as were former ice fields in Scotland
(Lukas, 2005; Lukas and Benn, 2006; Boston et al., 2015).
As the topographical control became stronger during the
deglaciation, it is likely that at least some of the periods of
moraine formation were topographically driven. For exam-
ple, the palaeoglacier in the Katzensteig cirque may have sta-
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Figure 14. Longitudinal profile of the Heibeermoos mire according to unpublished data of the LUBW (LUBW, 2010). See Fig. 2 for the
location. Coordinate system: ETRS 1989 UTM Zone 32N.

Figure 15. Lithology of the sediment core obtained from the centre
of the Heibeermoos mire as well as recalibrated radiocarbon ages
(Friedmann, 1998/1999). The coring site is depicted in Fig. 14.

bilised during the retreat to the cirque despite a general trend
of deglaciation. As the valley geometry may significantly im-
pact the behaviour of glaciers (Boston and Lukas, 2019), the
terminal moraine record north-west of the Feldberg should
be cautiously interpreted with regard to the palaeoclimate
without additional evidence. Disentangling topographically
driven and climatically forced periods of moraine formation
(Barr and Lovell, 2014) will be one of the key challenges in
future research. The application of numerical dating meth-
ods only provides the age of an ice-marginal position (Lüth-
gens and Böse, 2012) and, in most cases, little information
on the forcing and nature of glacial events (such as whether
there was glacial advance or standstill during general re-
treat). These information gaps can only be filled by inves-
tigating the sediments within moraines (Winkler and Hage-
dorn, 1999; Lukas, 2007; Reznichenko et al., 2016). Thus,
terminal moraines in the southern Black Forest will be sedi-
mentologically investigated to provide insights into the forc-
ing of the glacial events.

Most of the previously described ice-marginal positions
in the Schauinsland area are confirmed (Fig. 6). Previously
suggested ice-marginal positions in Hörnegrund, at the en-
trance to Hörnegrund, and between Sankt Wilhelmer Tal and
Hörnegrund as well as in Langenbach have to be rejected.
The terminal moraine at 600 m a.s.l. in Kappeler Tal and
the outer terminal moraine in the Sailentobel cirque are de-

E&G Quaternary Sci. J., 69, 61–87, 2020 https://doi.org/10.5194/egqsj-69-61-2020



F. M. Hofmann et al.: Revisiting Late Pleistocene glacier dynamics north-west of the Feldberg 83

scribed for the first time. Overall, the western part of our
study area is conspicuously poor in glacial landforms. This
has been explained by the lack of large, high-altitude ar-
eas favourable for glacial accumulation (Giermann, 1964).
Only an insignificant portion of this region is located above
1200 m a.s.l. (Fig. 4), whereas the upper parts of the valleys
in the eastern part of our study area are situated at consid-
erably higher elevations (Figs. 7 and 12). Due the lack of
significant topographical control, the palaeoglaciers were not
well sheltered from incoming solar radiation with the excep-
tion of the S–N-oriented palaeoglacier in Kappeler Tal. The
overall smooth topography (Fig. 2) also limited the amount
of debris available for terminal moraine formation. The only
exception is the upper Kappeler Tal where large escarpments
served as debris sources. Thirdly, the upper parts of the val-
leys are very steep (Fig. 2). To summarise, the scarcity of ter-
minal moraines is probably explained by an early deglacia-
tion, the lack of sediments for moraine formation and the
overall steep longitudinal profiles of the valleys. These fac-
tors led to the situation that the deglaciation in the western
part of our study area was already underway when large areas
around the Feldberg were still covered by glaciers, as already
proposed by Giermann (1964).

The review of the little available indirect chronological
information on Late Pleistocene glacier fluctuations in the
Black Forest highlights fundamental disagreements. This is
particularly true for the Heibeermoos mire. According to
the data of the LUBW (LUBW, 2010; Fig. 14), the Laacher
See Tephra was deposited in the centre of the mire, whereas
Friedmann (1998/1999) suggested a significantly later onset
of peat formation at 7303–6954 cal BP. Two explanations are
invoked for this disagreement. Firstly, the unit of greyish sed-
iments at a depth of 3.5 m in the centre of the mire was erro-
neously classified as tephra by LUBW (LUBW, 2010; coring
site 1 in Fig. 14). This explanation is not unrealistic, as tephra
was found in sediment cores from the mires in Seebachtal
on top of detritus gyttja and below clayey gyttja suppos-
edly younger than the cooling in Europe at 12.8 ka (Fig. 3).
This succession of sediments matches well the palaeocli-
matic context of the last glacial termination in the Alps and
its forelands (Heiri et al., 2014). Hence, one would expect
a similar succession of lithostratigraphic units in the mires
in our study area. However, the Laacher See Tephra in the
Katzensteig mire was found above sand and mud and below
gyttja (Fig. 11). In the Heibeermoos mire it was supposedly
identified in a unit of gyttja (Fig. 14). The peculiar succes-
sion of lithostratigraphic units in both mires calls the relia-
bility of the data of the LUBW (2010) into question. Alterna-
tively, the bulk samples for radiocarbon dating used by Fried-
mann (1998/1999) yielded erroneous results due to contam-
ination of the sampled material. For example, root contam-
ination may have caused the abnormally young radiocarbon
ages (Törnqvist et al., 1992; Piotrowska et al., 2011).

The Laacher See Tephra has been used in the southern
Black Forest as a chronological marker to infer timberline

changes (Lang, 2006) and glacier fluctuations (Lang et al.,
1984; Merkt, 1985; Lang, 2005). However, this approach re-
quires the Laacher See Tephra to be unequivocally identified
via geochemical analyses to prevent a silt layer being erro-
neously classified as tephra. A sufficient number of macro-
fossil samples for radiocarbon dating should be obtained
from the mires presented above. Apart from potential prob-
lems associated with incomplete bleaching, OSL dating of
lake sediments should be tested (e.g. Lukas et al., 2012b).
The age of the basal sediments would be particularly inter-
esting, as both mires are delimited by terminal moraines with
large boulders suitable for TCN dating.

Obtaining chronological constraints from terminal
moraines is considered the most important step in future
research on Late Pleistocene glacier variations in the
southern Black Forest. As the current subdivision of the last
glaciation of the southern Black Forest relies on terminal
moraines in Seebachtal and Zastler Tal (Fig. 1), it would
be most desirable to determine their age with TCN dating.
According to our own observations, boulders suitable for
TCN dating are only present on the terminal moraines at the
margin of Feldsee and in the uppermost part of Zastler Tal.
As suitable boulders for TCN dating are found on half of the
terminal moraines in Sankt Wilhelmer Tal and quartz-rich
lithologies dominate the surrounding area, future efforts
should be concentrated on exposure dating these landforms.
Hence, the subdivision of the last glaciation presented above
will be replaced by an event stratigraphy based on exposure
ages from this valley.

To revisit the initial question of the timing of the last
glaciation maximum, terminal moraines outside our study
area, such as in the area of the Haslach palaeoglacier
(Bangert et al., 1992), should be geomorphologically and,
if possible, sedimentologically reinvestigated. In addition to
TCN dating, luminescence depth profiles from boulders from
moraines (Rades et al., 2018) should be simultaneously re-
constructed to provide an additional line of evidence if the
approach is successfully tested. As discussed for fluvial en-
vironments (Rixhon et al., 2017), we strongly advocate the
application of multiple dating methods, as TCN dating has
proven to be problematic for moraines in anthropogenically
impacted areas (Boxleitner et al., 2018). Hence, lumines-
cence depth profiles may help to circumvent problems if ex-
posure ages from boulders turn out to be anomalously young.

7 Conclusions

The review of previous studies on the glaciation north-
west of the Feldberg highlights disagreements between for-
mer studies regarding the location of ice-marginal posi-
tions, in particular for Zastler Tal. In this study, we both
newly mapped ice-marginal landforms and rejected previ-
ously mentioned ice-marginal landforms. Detailed geomor-
phological mapping proved to be a prerequisite for the suc-
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cessful application of numerical dating methods. The ap-
plication of a holistic approach involving both geomor-
phological field mapping and the analysis of remote sens-
ing data enabled ice-marginal landforms north-west of the
Feldberg to be mapped with an unprecedented level of de-
tail. In two of the mapped valleys, 18 ice-marginal po-
sitions were identified, thereby reinforcing the hypothesis
that the palaeoglaciers in the southern Black Forest were
highly dynamic. The scarcity of ice-marginal positions in
the Schauinsland area further west is attributed to the lack
of high-altitude accumulation areas, the steep longitudinal
profile of the formerly glaciated valleys and the lack of sedi-
ments available for terminal moraine formation.

The review of the few indirect chronological data on the
last glaciation shows that the chronology of glacier fluctua-
tions in the southern Black Forest is far from being under-
stood. Most of the terminal moraines used for the subdivi-
sion of the last glaciation lack suitable boulders for TCN dat-
ing. Hence, the existing subdivision will be abandoned and
replaced by a new event stratigraphy based upon exposure
ages from Sankt Wilhelmer Tal. Suspected last-glaciation-
maximum terminal moraines outside of our study area will be
reinvestigated and numerically dated to determine the timing
of this event. Recent innovative approaches in OSL dating,
such as depth profiles from moraines, will simultaneously be
tested to provide an independent age control. Due to contrast-
ing results of earlier studies and to the sediments’ location
inside terminal moraines, it is intended that the sediments of
the mires in our study area will be reinvestigated.
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The presented doctoral dissertation uses luminescence dat-
ing techniques to reconstruct the paleoenvironmental and pa-
leoclimatic conditions in the middle and lower Danube catch-
ments, especially during the period of anatomically modern
humans’ emergence in Europe. The thesis is embedded in
the CRC806 “Our Way to Europe” project. To increase one’s
understanding of the environmental and climatic conditions
during the last 150 ka, four loess-paleosol sequences (LPS)
and one fluvial section were investigated (Fig. 1). The re-
search area is located at the junction of Atlantic, Mediter-
ranean and continental climatic regimes, which makes it sen-
sitive to climatic changes. Moreover, the geographical posi-
tion between Asia, Near East and Central Europe and the vast
river network connecting these regions make the area a favor-
able pathway for anatomically modern human migration. The
sediments of the five investigated sites cover various time
frames from the penultimate interglacial to the Holocene.
The methodological approach focused on optically stimu-
lated luminescence dating, but for some of the sections the

geochronological methods were combined with physical, bi-
ological and geochemical proxy data to reconstruct the pale-
oenvironmental conditions.

In the middle Danube basin three sites were investigated.
The Ságvár LPS is located in the central basin and its sedi-
ments accumulated during the last glacial maximum (LGM)
from approximately 25–17 ka (Bösken et al., 2018). The se-
quence can be correlated to two Gravettian occupation layers.
Paleoenvironmental conditions changed rapidly and Gravet-
tian occupation took place during a typically cold LGM
phase. This shows that environmental conditions were not
uniform during MIS 2 and that paleoenvironmental changes
can be observed even on short (millennial) timescales within
rather pure loess formation.

The Bodrogkeresztúr LPS is located in the foothills of the
Carpathians in the northern edge of the basin. Its sediments
accumulated between 33.5 ± 2.5 and 28.0 ± 2.1 ka, and the
site is characterized by a well-developed MIS 3 paleosol indi-
cating humid paleoclimatic conditions (Bösken et al., 2019).
Also during loess deposition, relatively mild paleoclimatic
conditions prevailed. Measurements of the anisotropy of the
magnetic susceptibility revealed that the loess likely origi-
nated from the Tisza floodplain from a northeastern wind di-
rection. The findings highlight the unique microclimatic con-
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Figure 1. The map shows the location of the investigated sections, Aurignacian findspots (only middle Danube basin; Hauck et al., 2017),
the LGM glacial extent (Ehlers et al., 2011) and dry continental shelf (Willmes, 2015), and the elevation (credit: AW3D30, JAXA).

ditions at the foothills of the Carpathians, which may have
offered a favorable environment for Upper Paleolithic popu-
lations.

The Crvenka-At site contains fluvial sediments and Au-
rignacian artifacts that were found in sediments with an age
between 41.3 ± 3.6 and 33.9 ± 2.9 ka. This age range fits
well with other dated Aurignacian findings in the Banat re-
gion, points to a more widespread occurrence of anatomi-
cally modern humans than previously thought and shows that
also lowland areas were attractive for occupation.

Further south, the Stalać section is located in the interior of
the Central Balkan region, in a zone of paleoclimatic shifts
between continental and Mediterranean climate regimes. A
firm chronology framing the last two glacial cycles was es-
tablished (Bösken et al., 2017a). The lowermost paleosol
(MIS 7) was characterized by stronger weathering indicat-
ing more humid and warmer paleoenvironmental conditions.
The paleoclimate likely changed from a Mediterranean in-
fluence to more continental conditions with a trend of de-
creasing precipitation. During MIS 5 and MIS 3 similar cli-
matic conditions prevailed, which is shown by the formation
of three Kastanozems. Further paleoenvironmental analysis
was conducted in Obreht et al. (2016).

Finally, the Urluia LPS in the lower Danube basin was
investigated. The section was dated from 144.9 ± 12.2 to
21.0 ± 1.6 ka. While the chronology of the upper 7 m of the
section is supported by independent age control in form of
the Campanian Ignimbrite/Y-5 tephra, the lower part of the
sequence remains less well constrained. A rapid increase in
ages between ∼ 7 and 9 m is followed by rather constant ages
> 130 ka in the lower 7 m of the profile. These ages are in
contrast with the correlation of a well-developed paleosol at
the bottom of the section to MIS 5. Several hypothesis try-
ing to explain these findings were explored but could not be
solved satisfactorily. A first paleoenvironmental study is pre-
sented by Obreht et al. (2017).

The doctoral dissertation demonstrates that a detailed in-
vestigation is necessary in order to build robust age mod-
els. Luminescence signal (fading) and saturation character-
istics need to be examined next to the usual applied tests,
especially for minerals with high doses. The investigations
at Urluia and Stalać demonstrated that, while it is possible to
date polymineral samples with higher doses than quartz sam-
ples, it remains unclear up to which dose range age estimates
are reliable. Another important aspect is the discrepancy be-
tween measured values of α efficiency (a value) and used
literature values. A new a value for pIRIR290 protocols was
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suggested in another publication that includes data measured
for this dissertation (Schmidt et al., 2018).

Overall, this doctoral dissertation highlights the impor-
tance of luminescence dating in paleoenvironmental and
geoarchaeological studies. It demonstrates how the combina-
tion of multiple proxy data enhances the paleoenvironmen-
tal interpretations and identifies remaining challenges. The
paleoclimatic dynamics in the research area at the junction
of Atlantic, Mediterranean and continental climatic regimes
are discussed. Finally, paleoenvironmental conditions during
phases of Upper Paleolithic occupation were equally diverse,
highlighting anatomically modern humans’ ability to adapt
to changing paleoenvironments.

Data availability. The research data of this dissertation are avail-
able within the appendix and the supplementary materials of Bösken
et al. (2017a, 2018, 2019). Further data from the Ságvár LPS can
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Kurzfassung: Anhand von sedimentologischen und geländemorphologischen Untersuchungen wird die Abschmelz-
geschichte des südöstlichen Chiemsee-Gletschers beschrieben. Mit dem Trockenfallen der Bad
Adelholzen-Erlstätter Rinne im Verlaufe des Spätwürm entwickelt sich aus dem Abschmelzen des
Eislappens in der Grabenstätter Bucht eine sich ständig tiefer legende konzentrische Abfolge von zu-
nächst peripheren Entwässerungsrinnen, wobei die ältesten Rinnen dieser Phase bei Chieming, die
jüngeren dann entsprechend weiter im Süden, in die zentripetale Richtung umschwenken.

Die Entstehung des Tüttensee-Komplexes ist im Kontext dieser Entwicklung zu sehen. Er ist das
Ergebnis der glazifluvialen und glazilakustrinen Sedimentation im Einflussbereich des sukzessiven
Eisabbaus in der Grabenstätter Bucht in Kombination mit einer Toteisbildung im Bereich des heutigen
Tüttensees. Dafür sprechen die stufenartige Abfolge der beschriebenen peripheren Abflussrinnen mit
ihren immer tiefer liegenden Abflussniveaus, die Höhengleichheit von drei dieser Rinnen mit den
Tüttensee-Terrassen sowie die für die jeweilige Terrassenentstehung typische glazifluviale bzw. delta-
artige Sedimentstruktur und -reife. Dieses Ergebnis stellt ein Korrektiv zur Hypothese des Chiemgau-
Impakts dar, wonach der Tüttensee ein Impaktkrater sein soll. Da diese nun falsifizierte Annahme vor
allem im deutschsprachigen Raum von zahlreichen Medien propagiert wird, ist der folgende Artikel
auf Deutsch verfasst, um einer breiten Leserschaft zugänglich zu sein.

Abstract: The deglaciation history of the southeastern Chiemsee Glacier is described by sedimentological and
terrain morphological investigations. As the Bad Adelholzen-Erlstätter Rinne dried up during the late
Würmian, the melting of the ice lobe located in the Grabenstätt bay resulted in a concentric sequence
of ever deepening peripheral drainage channels. The oldest channels of this phase changed into a
centripetal direction near Chieming, the younger ones did so further south.
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The development of the Tüttensee Complex has to be seen in the context of this development. It
is the result of the glaciofluvial and -lacustrine sedimentation triggered by the gradual deglaciation
of the Grabenstätt bay in combination with dead ice formation in the area of today’s Lake Tüttensee.
This is supported by the stepwise sequence of the described peripheral discharge channels with their
increasingly lower discharge levels, the level equivalence of three of these channels of this phase with
the Tüttensee Terraces as well as the glaciofluvial or deltaic sediment structure or maturity typical
for the respective terrace formation. This result is a corrective to the now falsified Chiemgau impact
hypothesis that the Tüttensee is supposed to be an impact crater. Since this assumption is propagated
by numerous media, especially in the German-speaking countries, the following article is written in
German in order to be accessible to a broad readership.

1 Einleitung

Das Landschaftsbild des Chiemgaus, am Rande der nörd-
lichen Alpen, ist deutlich von der quartären Vereisungsge-
schichte des Inn-Chiemsee-Gletschers geprägt, der seit mehr
als hundert Jahren Thema zahlreicher wissenschaftlicher Un-
tersuchungen ist (Abb. 1). Von dieser langen Erkenntnisge-
schichte seien hier nur die Arbeiten von Penck (1882) so-
wie Penck und Brückner (1909) genannt. Das Gebiet des
Inn-Chiemsee-Gletschers erfuhr seine erste umfassende Be-
schreibung und Kartierung durch Troll (1924), die im We-
sentlichen noch bis heute gültig sind. Er gliederte die End-
moränenwälle des Würm in vier Phasen, die als Rückzugs-
halte angesehen wurden, bevor der Gletscher das Zungenbe-
cken vollständig freigab. Die Endmoränenwälle der Kirch-
seeoner Phase zeichnen den Gletscherrand des Hochwürm
nach, gefolgt von den ebenso durchgehenden Moränenzü-
gen des Ebersberger und Ölkofener Stadiums (Abb. 2). Das
Stephanskirchener Stadium ist mit undeutlichen und nicht
durchgehenden Wällen nur im Bereich des Inn-Gletschers im
Rosenheimer Beckens erhalten (Abb. 2).

In den vergangenen Jahren wurde das Chiemsee-Gebiet
Gegenstand mehrerer geographischer und geologischer Un-
tersuchungen bzw. Kartierungen (z.B. Knauer, 1935; Wil-
helm, 1958; Ganss, 1977; Henry und Rudolph, 1978; Ga-
reis, 1978; Jerz, 1999), die das Bild der Würm-zeitlichen
Vereisungsgeschichte weiter vervollständigen konnten. Al-
lerdings blieben einige Fragen bislang ungeklärt. Insbeson-
dere die Rolle glazifluvialer Prozesse blieb nur unvollständig
beantwortet (z.B. Gareis, 1978) Sie sind aber für die Ent-
stehungsgeschichte der Würm-zeitlichen Landschaftsformen
bedeutsam (siehe German, 1973, und Schneider, 1995). Heu-
te können Lage und Verlauf von trockenliegenden, Würm-
zeitlichen Abflussrinnen mit neuen Geländemodellen aus LI-
DAR Aufnahmen sehr genau bestimmt werden (Abb. 3, 5).
Mit Hilfe dieser Geländemodelle wollen wir in der vorliegen-
den Arbeit daher den Versuch unternehmen, das Verständ-
nis der zeitlichen und räumlichen Verflechtung dieser Rin-
nen zu verbessern und damit die Würm-zeitliche Abschmelz-
geschichte des östlichen Chiemsee-Gletschers etwas genauer
zu formulieren.

Abb. 1. Lage des Untersuchungsgebietes. T=Tüttensee. Verortung
des Arbeitsgebietes siehe Abb. 3. Geobasisdaten © Bayerische Ver-
messungsverwaltung.

Zudem liegt unser Untersuchungsgebiet in dem von Ernst-
son (2010) postulierten Meteoritenkraterstreufeld zwischen
Burghausen und Chiemsee. Innerhalb der jüngsten Würm-
zeitlichen Moränenwälle und vorgelagerten Entwässerungs-
rinnen dieses Gebietes liegt der Tüttensee. Dieser See soll
nach Vorstellung von Ernstson (2010) auf den Einschlag ei-
nes extraterrestrischen Körpers zurückzuführen sein. In der
vorliegenden Arbeit überprüfen wir auch diese Impaktthe-
se. Dazu stellen wir die Ergebnisse eigener Begehungen
und Kartierungen des Tüttensee-Geländes und dessen wei-
terer Umgebung vor und werden aus der Zusammenstellung
der geomorphologischen und geologischen Beobachtungen
sowie sedimentologischer Untersuchungen die Entstehung
des späteiszeitlichen Tüttensee-Komplexes im Rahmen der
Abschmelzgeschichte am Ostrand des Chiemsee-Gletschers
darstellen.
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Abb. 2. Lage des Untersuchungsgebietes im Kontext der klassi-
schen Troll’schen Moränenstadien des Inn-Chiemsee Gletschers.
Abbildungsgrundlage aus Troll (1924) modifiziert von Dar-
ga (2009a).

Das Bayerische Landesamt für Umwelt (2019) hat die Eis-
zerfallslandschaft des Tüttensees als Geotop mit der Num-
mer 189R039 ausgewiesen.

2 Geologischer Rahmen

Die Grabenstätter Bucht (j in Abb. 5) mit dem Tüttensee
ist Teil des südöstlichen Chiemsee-Gletschergebietes (Ganss,
1977). In diesem Gebiet herrschen oberflächlich die Ab-
lagerungen und Geländeformen der Würm-Eiszeit vor, die
sich hervorragend im Digitalen Geländemodell 1 (DGM1)
der Abb. 3 erkennen lassen. Das Gelände ist in erster Linie
von Moränenwällen und mehrheitlich ehemaligen Entwässe-
rungstälern geprägt. Der hier von uns als Tüttensee-Komplex
vorgestellte Geländeteil wurde bereits von Troll (1924) und
Gareis (1978) erfasst, ohne dass jedoch die genaue Abfolge
der Abschmelzphasen aufgezeigt wurde.

Der präglaziale Untergrund des Untersuchungsgebietes,
der aus dem aufgerichteten Südrand der Vorlandmolasse be-
steht, ist gelegentlich in der näheren und weiteren Umge-
bung des Tüttensees in Erosionsgräben aufgeschlossen. Pa-
padeas (1972: Beilage III) stellte mit Hilfe von Bohrdaten
das Relief der Oberfläche des voreiszeitlichen Untergrundes
im Bereich ungefähr von Chieming bis zur Breite von Bergen
dar. Er konnte eine glazigen und fluvial überprägte Molasse-
Oberfläche rekonstruieren, die generell ein leichtes Gefälle
in Richtung Norden aufweist und mehrere fluviale Rinnen
enthält. Die prägnanteste dieser Rinnen, die etwa 4 km nord-
östlich Bergen beginnt und bis Erlstätt reicht, interpretiert er
als Flussbett der Riß-eiszeitlichen Traun. In diesem Molasse-
Relief fand er auch eine auffallende, in O-W-Richtung ver-
laufende Rinne. Am östlichen Ende dieser Rinne sitzt in

26 m Tiefe ziemlich genau unter dem Tüttensee (Wasser-
spiegel 526 m NN) eine rundliche Vertiefung mit ungefähr
750 m Durchmesser (bei Höhenlinie 500 m NN der Molasse-
Oberfläche). Die Molasse-Höhenlinie von 490 m NN (also
36 m unter dem Seespiegel) weist nur noch einen Durchmes-
ser von ca. 550 m auf. Der Verlauf dieser Rinne nach Wes-
ten reicht bis Grabenstätt und biegt hier in südsüdwestliche
Richtung um (vgl. Abb. 4, rote Linien).

Veit (1977:212ff.) konnte mit Hilfe von reflexionsseis-
mischen Schussbohrungen im südlichen Chiemsee-Becken
(ausschließlich in verlandeten Gebieten) eine Mächtigkeits-
karte des jungpleistozänen Seetons erarbeiten, die aufzeigt,
dass das Seetonbecken von Übersee in mehrere Teilbecken
gegliedert ist. Aus dieser Karte geht hervor, dass im Gra-
benstätter Moos, also westlich der Grabenstätter Bucht, eine
ca. 70 m tiefe, mit Seeton gefüllte Vertiefung im Untergrund
existiert. Sie gehört zu der von Papadeas gefundenen Rinne
in der Grabenstätter Bucht. Die Befunde von Papadeas und
Veit ergänzen sich also sehr gut (Abb. 4) zur Rekonstruktion
des voreiszeitlichen Untergrundes.

3 Methoden

Während mehrerer Geländekampagnen in den Jahren 2014
bis 2016 wurde die Umgebung des Tüttensees geologisch
kartiert und Aufschlüsse beprobt. In den umgebenden Hü-
geln und Terrassen des Sees ermöglichten manche Auf-
schlüsse auch einen Einblick in die innere Struktur. An drei
Positionen konnten in Kieskörpern Schichtflächen freigelegt
und das Einfallen und die Fallrichtung der Schichten be-
stimmt werden.

An den Proben wurden Korngrößenanalysen durchgeführt,
um Erkenntnisse über das jeweilige Ablagerungsmilieu zu
gewinnen. In der Mittel- bis Grobkiesfraktion der Proben
wurde an je etwa 100 Körnern der Rundungsgrad gemäß den
von Pettijohn et al. (1973) vorgeschlagenen Kategorien be-
stimmt.

Zur geomorphologischen Analyse wurden über die Baye-
rische Vermessungsverwaltung des Landesamts für Digita-
lisierung, Breitband und Vermessung LIDAR-Daten in einer
Auflösung bis zu einem Meter bezogen. Um auch die Tiefen-
morphologie des Tüttensees in das Geländemodell mit ein-
zubeziehen, wurde die dazu vorliegende 1 : 2500 Tiefenkarte
des Bayerischen Landesamtes für Wasserwirtschaft (Grim-
minger, 1987) digitalisiert, mit Hilfe der Surfer 11 Soft-
ware in ein kompatibles 1 m Raster umgewandelt und in
das LIDAR Geländemodell integriert. Dadurch konnte ei-
ne hochgenaue topographische Karte der näheren Seeum-
gebung erstellt werden (Abb. 8). Das Softwarepaket wurde
auch zur Visualisierung und räumlichen Analyse des Gelän-
des verwendet. Zur Ermittlung von Gefällen und Höhenanga-
ben wurde daneben der BayernAtlas (http://www.geoportal.
bayern.de/, letzter Zugriff: 21. März 2018) genutzt.
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Abb. 3. Digitales Geländemodell, eingefärbt. Norden ist oberer Bildrand. Der Chiemsee ist die graue unstrukturierte Fläche ent-
lang des linken Bildrandes. Höhenlagen am rechten Bildrand in m NN. Die tiefste Lage (Chiemsee-Niveau) sowie die Höhen
höher als 575 m NN sind grau dargestellt, und die Farbstufen violett bis hellblau kommen in den tieferen Lagen als auch in
den höchsten Lagen vor. Die grau gehaltenen Flächen vor allem im rechten Bildviertel liegen also höher als 575 m NN. Die-
se Darstellung zeigt das Gefälle der verschiedenen Rinnen, die in Abb. 5 nur in ihrer zweidimensionalen Ausdehnung dargestellt
sind. 1=Stöttham, 2=Laimgrub, 3=Eglsee, 4=Nußdorf, 5=Weiderting, 6=Wang, 7=Riederting, 8=Höpperding, 9=Kraimoos,
10=Aufham, 11=Chieming, 12=Oberhochstätt, 13= Innerlohen, 14=Erlstätt, 15=Wolkersdorf, 16=Traunstorf, 17=Hagenau,
18=Hirschau, 19=Obereggerhausen, 20=Marwang, 21=Hiensdorf, 22=Mühlen, 23=Tinnerting, 24=Axdorf, 25=Vachendorf,
26=Wipfing, 27=Einharting, 28=Eckering, 29=Tüttensee, 30=Grabenstätt. Geobasisdaten © Bayerische Vermessungsverwaltung.

Alle Koordinaten sind, wie im genutzten Kartenmaterial,
als Gauss-Krüger Koordinaten (Rechts- und Hochwerte) an-
gegeben. Als Quelle für Flurnamen wurde die topografische
Karte 1 : 25 000 Blatt 8141 Traunstein (Landesamt für Ver-
messung und Geoinformation, 2007) verwendet.

4 Beobachtungen

4.1 Geomorphologie

4.1.1 Rinnenstrukturen und Trockentäler im
südöstlichen Teil des Chiemsee-Gletschers

Das auffälligste geomorphologische Merkmal im Bereich
des ehemaligen Chiemsee-Gletschers sind die markanten,
wallförmigen Endmoränenstaffeln, die bereits in den Arbei-
ten von Troll (1924) und Ganss (1977) beschrieben und klas-
sifiziert wurden. Zwischen den einzelnen Moränenstaffeln

befinden sich naturgemäß langgestreckte Täler, die heute als
durch ehemalige Wasserläufe geformte Trockentäler vorlie-
gen. Diese Rinnen sind insbesondere im hochauflösenden di-
gitalen Geländemodell in einer neuen Qualität deutlich zu er-
kennen. Aufgrund von Gefälle und Richtung lassen sich - be-
zogen auf den Chiemsee – zentrifugal, peripher und zentripe-
tal verlaufende Rinnen unterscheiden (Abb. 5). Zentrifugale
Rinnen in unserem Arbeitsgebiet sind die Axdorfer Rinne (l
in Abb. 5) und die Traunstorfer Rinne (a in Abb. 5) zwischen
Wang und Weiderting. Sie sind dem Kirchseeoner Stadium
(Troll, 1924; Abb. 2) zuzuordnen. Mit dem Eintritt des Eber-
berger Stadiums (Abb. 2) entwickelte sich die Traunstorfer
Rinne zwischen Traunstorf und Wang zu einer peripheren
Rinne. Die Wolkersdorfer Rinne (b in Abb. 5) ist als erstes
rein peripheres Tal zu erkennen.

Die nun folgenden Rinnen des Ölkofener Stadiums
(Abb. 2) hängen alle mit der Entstehung des Tüttensee-
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Abb. 4. Darstellung der Untergrundstruktur des verlandeten Chiemsee-Gebietes zwischen Grabenstätt, Bernau und Marquartstein, zusam-
mengestellt und verändert aus den Abbildungen von Veit (1977:213) und Papadeas (1972: Beilage III; Höhenlinien hier zur Unterscheidung
von den Höhenlinien von Veit in Rot angegeben). Die Zahlen geben die Höhenlinien in m NN an. Grundinformation zur Ermittlung der un-
gefähren Schichtmächtigkeit der eiszeitlichen Ablagerungen über dem Molasse-Relief: Der mittlere Wasserspiegel des Chiemsees liegt bei
518 m NN, die Oberfläche des Grabenstätter Mooses (zwischen Grabenstätt und Tiroler Ache) liegt ca. bei 519 m NN. Der in der Grafik von
Veit eingezeichnete „vermutliche Verlauf des Chiemsee-Ufers nach dem ,Rückzug des Eises‘“ ist hypothetisch und zeigt nur einen einzigen
Zustand. Die in vorliegender Arbeit gezeigten Abschmelzstadien dagegen geben einen Einblick in die Entwicklung der östlichen Uferlinie
des entstehenden Chiemsees anhand der im Gelände feststellbaren Entwässerungsrinnen und der damit verbundenen Eisbarrieren. Der Raum
südlich des Chiemsees ist der bereits verlandete Teil des Zungenbeckens. Die subglazial geformten Kolke und Rinnen folgen den ungefähr
E-W streichenden Strukturen der Molasse.

Komplexes direkt zusammen. Ihren Verlauf und vor allem ihr
Gefälle kann man der Abb. 3 entnehmen. Abbildung 5 zeigt
den individuellen Verlauf der einzelnen Rinnen und dadurch
z.T. auch deren zeitliche Abfolge.

Die Bad Adelholzen-Erlstätter Rinne (c in Abb. 5) ist im
Kartenbild die markanteste periphere Rinne des östlichen
Chiemsee-Gebietes. Sie ist bei Erlstätt bis über 900 m breit
und reicht von Bad Adelholzen über Vachendorf und Erl-
stätt bis Chieming und nördlich Laimgrub. Die Kiesgruben
zwischen Vachendorf und Erlstätt schließen innerhalb dieses
Trockentales bis in 16 m Tiefe Kies mit Steinen und Blöcken
auf. Dagegen liefern die Kiesgruben rund um Laimgrub deut-
lich besser sortierten Kies mit weit kleinerer Korngröße. Im

Norden von Laimgrub ist eine Unterscheidung in zwei nach-
einander entstandene Entwässerungsrinnen möglich (c1 und
c2 in Abb. 5). Der westliche Abflussweg (c2) schwenkt nach
Nordwesten um. Es zeichnet sich hier ein Wechsel der Ent-
wässerungsrichtung von peripher zu zentripetal ab. Derzeit
sind Kiesgruben bei Eglsee in Abbau und bieten gute Auf-
schlüsse (Abb. 6).

Sehr auffällig ist die Unterbrechung der Bad Adelholzen-
Erlstätter Rinne zwischen Mühlen und Vachendorf (Abb. 3).
Der Grabenstätter Mühlbach hat sich hier tief in diese Rin-
ne gegraben und fließt nun ca. 23 Höhenmeter tiefer in die
Grabenstätter Bucht.
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Abb. 5. Übersicht über den Tüttensee-Komplex und die im südöstlichen Chiemsee-Gletscherbereich beobachteten Entwässerungsrin-
nen. I=Obere Tüttensee-Terrasse I; II=Obere Tüttensee-Terrasse II; III=Untere Tüttensee-Terrasse; T=Tüttensee; a=Traunstorfer
Rinne; b=Wolkersdorfer Rinne; c=Bad Adelholzen-Erlstätter Rinne (c1 ältere Terrasse, entwässert Richtung Storfling; c2 jünge-
re Terrasse, entwässert Richtung Ising); d=Hiensdorfer Rinne; e=Marwanger Rinne; f=Kaltenbach-Rinne; g=Tiefenbach-Rinne;
h=Obereggerhausener Rinne (= der heute nach Süden entwässernde Teil der Tiefenbach-Rinne; der Strich deutet die Wasserscheide an);
i=Hirschauer Rinne; j=Grabenstätter Bucht; k=Wipfinger Rinne; l=Axdorfer Rinne; m=Lohbach-Rinne. Zu beachten ist, dass zu jeder
der drei Tüttensee-Terrassen (I, II, III) eine Abflussrinne gehört (vgl. auch Abb. 3). I korrespondiert mit e, II mit f und III mit h und g.
Kartengrundlage DGM, Bayerische Vermessungsverwaltung. Geobasisdaten © Bayerische Vermessungsverwaltung.

Die Hiensdorfer Rinne (d in Abb. 5) beginnt bei Hiensdorf
als Terrasse, die im Süden an die Grabenstätter Bucht (j in
Abb. 5) grenzt (Abb. 12). In einem temporären Aufschluss
(R= 4542685, H= 5301945) in diesem Teil der Hiensdor-
fer Rinne stand Grobkies an. Im DGM ist die schiefe Ebene
der Hiensdorfer Rinne bis zum östlichen Ortsende von Mar-
wang zu verfolgen. Unmittelbar östlich von Marwang hat die
Hiensdorfer Rinne dann zwei deutliche Uferbegrenzungen
und wird ab hier zu einer echten Rinne. Sie verläuft ca. 650 m
in Richtung Norden, um dann nach Osten zu schwenken und
in leicht mäandrierender Weise über Kaltenbach, Innerlohen
und Aufham in die bei Chieming aufgeschüttete Schwemme-
bene zu münden. Dieser weitere Verlauf wird durch einzelne
Terrassenreste im Tal bei Kaltenbach und Innerlohen sowie
durch die korrelierende Höhenlage der Schotter zwischen
Aufham und Chieming (Abb. 3) angezeigt. Zwischen Egl-
see und Chieming ist die unscheinbare Lohbach-Rinne in die
Kiesebene der Hiensdorfer Rinne eingetieft (m in Abb. 5).

Unmittelbar östlich von Marwang ist in den Boden der
Hiensdorfer Rinne eine kleinere Rinne (Marwanger Rinne, e
in Abb. 5) eingetieft. Sie hat ihren Anfang bei R= 4542518,
H= 5302096, verläuft ca. 300 m NNE, schwenkt dann nach
N und streicht nach ca. 400 m in der Art eines Hängetals frei
in das dort 7 m tiefer liegende Tal aus.

Im westlichen Ortsgebiet von Marwang beginnt auf 555 m
NN (R= 4542312, H= 5301995) die nach NNW weisende
Kaltenbach-Rinne (f in Abb. 5). Eine südliche Fortsetzung
ist im Gelände nicht vorhanden. Ca. 900 m weiter nördlich
biegt die Kaltenbach-Rinne nach Osten und trifft wieder auf
die Hiensdorfer und Marwanger Rinne – allerdings liegt ihre
Talsohle um 7 m tiefer als die der Hiensdorfer und Marwan-
ger Rinne. Deshalb erscheint die Marwanger Rinne an dieser
Stelle als Hängetal. Die Kaltenbach-Rinne nimmt von dort
an den gleichen Verlauf wie die Hiensdorfer Rinne, schnei-
det sich jedoch in diese Rinne sehr kräftig ein und reicht bis

E&G Quaternary Sci. J., 69, 93–120, 2020 https://doi.org/10.5194/egqsj-69-93-2020



R. Huber et al.: Der späteiszeitliche Tüttensee-Komplex 99

Abb. 6. Schräggeschichtete glazifluviale Kiese über Grundmo-
räne. Die Linie zeigt den Kontakt an. Die Kiese dieser Grube
(R= 4 542 190, H= 5 306 942) bei Eglsee gehören zur älteren Ent-
wicklungsstufe der Bad Adelholzen-Erlstätter Trockenrinne (c1 in
Abb. 5). Maßstab: Hammer an der Grenzlinie.

nach Chieming. So blieben von der Hiensdorfer Rinne nur
wenige Terrassenreste verschont.

Am westlichen Ortsende von Marwang streicht ein deut-
lich ausgeprägtes, leicht nach Süden hängendes Tal auf ca.
535 m NN frei in die Grabenstätter Bucht aus (R= 4541654,
H= 5301654). In dieser fast gefällelosen Rinne fließt der
Eggerhausener Bach. Dieser südliche Talabschnitt ist die
Obereggerhausener Rinne (h in Abb. 5). Der Bewuchs auf
dem Eggerhausener Talboden weist bereits auf wasserstau-
enden Untergrund hin. An den Seitenwänden des Eggerhau-
sener Bachs kann man auch ohne große Aufschlussarbeiten
hellgrauen Ton erkennen (Abb. 7).

Östlich von Obereggerhausen liegt auf 534 m NN eine
Wasserscheide (R= 4541554, H= 5302339). Der von hier
aus nach Norden abfließende Bach ist der Tiefenbach. Die
von ihm durchflossene Rinne ist somit die Tiefenbach-Rinne
(g in Abb. 5), die nur durch die erwähnte sehr flache Wasser-
scheide von der Obereggerhausener Rinne getrennt ist. Bei
Oberhochstätt und nördlich von Hagenau hat die Tiefenbach-
Rinne zwei Prallhänge („Krümmling“ der topographischen
Karte) in die Moränenlandschaft erodiert. Diese Rinne en-
det bei Unterhochstätt abrupt, frei ins Chiemsee-Becken
ausstreichend an einer Terrassenkante (R= 4539395, H=
5304071) auf ca. 526 m NN, also ca. 8 m über dem heutigen
Chiemsee-Niveau. In den Entwässerungsgräben in der Wie-
se westlich von Oberhochstätt (beim Krümmling, z.B. auf
Höhe 528 m NN, R= 4539970, H= 5303729) werden in
ca. 70 cm Tiefe hellgraue Tone mit akzessorischen, bis über
faustgroßen Geröllen angetroffen. Diese Tone ähneln denen
von Obereggerhausen (Abb. 7) stark.

Die Hirschauer Rinne (i in Abb. 5) zweigt bei Oberhoch-
stätt (ca. 526 m NN) von der Tiefenbach-Rinne ab. Sie zieht

Abb. 7. Ein Schurf am Grabenrand des Obereggerhausener Bachs
zeigt unter humusreicher Mudde fast weißen Ton, der nur ganz we-
nige größere Gerölle enthält. Maßstab rechts.

südwärts nach Hirschau und endet auf etwa 522 m NN an
einer angedeuteten Geländekante der Grabenstätter Bucht.

Die jüngste Rinne ist die Grabenstätter Bucht (j in Abb. 5),
die vom Grabenstätter Mühlbach durchflossen wird. Die geo-
logische Karte (Ganss, 1977) zeigt östlich, entlang der von
Grabenstätt nach Hirschau verlaufenden Geländekante spät-
glaziale bis frühholozäne Kiese. Westlich dieser Kante be-
findet sich die Verlandungsfläche des Grabenstätter Mooses.
Die Geländekante liegt im Süden mehr als 8 m über dem Gra-
benstätter Moos und senkt sich nach Norden hin auf weniger
als 2 m Höhe bei Grabenstätt, um Richtung Hirschau wieder
leicht anzusteigen. Diese Geländekante begrenzt die Graben-
stätter Bucht nach Westen hin.

Die Rinne von Wipfing (k in Abb. 5) wurde der Vollstän-
digkeit halber erst nach Zusammenschau der Ergebnisse mit
in die Untersuchung aufgenommen. Es handelt sich um jene
Rinne, welche die Nordostseite des Kleierbergs entwässert.
Diese Rinne wird in der Diskussion berücksichtigt, obwohl
ihr kein direkter Einfluss auf den Tüttensee-Komplex zuge-
schrieben wird, sondern „nur“ auf die Anfangsphase der hier
dargelegten Entwicklung der Rinnenabfolge.
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Abb. 8. Digitales Geländemodell des Tüttensee-Komplexes. Blick
ungefähr nach Norden. Ost-West-Erstreckung ca. 1,8 km. Abstand
der Höhenlinien ist 2 m. T=Tüttensee; T′= östlich des Tütten-
sees gelegene Senke; Mü= der Hügel 300 m nordwestlich von
Mühlbach; OTT I= die ältere, OTT II= die jüngere der beiden
Oberen Tüttensee-Terrassen; UTT= die Untere Tüttensee-Terrasse;
Lug= der Weiler Lug. Geobasisdaten © Bayerische Vermessungs-
verwaltung.

4.1.2 Die Gliederung der Umgebung des Tüttensees:
Der Tüttensee-Komplex

Im östlichen Teil der heute trocken liegenden Grabenstätter
Bucht liegt der Tüttensee, der von terrassenartigen Erhebun-
gen umgeben ist, die sich in ihrer Form deutlich von der Um-
gebung abgrenzen. Diese Geländestrukturen werden wir da-
her im Weiteren als Tüttensee-Komplex bezeichnen.

Fünf geomorphologische Haupteinheiten (Abb. 8) kön-
nen innerhalb des Tüttensee-Komplexes abgegrenzt werden:
(1) Eine auffällige, hochgelegene, in zwei Ebenen angelegte
große Terrasse im nördlichen Bereich des Tüttensees. (2) Ei-
ne wallartige, tiefer gelegene Terrasse am westlichen und
südlichen Ende des Sees. (3) Der Rücken von Lug, ein lang-
gezogener, von Richtung Südwest-Nordost nach Süd-Nord
umbiegender Geländerücken, der südlich des Tüttensees in
die unter (2) genannte südliche Terrasse übergeht. (4) Der
zwischen Mühlbach und Hiensdorf liegende Hügel, der auf-
grund seiner Sedimentstrukturen zum Tüttensee-Komplex
gehört. (5) Inmitten dieser Terrassen und Rücken liegt die
Senke des Tüttensees selbst und unmittelbar östlich anschlie-
ßend eine kleinere, bereits verlandete Senke.

Die Oberen Tüttensee-Terrassen (OTT I und OTT II)

Diese auffällige, im Gegensatz zur Umgebung weitgehend
ebene, großflächige Geländeform schließt an das nördliche
Ufer des Tüttensees an. Die in zwei Stufen geteilte Terras-
se besteht aus einem annähernd oval geformten Körper mit
einer Längsachse in Richtung Westnordwest, dessen scharf
abgegrenzte südliche Flanken steil Richtung See hin abfal-
len. Diese Terrasse wirkt wie ein Fremdkörper auf der sanft
hügeligen E-W verlaufenden Hügelkette zwischen den Dör-
fern Hiensdorf und Marwang. Eine Reihe von unregelmäßig

Abb. 9. Freigelegtes Profil im „Kies“ des Probenpunktes TS4 am
Westrand der Oberen Tüttensee-Terrasse II. Von unten nach oben:
sandiger Feinkies, Sand, Steinlage, matrixfreier Kies.

angeordneten, kleineren Kiesgruben markiert die nördliche
Grenze der Terrasse. Die oberste und damit älteste, durch
mehrere kleinere Senken gekennzeichnete Fläche mit einer
mittleren Höhe von etwa 560 m NN bildet den nordöstlichen
Teil. Sie ist durch eine umlaufende Terrassenkante abge-
grenzt und soll im Folgenden als Obere Tüttensee-Terrasse I
(OTT I) genannt werden. Die mittlere Höhe der OTT I kor-
respondiert mit der Höhe des Beginns der Marwanger Rinne
(e in Abb. 5; vgl. Tabelle 1).

Der zweite, größere Terrassenbereich ist ein ebenfalls
fast horizontales Plateau mit einer mittleren Höhe von etwa
556 m NN, das zwei deutliche, im Grundriss ovale Gruben
enthält. Die Nordwest-Südost verlaufende Längsachse die-
ser, als Obere Tüttensee-Terrasse II (OTT II) benannten Flä-
che, ist parallel zu der im Nordosten benachbarten Hiensdor-
fer Rinne. Ihre Flanken fallen steil nach Westen, Süden und
Osten ab. Hervorzuheben ist hier, dass besonders im west-
lichen Teil beider Terrassen Profile mit deutlicher Schräg-
schichtung und matrixfreien Grobkiesen aufgeschlossen sind
(Abb. 9). Am Osthang treten im basalen Bereich dagegen
Diamikte auf. Die mittlere Höhe der OTT II korrespondiert
mit dem Beginn der Kaltenbach-Rinne (vgl. Tabelle 1).

Die Untere Tüttensee-Terrasse (UTT)

Die Höhe der unteren Terrasse reicht von 537 m NN im Sü-
den bis zu 533 m NN im Norden, ist also deutlich niedri-
ger als die beiden zuvor beschriebenen oberen Terrassen. Sie
besteht aus zwei Teilen: Eine im Umriss annähernd rhom-
benförmige Terrasse im Westen des Tüttensees, sowie ei-
ner langgestreckten, E-W gerichteten Terrasse im Süden des
Sees.

Während die Oberfläche des westlichen Teiles durchge-
hend horizontal abgeflacht erscheint, hat der längliche Ter-
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Tabelle 1. Die drei Tüttensee-Terrassen und ihre dazugehörigen Abflüsse.

Terrassenhöhe Entwässerung Überlaufhöhe

Obere Tüttensee-Terrasse 1
(I in Abb. 5)

ca. 560 m NN über Marwanger Rinne (e in Abb. 5) Überlauf
heutiges Gelände östlicher Ortsrand Marwang

ca. 560 m NN

Obere Tüttensee-Terrasse 2
(II in Abb. 5)

ca. 556 m NN über Kaltenbach-Rinne (f in Abb. 5) Überlauf
heutiges Gelände westlich des Rückens Talholz

ca. 553 m NN

Untere Tüttensee-Terrasse
(III in Abb. 5)

ca. 536 m NN über Obereggerhausener Rinne (h in Abb. 5)
westlicher Ortsrand Marwang in die
Tiefenbach-Rinne (g in Abb. 5)

ca. 534 m NN

Abb. 10. Kies in der Materialentnahmestelle nördlich
des Tüttensee-Auslaufs (Probenpunkt TS1; R= 4 542 431,
H= 5 301 341). Die Schichtung ist über die ganze Aufschlusshöhe
zu erkennen. Deutlich ist auch die Schrägschichtung zu erkennen.
Das Fallen der Schichten kann mit 20–30◦ in Richtung Norden
angegeben werden.

rassenkörper im Süden des Sees nur in seinen westlichsten
Bereichen eine ebene Oberfläche. Im Osten ist seine Ober-
fläche hingegen weitgehend gewölbt und weist bei Lug einen
fast dreieckigen Querschnitt auf. Der Übergang von dem Teil
mit dreieckigem Querschnitt zu dem Teil mit der plateauarti-
gen Oberfläche ist fließend.

Auffallend bei den westlichen Teilen dieser Terrasse
sind im Aufschluss die sehr gut ausgewaschenen Kiese
mit sehr gutem Rundungsgrad. Im Bereich nördlich des
Tüttensee-Ausflusses sind in Materialentnahmestellen aus-
geprägte Schrägschichtungen mit matrixfreiem Kies aufge-
schlossen (Abb. 10, 11). Nach Süden und Osten hin nimmt
der Feinkornanteil in den Sedimenten der UTT zu. Die Hö-
henlage des westlichen Teils der UTT korrespondiert mit
dem Überlauf der Obereggerhausener Rinne (h in Abb. 5).
Siehe auch Tabelle 1.

Abb. 11. Gleicher Aufschluss wie in Abb. 10. Der ca. 20× 20 cm
große Ausschnitt lässt erkennen, dass dieser Kies grob geschichtet
ist. Die mittelkiesige Lage, welche die Bildmitte ungefähr horizon-
tal durchzieht, zeigt matrixfreie Räume zwischen den Geröllen.

Der Rücken von Lug

Der Rücken von Lug erstreckt sich in gekrümmter Form von
Lug nach Nordosten ansteigend und folgt dem Seeufer, nach
Norden umbiegend, bis zum Zulauf des Tüttensees, wo er
steil abbricht. Dort erreicht der Hügel (549 m NN) eine Höhe
von 23 m über dem Tüttensee-Spiegel.

Der südliche Teil der plateauartigen UTT ist mit dem
Rücken von Lug über einen schmalen Geländerücken („Fla-
schenhals“) nach Osten hin verbunden. Im Gegensatz zur
UTT hat der Rücken von Lug eine gerundete Oberseite, die
zudem auch noch eine deutliche Höhendifferenz vom west-
lichen zum nördlichen Ende aufweist. Der Kiesanteil nimmt
zu Gunsten des Feinkornanteils nach Osten ab.

Der Hügel von Mühlbach

Ca. 600 m östlich des Tüttensees, am Hang zwischen Mühl-
bach und Hiensdorf, liegt ein ungefähr Nord-Süd ausgerich-
teter Hügel von etwa 552 m NN Höhe (Abb. 8, 12). Er be-
steht, wie kleine Aufschlüsse zeigen, in seinem liegenden
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Abb. 12. Der Hügel von Mühlbach von der Straße Hiensdorf-
Marwang aus gesehen. Blickrichtung nach Südsüdost. Der hellgrü-
ne (gemähte) Wiesenstreifen an der Straße gibt ungefähr den Eis-
rand in der Grabenstätter Bucht zur Zeit der aktiven Hiensdorfer
Rinne an dieser Stelle an (vgl. Abb. 20). Später, während der Ent-
stehungszeit der obersten Tüttensee-Terrasse (OTT I in Abb. 8), war
im Bildmittelgrund der Marwanger Eisrandstausee (vgl. Abb. 21),
in dem sich die Sande und schräg geschichteten Kiese des Hügels
von Mühlbach bildeten.

Bereich aus matrixgestütztem Diamikt. Dieser wird von del-
tageschichteten sandigen Kiesen, wie sie auch in OTT I+II
auftreten, mit matrixfreien Groblagen überlagert. Sie zeigen
ein Einfallen von ca. 30◦ nach NW.

Die Tüttensee-Senke

Diese geomorphologische Einheit (T in Abb. 5 und 8) besteht
aus dem heutigen Seebecken, seinen umliegenden anmoori-
gen Verlandungszonen sowie dem Tüttensee-Moor am östli-
chen Ende des Sees. Sie ist das zentrale Phänomen, an dem
alle bisher beschriebenen Landschaftsteile des Tüttensee-
Komplexes anknüpfen. Die Seefläche des Tüttensees selbst
ist birnenförmig und SE-NW ausgerichtet. Das Seebecken
ist etwa 17 m tief (Grimminger, 1987) und zeigt eine asym-
metrische, schrägkonische Tiefengeometrie, wobei der nord-
westliche Bereich des Sees am tiefsten ist. Insgesamt setzt
sich die Hangneigung der dem See zugewandten umgeben-
den Hänge im Seebecken fort.

Ungefähr 50 m östlich des Tüttensees liegt eine weitere
Senke (T′ in Abb. 8), die zusammen mit dem Tüttensee „die
liegende Acht“ bei Gareis (1978:67) ergibt. Diese Senke ist
von einem Moor ausgefüllt, das dem Tüttensee Wasser zu-
führt. Sie wird von den Hängen der OTT I+II, dem Rücken
von Lug, dem Hügel von Mühlbach und dem diese beiden
Hügel verbindenden Geländewulst allseits eingerahmt. Nur
der Zulauf in den Tüttensee durchbricht den Ring der diese
Senke umgebenden Sedimente.

4.1.3 Das Gebiet von Chieming – Aufham – Laimgrub -
Stöttham

Zwischen Chieming und Stöttham sind Kiese, Sande und er-
ratische Blöcke verbreitet. Im Gelände sind auffällig viele
Senken erkennbar. Die bedeutendsten sind die „Wolfsgru-
be“ (R= 4540366, H= 5306371) im Ortskern von Chie-
ming, der Pfeffersee (R= 4540142, H= 5305741) und
das Schwarzelmoos (R= 4539672, H= 5306576). Letzte-
res ist mit einem bis zu 6 m mächtigen Übergangsmoor ge-
füllt (Schmeidl, 1977:229). Ca. 30 m westlich davon befin-
det sich parallel zum Chiemsee-Ufer eine wallartige Struk-
tur (R= 4539622, H= 5306528), deren sedimentologische
Beschreibung bei Ganss (1977:184) auf eine Oserbildung
schließen lässt.

Im DGM (Abb. 3) hebt sich diese generell nach Westen
geneigte Eiszerfallslandschaft deutlich von dem nach Os-
ten geneigten Kiesfächer ab, der sich östlich von Chieming
in Richtung Laimgrub erstreckt. In diese Schotterfläche ist
die Lohbach-Rinne (m in Abb. 5) eingetieft. Von Aufham
kommend, mündet die Kaltenbach-Rinne (f in Abb. 5) in
das Chieminger Siedlungsgebiet. Das Terrassenniveau der
Hiensdorfer Rinne (d in Abb. 5) ist zwischen Aufham und
Chieming von der Kaltenbach-Rinne zerschnitten, wie in
Abb. 3 und 5 deutlich zu sehen ist.

Beim Punkt R= 4541113, H= 5305999 westlich Auf-
ham standen zum Zeitpunkt der Begehung in einer Baugrube
auf dem Niveau der Hiensdorfer Rinne bis in ca. 4,5 m Tiefe
deutlich horizontal geschichtete, schlecht sortierte Kiese mit
Steinen und Blöcken an.

4.2 Lithofaziesuntersuchungen

Die Aufschlussverhältnisse rund um den Tüttensee sind recht
unterschiedlich. Neben zahlreichen, zum Teil noch im Ab-
bau befindlichen Materialentnahmestellen, vor allem in der
OTT I+II, bieten einige aufgelassene Gruben sowie Straßen-
aufschlüsse sehr gute Untersuchungsmöglichkeiten. An eini-
gen Stellen hinterließen umgestürzte Wurzelteller tiefe Kra-
ter, die mit dem Spaten weiter vertieft wurden. In diesen Pro-
ben mag Bodenbildung die Rundung leicht beeinflusst ha-
ben. Daneben konnten mit dem Spaten an einigen Stellen im
lockeren Material leicht Schürfgräben bis unter den Boden-
horizont zur Beprobung angelegt werden. Tabelle 2 bietet ei-
ne Übersicht über die Lage und Aufschlussverhältnisse der
Lokationen, an denen Korngrößenuntersuchungen durchge-
führt wurden.

Die Analysedaten der vier zu unterscheidenden Litholo-
gien der klastischen Sedimente im Bereich des Tüttensee-
Komplexes sind in Abb. 13 dargestellt. Aus diesen Analysen
und den Geländedaten entstand die Karte der Lithologien des
Tüttensee-Komplexes (Abb. 14).
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Abb. 13. Ergebnisse der sedimentologischen Analyse, Korngrößenspektrum und Rundungsgrad der einzelnen lithologischen Typen. Daten-
verfügbarkeit: Huber et al. 2019a, b). Lithofaziestyp 1=Schräggeschichtete, gradierte, gut gerundete, korngestützte Kiese; Lithofaziestyp
2=Undeutlich geschichtete, leicht bindige, gut gerundete, korngestützte Kiese; Lithofaziestyp 3: Ungeschichtete, stark bindige, matrixreiche
Kiese; Lithofaziestyp 4: Tonige, schlecht sortierte, matrixgestützte Diamikte.

4.2.1 Lithofaziestyp 1: Schräggeschichtete, gradierte,
gut gerundete, korngestützte Kiese (-Gcp)

Die Sedimente der Oberen Tüttensee-Terrasse und von Tei-
len der Unteren Tüttensee-Terrasse bestehen ausschließlich
aus auffällig planar schräg geschichteten Kiesen, die zusätz-
lich durch das fast völlige Fehlen eines Feinkornanteiles ge-
kennzeichnet sind. Die Schichtung im Zentimeter- bis De-
zimeterbereich wird durch einen ausgeprägten Korngrößen-
wechsel deutlich. An einigen Aufschlüssen konnten wir so
mehrere Schichtfolgen beobachten, die eine gut ausgepräg-
te, invers gradierte Schichtung aufweisen, wobei die Mäch-
tigkeit der einzelnen Schichten zwischen 5 und 20 cm liegt.
Zum Teil enden die Schichtfolgen im Hangenden mit einer
markanten Block- bzw. Pflasterlage.

Die überwiegend kalkigen Komponenten sind gut bis sehr
gut gerundet und liegen überwiegend im Mittel- bis Grob-

kiesbereich. Es kommen aber auch sandige Einschaltungen
vor. Neben den vorherrschenden kalkigen Komponenten fan-
den wir ein buntes Spektrum aus kristallinen Komponenten
sowie vereinzelt gut erhaltene Großforaminiferen aus dem
Helvetikum.

Auffällig ist das Auftreten von matrixfreien Grobkiesen
(Openwork Gravel sensu Reineck und Singh, 1973), die
große Hohlräume zwischen den sehr lose gepackten Körnern
zeigen. In der Korngrößenanalyse zeigt sich stets ein sehr
geringer Feinkornanteil (Silt und Ton), der meist unter 1 %
liegt. In basalen Profilbereichen kann der Anteil etwas hö-
her liegen und zeigt so den Übergang zu einem anderen Fa-
ziestyp an. Dominant sind dagegen stets die Gewichtsantei-
le der Kiesfraktion, die zwischen ca. 63 % und 97 % liegen.
Die Körner aus diesem Faziestyp sind auf der Pettijohn-Skala
überwiegend angerundet bis gut gerundet. Sowohl die Run-
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Abb. 14. Karte der Lithologien des Tüttensee-Komplexes und Lage der Probenpunkte. Geobasisdaten © Bayerische Vermessungsverwaltung.

dung als auch die Sortierung der Komponenten belegen eine
vergleichsweise hohe texturelle Reife der Kiese.

An einigen Stellen (TS1, TS4, TS15 in Abb. 14) konnte
das Einfallen (z.B. Abb. 10) bestimmt werden. Demnach fal-
len die Schichten mit etwa 20 bis 30◦ in nördlicher Richtung.
Das sehr lockere und meist gut sortierte Sediment findet vor
Ort als Bau- und Schüttgut Verwendung, wovon zahlreiche
Materialentnahmestellen entlang des nördlichen Randes der
OTT I+II zeugen. Diesen Sedimenttyp konnten wir an den
Lokationen TS1, TS2, TS4, TS9 sowie TS15 (Tabelle 2) be-
proben und an den Lokationen TS7 und TS14 im Gelände
belegen.

Nach der Klassifikation von Keller (1996) können diese
Sedimente als gerundeter, planar schräg geschichteter Kies
(-Gcp) angesprochen werden. Angesichts der beobachteten
Sedimenteigenschaften interpretieren wir diese Sedimente
als Deltabildungen. Vergleichbare Deltabildungen wurden
von zahlreichen Autoren im glazilakustrinen Kontext be-
schrieben (Martini, 1990; Nemec et al., 1999; Kostic et al.,
2005; Russell, 2007).

4.2.2 Lithofaziestyp 2: Undeutlich geschichtete, leicht
bindige, gut gerundete, korngestützte Kiese
(-G-m)

Dieser Ablagerungstyp dominiert die westlichen und süd-
westlichen Bereiche der Unteren Tüttensee-Terrasse. Die
hier ebenfalls überwiegend kalkigen Komponenten sind gut
gerundet und liegen meist im Fein- bis Mittelkiesbereich. Die
Kiese wirken im Gelände im Vergleich zu dem vorab be-
schriebenen Sedimenttyp deutlich bindiger und feinkörniger,
ihr Ton- und Siltanteil liegt bei etwa 4–5 Gewichtsprozent.
Der dominante Kiesanteil beträgt zwischen 66 % und 84 %.
Im Aufschluss erscheinen diese Kiese undeutlich geschich-
tet. Das Einfallen der Schichtung konnte daher nicht näher
bestimmt werden, sie scheint jedoch bei TS27 (Abb. 14)
nach Süden zu weisen. Auffällig sind häufig anzutreffende,
unregelmäßig eingestreute Grobkieskomponenten und Blö-
cke. Im Hangenden einiger Aufschlüsse (Abb. 14, Tabelle 2:
TS27, TS29) kann man eine deutliche Anreicherung größe-
rer Gerölle beobachten, die stellenweise als abschließende
Blocklage auftreten. Die Längsachsen dieser Gerölle sind
bevorzugt NE-SW orientiert eingeregelt. Die Körner in der
Kiesfraktion sind überwiegend angerundet bis gerundet. Die
texturelle Reife des Sediments ist damit gut, aber die Run-
dung weniger stark ausgeprägt als bei Lithofaziestyp 1.
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Tabelle 2. Übersicht über die Koordinaten (Gauss-Krüger) und
Aufschlussverhältnisse der beprobten Lokationen an denen Korn-
größenanalysen durchgeführt wurden.

Lokation Rechtswert Hochwert Aufschlusstyp

Lithofaziestyp 1

TS1 4 542 431 5 301 341 Kiesgrube
TS2 4 542 530 5 301 329 Schurf
TS4 4 542 535 5 301 551 Kiesgrube
TS9 4 542 937 5 301 558 Kiesgrube
TS15 4 543 424 5 301 183 Kiesgrube
TS14 4 543 404 5 301 155 Kiesgrube

Lithofaziestyp 2

TS27 4 542 604 5 300 715 Kiesgrube
TS28 4 542 530 5 300 780 Kiesgrube
TS29 4 542 339 5 300 961 Kiesgrube

Lithofaziestyp 3

TS13 4 542 964 5 301 156 Wurzelteller/Schurf
TS23 4 542 831 5 300 907 Straßenanschnitt/Schurf
TS25 4 542 657 5 300 865 Kiesgrube
TS10 4 542 884 5 301 251 Wurzelteller/Schurf
TS6 4 542 754 5 301 270 Wurzelteller/Schurf
TS20 4 543 001 5 301 023 Schurf

Lithofaziestyp 4

TS11 4 542 917 5 301 210 Wurzelteller/Schurf
TS12 4 542 940 5 301 215 Wurzelteller/Schurf
TS8 4 542 879 5 301 608 Schurf
TS26 4 542 604 5 300 895 Straßenanschnitt
TS22 4 542 957 5 300 963 Schurf
TS19 4 543 029 5 301 061 Wurzelteller/Schurf
TS21 4 542 931 5 301 057 Schurf
TS17 4 542 921 5 301 112 Bachbett
TS3 4 542 559 5 301 329 Wurzelteller/Schurf
TS5 4 542 682 5 301 308 Wurzelteller/Schurf

Nach der Klassifikation von Keller (1996) können diese
Sedimente als undeutlich geschichtete, leicht bindige, gut ge-
rundete, korngestützte Kiese (-G-m) gekennzeichnet werden.
Aufgrund der lithofaziellen Charakteristik lassen sich diese
Sedimente nach Miall (1977) sowie Keller (1996) als Bar-
rensediment eines Flußsystems einordnen.

4.2.3 Lithofaziestyp 3: Ungeschichtete, stark bindige,
matrixreiche Kiese (gGm bis -G-m)

Insbesondere in den dem See zugewandten mittleren Höhen-
lagen, finden sich stark bindige, tonreiche, kiesige Sedimen-
te, die in den wenigen Aufschlüssen keine Schichtung er-
kennen lassen. Überwiegend kalkige Komponenten aus dem
Fein- bis Grobkiesbereich dominieren die Siebprobe mit über
50 %. Häufig ist ein, im Vergleich zu den Lithofaziestypen 1
und 2, erhöhter Sandanteil zu erkennen. Kennzeichnend ist

der stark erhöhte Ton- und Siltanteil, der zwischen 16 % und
25 % liegt.

Die Rundung der Körner dieses Sedimenttyps ist nicht gut
ausgeprägt, sie sind meist eckig oder kantengerundet bis an-
gerundet. Gerundete oder gut gerundete Körner kommen nur
in untergeordneten Anteilen vor. Die texturelle Reife ist da-
her nicht sehr gut ausgeprägt.

In Lokation TS25 (Abb. 14) bildet dieser Faziestyp das
Liegende der darüber liegenden abbauwürdigen Kiese. Die-
se Position über den Sedimenten des Lithofaziestyps 2 wird
auch durch die Zusammenstellung der Probenpunkte im Kar-
tenbild deutlich.

Nach Keller (1996) können diese Sedimente als unge-
schichtete, stark bindige, matrixreiche Kiese (gGm bis -G-m)
klassifiziert werden. Wir interpretieren diese Sedimente als
glazifluvial beeinflusstes bzw. verschwemmtes Moränenma-
terial. Erwähnenswert ist Lokation TS25, da sie offensicht-
lich zeitweise als wilde Müllkippe genutzt wurde, in der wir
poröse, grünlich dunkelgraue Schlacken fanden. Solche wur-
den von Ernstson et al. (2010:79) als Impaktgestein („impac-
tites“) angesprochen.

4.2.4 Lithofaziestyp 4: Tonige, schlecht sortierte,
matrixgestützte Diamikte (Dm)

In den tiefsten untersuchten Hanglagen, der den Tüttensee
umgebenden Hügel, finden sich häufig sehr bindige, stark
tonig-siltige Kiese bzw. kiesige Tone. Das gut knetbare,
tonig-kiesige Material ist völlig ungeschichtet, unsortiert und
weist eine deutlich matrixgestützte Textur auf. Am Ostufer
des Tüttensees stehen diese tonigen Sedimente oberflächlich
an und bilden einen oft unangenehm rutschigen, lehmigen
Untergrund. An diesen Straßenanschnitten lassen sie sich auf
mindestens 8 bis 10 m Mächtigkeit verfolgen. Die Siebpro-
be zeigt stets einen sehr hohen Silt- und Tonanteil zwischen
36 % und 60 %. Daneben sind die Sand- und Kiesfraktionen
in etwa gleichen Anteilen vertreten. Die Rundung der über-
wiegend kalkigen Kiesfraktion ist meist sehr schlecht aus-
geprägt, es dominieren eckige Komponenten. Kompaktion
konnte nicht festgestellt werden. Nur an Lokation TS17 fan-
den wir starke Anzeichen von Verfestigung.

Diese Sedimente können nach Keller (1996) als matrixge-
stützte Diamikite klassifiziert werden. Aufgrund dieser Ei-
genschaften, stellen diese Sedimente wohl Grundmoränen-
material dar.

5 Diskussion

Die Abschmelzgeschichte des östlichen Chiemsee-
Gletschers entwickelte sich in Phasen, analog zum
übrigen Inn-Chiemsee-Gletschergebiet (Abb. 2). Nur in
den Bereichen mit größeren Toteisvorkommen gab es
lokale Sonderformen, zu denen der Tüttensee-Komplex
zu zählen ist. Die während des Eisabbaus entstandenen
Entwässerungsrinnen werden hier in „ältere“ und „jün-
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gere“ Rinnen unterteilt. Die jüngeren Rinnen sind direkt
im Zusammenhang der Ablagerung der Sedimente des
Tüttensee-Komplexes zu sehen.

5.1 Die älteren Schmelzwasserrinnen

Während des Kirchseeoner Stadiums (Abb. 2) entwickelte
sich in unserem Arbeitsgebiet zuerst der zentrifugal angeleg-
te Teil der Traunstorfer Rinne (a in Abb. 5; Abb. 15). Etwas
später erweiterte sich diese Rinne nach Süden. Zu der Zeit
reichte auch die Axdorfer Rinne (l in Abb. 5; Abb. 16) bis in
das Arbeitsgebiet.

Die zum Ebersberger Stadium (Abb. 2) gehörende Wol-
kersdorfer Rinne (b in Abb. 5; Abb. 17) war dagegen be-
reits eine rein peripher entwässernde Rinne. Sie umfloss bei
Nußdorf den Eislobus von Eglsee, dessen östliches Ufer von
einem Moränenbogen bei Nußdorf gebildet wurde. Dieser
Nußdorfer Moränenbogen deutet darauf hin, dass der Rand
des Eislobus von Eglsee bei Nußdorf über längere Zeit statio-
när war. Bei Vachendorf bildete sich in einem Moränenzwi-
ckel ein kleiner Eisrandsee (Abb. 17) der sich bis etwa Ax-
dorf erstreckte. Ganss (1977) fand in diesem Gebiet Seetone,
Bayberger (1882) erwähnt ein abbauwürdiges Lehmlager bei
Axdorf. Hier sind noch heute am östlichen Ortsende Seeto-
ne und Torfe leicht zu ergraben (Albert Rosenegger, Axdorf,
pers. Mitteilung, 2016). Ein Überlauf ermöglichte den Ab-
fluss über die Axdorfer Rinne in das Traun-Tal.

Mit dem Eintreten des Ölkofener Stadiums (Abb. 2) eta-
blierte sich die Bad Adelholzen-Erlstätter Rinne (c in Abb.5;
Abb. 18) als größte Entwässerungsrinne. In Abb. 2 sind auch
die analogen Schmelzwasserrinnen im Bereich des Inn- und
des westlichen Chiemsee-Gletschers abgebildet. Innerhalb
des Moränenbogens von Eglsee lag sicher auch noch wäh-
rend der älteren Phase der Bad Adelholzen-Erlstätter Rinne
(c1 in Abb. 18) Toteis, wie spätwürmzeitliche Seetone un-
mittelbar nördlich Eglsee (Jerz, 1999) belegen. Ganss (1977)
hat unmittelbar südlich von Eglsee ein Toteisloch in Ab-
schlämmmassen kartiert. Heute ist die Eglsee-Hohlform
weitgehend von Moorablagerungen unterschiedlicher Aus-
prägung ausgefüllt (Ganss, 1977). Toteis dürfte auch inner-
halb des Moränenbogens von Tinnerting (Abb. 18) geblieben
sein. Ganss (1977:180) hat diesen Lobus als „Kleinmodell
glazialer Formenelemente“ bezeichnet. Der Schmelzwasser-
abfluss durch die Axdorfer Rinne war versiegt.

Die Bad Adelholzen-Erlstätter Rinne nahm nun sowohl
das Schmelzwasser aus der Bergener Bucht, (südlich des
Kleierbergs; Abb. 15–25) als auch die vom Eisrand ab-
fließenden Wassermassen auf. Zahlreiche Kiesgruben ent-
lang des Bad Adelholzen-Erlstätter Tals ermöglichen heu-
te den Abbau gut sortierter Kiese. Diese Kiese zeigen ty-
pische Strukturen von Braided-River- oder Anastomosing-
River-Sedimenten (Abb. 6) und belegen die glazifluviale Ge-
nese dieser Ebene. Blöcke von manchmal deutlich mehr als
einem Kubikmeter Volumen in den Kiesen legen eine unmit-

telbare Nachbarschaft des Eisrandes während der Kiesabla-
gerung nahe.

Ein weiteres Abschmelzen der Eismassen hinter den Mo-
ränenzug nördlich von Laimgrub führte bei Eglsee zur Ver-
lagerung der Bad Adelholzen-Erlstätter Rinne in Richtung
Westen (Troll, 1924; c2 in Abb. 5), sodass hier ein breiter
Schotterstrang entstand (Abb. 19). Die Kiesgruben nordwest-
lich von Laimgrub zeigen auch hier typische glazifluviale
Kiese, wie sie die Bad Adelholzen-Erlstätter Rinne generell
führt. Allerdings ist die durchschnittliche Korngröße deutlich
geringer und gleichkörniger als weiter im Süden.

Südlich von Wipfing bei Vachendorf bildete sich am Os-
tende der Grabenstätter Bucht vermutlich ein Gletschertor,
das sich immer weiter rückwärtig nach Südwesten, in den
aus der Bergener Bucht über den Kleierberg reichenden Glet-
scher, verlegte (Abb. 20). Das führte zur allmählichen Ein-
kerbung des Gletschers bis etwa Eckering. Damit war die
Teilung des östlichen Chiemsee-Gletschers in einen stagnie-
renden Eislappen in der Grabenstätter Bucht nördlich des
Kleierbergs und den Hauptteil des wohl noch aktiven Glet-
schers in der Bergener Bucht eingeleitet. Die freigesetzten
Wassermassen bildeten schließlich die im Kartenbild trich-
terförmige Wipfinger Rinne (k in Abb. 5). Diese Rinne
mündete zuerst noch in die Bad Adelholzen-Erlstätter Rin-
ne. Mit dem Einsetzen der jüngeren Abschmelzphasen floss
das Wasser der Wipfinger Rinne (anfänglich möglicherwei-
se noch über das Eis der Grabenstätter Bucht) in die Hiens-
dorfer Rinne (d in Abb. 5), die entlang des Gletscherran-
des innerhalb der Moränen des Ölkofener Stadiums weiter
nach Nordwesten führte. Damit begann die Trockenlegung
der Bad Adelholzen-Erlstätter Rinne.

Das weitere Abschmelzen der Eiszunge in der Berge-
ner Bucht brachte die obertägige Schmelzwasserzufuhr in
die Bad Adelholzen-Erlstätter Rinne allmählich ganz zum
Erliegen. Als das Eis so weit von der Bad Adelholzen-
Erlstätter Rinne zurückgeschmolzen war, dass das Schmelz-
wasser primär westlich der Moränenwälle zwischen Aufham
und Hiensdorf abfließen konnte, etablierte sich die Hiens-
dorfer Rinne vollständig. Der nördliche Rand der Hiens-
dorfer Rinne zwischen Hiensdorf und Marwang war durch
die Moränenerhebungen gegeben, der Südrand bestand aus
dem Rand des Grabenstätter Eislappens in der Grabenstätter
Bucht. Das Schmelzwasser floss also entlang des Gletsche-
reises und lagerte hier kiesiges Material ab. Dabei schmolz
der Gletscherrand kontinuierlich nach Süden hin ab und
schuf so den Raum für die Kames-Bildungen der Hiensdorfer
Rinne an dieser Stelle.

Die Bad Adelholzen-Erlstätter Rinne bekam im Zuge die-
ser Entwicklung immer weniger Schmelzwasser und entwi-
ckelte sich zum Trockental. Die Hiensdorfer Rinne über-
nahm also zunehmend die Rolle der Hauptabflussbahn
der Schmelzwässer des südöstlichen Chiemsee-Gletschers
(Abb. 20).
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Abb. 15. Phase 1. Die im gezeigten Geländeausschnitt zuerst angelegte zentrifugale Rinne von Wang-Weiderting (vgl. a in Abb. 5), die sich
später zur Traunstorfer Rinne (Abb. 16) entwickelt. Geobasisdaten © Bayerische Vermessungsverwaltung.

5.2 Die jüngeren Schmelzwasserrinnen und die
Entstehung des Tüttensee-Komplexes

Der fortschreitende Eisabbau ließ die Gletscherränder wei-
ter abschmelzen (Abb. 21). Dabei entwickelte sich zwischen
Hiensdorf und Marwang, in einer Senke zwischen Morä-
ne und Gletscherrand, der Marwanger Eisrandsee. So wa-
ren die Voraussetzungen für die Entstehung des Tüttensee-
Komplexes geschaffen, der sich deutlich von der umliegen-
den, sanft hügeligen Moränenlandschaft unterscheidet. Denn
während die Tüttensee-Terrassen von schräggeschichteten
Deltakiesen dominiert werden, die praktisch keinen Fein-
kornanteil aufweisen, sind sie von Grundmoränenablage-
rungen umgeben (Ganss, 1977). Diese Diamikte sind das
stratigraphisch älteste Sediment des Tüttensee-Komplexes
(Abb. 14) und zweifellos in unmittelbarer Nähe des Eisran-
des abgelagert worden. Ein Horizont aus verschwemmtem,
wenig umgelagertem Moränenmaterial, der die Grundmorä-
ne am Ufer des Tüttensees überlagert (Abb. 14), zeigt einen
Wandel des Ablagerungsmilieus an, der in den jüngeren Se-
dimenten der Tüttensee-Terrassen offensichtlich wird.

5.2.1 Die Oberen Tüttensee-Terrassen mit den dazu
gehörigen Abflussrinnen

Die Deltakiese der Oberen Tüttensee-Terrassen zeigen das
normale Sedimentationsbild von Verfüllungen von Eisrand-
seen durch Gerinne mit rasch und stark schwankender Was-
serführung (Schmelzwasserandrang im Tagesrhythmus), und
sich stetig verlegenden Mündungsbereichen sowie starker
Sedimentführung. Die Feinanteile werden dabei oberflächen-
nah als Schweb im Wasserkörper transportiert und bilden
dann das Bottom Set. Bei kleineren Wasserkörpern, wie dem
Marwanger Eisrandsee, gehen sie über den Abfluss verloren.

Diese von Schmelzwasser über das Eis der Grabenstätter
Bucht transportierten Moränenkiese bauten so im Marwan-
ger Eisrandsee ein Kames-Delta auf, das der heutigen Oberen
Tüttensee-Terrasse (I in Abb. 5; OTT I in Abb. 8) entspricht.
Den Abfluss des Sees bildete die kleine Marwanger Rinne
(e in Abb. 5; Abb. 21). Dazu passend korrespondiert die Hö-
henlage der OTT I mit der Überlaufhöhe in die Marwanger
Rinne (Tabelle 1).

Der weitere Eisabbau ermöglichte die westliche Verlage-
rung des Abflusses des Eisrandsees in die tiefer gelegene
Kaltenbach Rinne (f in Abb. 5; Abb. 22). Die dadurch be-
dingte Senkung des Eisrandseespiegels ließ die Oberste Ter-
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Abb. 16. Phase 2. Traunstorfer Rinne (a in Abb. 5). Von Wang über Höpperding bis Traunstorf entwickelt sich eine periphere Entwässe-
rungsrinne, die weiterhin über das zentrifugale Tal von Wang-Weiderting in die Traun entwässert. Im Süden tritt die Rinne von Axdorf (l in
Abb.5) in Erscheinung. Geobasisdaten © Bayerische Vermessungsverwaltung.

rasse (OTT I) trockenfallen und es bildete sich die untere der
beiden Oberen Tüttensee-Terrassen (OTT II in Abb. 8), eben-
falls als Kames-Delta. Die Höhenlage der OTT II korrespon-
diert mit der Höhenlage des Beginns der Kaltenbach-Rinne.
Der weitere Ablauf des Schmelzwassers findet nach kurzem
Umweg wieder im Bett der Hiensdorfer Rinne statt, wo sich
die Kaltenbach Rinne aber kräftig einschneidet. Bei Aufham
wird sie nach Westen umgelenkt und schüttet dort in das Eis-
zerfallsgebiet von Chieming.

Zeitgleich lagerte sich offenbar vor und in einer größeren
Gletscherspalte südlich von Hiensdorf ein Kames-Delta ab,
das nach dem Abschmelzen des Eises als Hügel von Mühl-
bach (Mü in Abb. 8) stehen blieb. Die Höhe des Hügels von
Mühlbach ist mit 555 m NN fast identisch mit der Höhen-
lage von OTT II. Die von uns gefundenen Deltasedimente
am Hügel von Mühlbach belegen diesen Eisrandsee. Dieser
Hügel ist von Ganss (1977) in der geologischen Karte irrtüm-
lich als Moränenzug interpretiert und von Gareis (1978) als
von Schmelzwässern aus der Grundmoräne herauspräparier-
ter Umlaufberg angesprochen worden.

Ein beträchtlicher Teil des Sedimenteintrags dürfte zu die-
ser Zeit über die Wipfinger Rinne (k in Abb. 5) erfolgt sein.

Die Steilheit dieser Rinne spricht für hohe Strömungsge-
schwindigkeiten und entsprechende Sedimentfracht. Weite-
re Sedimentzufuhr erfolgte aus dem sich immer tiefer nach
Süden einschneidenden heutigen Mühlbachtal, das noch
Schmelzwässer aus der Bergener Bucht abführte und so die
Bad Adelholzen-Erlstätter Rinne erodierte (Abb. 21, 22).
Dies wird durch die nordwestliche Fallrichtung der Delta-
sedimente des Hügels von Mühlbach gestützt.

Die Schichtung der Deltasedimente der OTT I+II fällt da-
gegen in nordöstlicher Richtung, was teilweise durch die ty-
pischen radialen Abflussstrukturen innerhalb eines Deltake-
gels erklärt werden kann. Die Sedimentzufuhr erfolgte aus
südwestlicher Richtung, vom angrenzenden, nur noch rela-
tiv niedrigen Gletscherrest in der Grabenstätter Bucht. Dafür
spricht auch die scharf abgegrenzte, südwestliche, obere Ter-
rassenkante (OTT II) am Tüttensee, die in etwa die ehemalige
nördliche Eisgrenze nachzeichnet. Dies stützt die Interpreta-
tion der Kiese der OTT II als Sedimente eines Kames-Deltas.

Die Geröllfracht der Schmelzwässer bestand aus eistrans-
portiertem Material der ehemals mächtigen Eisdecke, aus
Material des örtlich erodierten Untergrundes sowie aus den
Resedimenten der älteren Abflussrinnen.
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Abb. 17. Phase 3. Die peripher entwässernde Rinne von Wolkersdorf (b in Abb. 5). Die Rinne von Traunstorf-Wang-Weiderting führt kein
Schmelzwasser mehr. Südlich von Axdorf setzen sich in einem kleinen Eisrandstausee Tone ab, der Abfluss erfolgt weiterhin über die Ax-
dorfer Rinne (l in Abb. 5). Die Eislappen von Eglsee und Tinnerting zeichnen sich ab. Geobasisdaten © Bayerische Vermessungsverwaltung.

Durch die hohen Schüttungsraten dieser Zuflüsse, verla-
gerte sich das Delta stetig weiter nach Norden und Westen.
Dadurch verengte sich das Randbecken, bis es nahezu ver-
landete. Vereinzelte Eisblöcke wurden vom Tüttensee-Delta
umschottert (evtl. sogar begraben) und führten zur Bildung
der bereits von Ganss (1977:185) und Gareis (1978:67) be-
obachteten Toteislöcher auf den Oberen Tüttensee-Terrassen
(Abb. 8). Die Oberflächen dieses ehemaligen Deltas geben
in etwa das Niveau des jeweils dazugehörigen Eisrandsees
wieder.

5.2.2 Die Untere Tüttensee-Terrasse, der Rücken von
Lug und die Tiefenbach-Rinne

Die Entstehung der Unteren Tüttensee-Terrasse wurde zuvor
durch eine weitere Verlegung des Gletscherrandes nach Sü-
den eingeleitet. Im Verlauf dieser Abschmelzvorgänge ver-
lagerte sich auch der Marwanger Eisrandstausee nach Wes-
ten in tiefer gelegene Bereiche (Abb. 23), und entwässerte
über die ebenfalls tiefer gelegene Obereggerhausener Rin-
ne (h in Abb. 5) und in ihre nördliche Fortsetzung, die
Tiefenbach-Rinne (g in Abb. 5). Diese Rinne ermöglichte
den weiteren Abfluss aus dem Eisrandsee über Oberhochstätt

in den damaligen Chiemsee. Ihre Mündung in den endeiszeit-
lichen Chiemsee liegt dort heute 8 m über dem Chiemsee-
Wasserspiegel. Die Kaltenbach-Rinne fiel mit dem Eintreten
der Absenkung des Seespiegels trocken.

Direkt unter dem Tüttensee hat Papadeas (1972) im
Molasse-Untergrund eine markante Mulde festgestellt, die an
dieser Stelle eine größere Eismächtigkeit ermöglichte, was
letztlich zur Bildung von Toteis führte. Zwei dieser Toteis-
körper waren das Tüttensee-Toteis und sein kleinerer östli-
cher Nachbar (Gareis, 1978). Beide Toteiskörper grenzten im
Norden an die bis dahin abgelagerten Sedimente der Oberen
Tüttensee-Terrassen.

In der breiten Trennungsspalte zwischen Toteis und Glet-
scher floss das Schmelzwasser und bildete die Untere
Tüttensee-Terrasse (UTT in Abb. 8; III in Abb. 5) als Kames-
Bildung aus. An der Mündung der Spalte in den Eisrand-
see bildete sich ein Delta (Abb. 23). Das Delta belegt somit
die südöstliche Begrenzung des Eisrandstausees zwischen
Tüttensee-Toteis und dem Eis der Grabenstätter Bucht.

Bei Obereggerhausen findet man im Bett des Eggerhau-
sener Bachs fast reine, hellgraue Tone (siehe auch Ganss,
1977:177). Diese Tone belegen die nördliche Ausdehnung
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Abb. 18. Phase 4. Die Bad Adelholzen-Erlstätter Rinne (c in Abb. 5). Alle zentrifugal entwässernden Rinnen sind trockengefallen. Von Bad
Adelholzen über Vachendorf und Erlstätt zieht in peripherer Richtung ein bei Erlstätt bis zu 1 km breites Kiesband westlich von Eglsee nach
NW (c1 in Abb. 5). Geobasisdaten © Bayerische Vermessungsverwaltung.

des Eisrandsees. Die von Ganss (1977) kartierten Ab-
schlämmmassen zwischen dem heutigen Tüttensee-Auslauf
und dem Beginn der Obereggerhausener Rinne können damit
als Ablagerung des Marwanger Eisrandsees interpretiert wer-
den. Die Untere Tüttensee-Terrasse unterscheidet sich in Tei-
len sedimentologisch deutlich von den Oberen, denn die öst-
lichen Bereiche der unteren Terrasse mit rundlichem Quer-
schnitt, sowie der Rücken von Lug, bestehen aus Diamik-
ten. Diese Teile stellen damit wohl eine Oser-artig ausge-
prägte Grundmoräne bzw. subglazial gebildeten Till dar. Bei
den westlichen, Kames-artigen Bereichen mit ebener Ober-
fläche finden sich dagegen über den Diamikten, eingeleitet
von einem Aufarbeitungshorizont, überwiegend undeutlich
geschichtete Kiese. Wir deuten diese Kiese insgesamt als gla-
zifluviale Ablagerungen eines zwischen aktivem Gletscher-
rand und Toteis mäandrierenden Flusssystems. Das Flusssys-
tem ist in erster Linie vom Eis in der Grabenstätter Bucht so-
wie aus der Wipfinger Rinne gespeist worden. Dazu hat auch
noch Schmelzwasser aus der Bergener Bucht für Sediment-
zufuhr in die Grabenstätter Bucht gesorgt.

5.2.3 Die Eiszerfallslandschaft bei Oberhochstätt und
die Grabenstätter Bucht

Der Eiszerfall im Bereich der Grabenstätter Bucht (j in
Abb. 5) und weiter nördlich setzte sich fort (Abb. 23–25).
Nördlich von Obereggerhausen ist heute eine moorige Senke
anzutreffen, in der sich die Tiefenbach-Rinne (g in Abb. 5)
nur noch schwer erkennen lässt. Hier lag vermutlich Toteis
(Abb. 24). In einer Kiesentnahmestelle bei Hagenau fanden
wir schräggeschichtete, matrixfreie Kiese. Die Kiese sind
überlagert von geringmächtigen horizontal gelagerten Kie-
sen. Der Aufschluss bietet somit einen Einblick in Foreset-
sowie Topset Sedimente eines kleinen Eisranddeltas. Nord-
nordöstlich von Hagenau trafen wir in einem Drainagegra-
ben (in ca. 70 cm Tiefe unter humosem bis torfigem Boden)
hellgraue Tone mit akzessorischen Sand- und Kieskompo-
nenten an. Vermutlich zeigen diese Tone zumindest episo-
dische Überflutungen an dieser Stelle an. Bei Oberhochstätt
finden sich zudem noch ausgedehnte moorige Senken, die als
Überreste von Toteislöchern bzw. Eisrandseen zu sehen sind.
Es bietet sich hier so das Bild einer durch Eiszerfall gepräg-
ten Seen- und Auenlandschaft, die von Ganss (1977:186) so
treffend als „amphibische Landschaft“ bezeichnet wurde.
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Abb. 19. Phase 5. Ein Schritt zum Wechsel in die zentripetale Entwässerungsrichtung (c2 in Abb. 5). Von Bad Adelholzen bis Eglsee bleibt
der Abfluss erst einmal gleich, nimmt aber dann den Weg über Laimgrub, wo das Schmelzwasser viel weiter westlich und auf niedrigerem
Niveau nach NW fließt. Bei Hiensdorf zeichnet sich die Entwicklung der Hiensdorfer Rinne ab (d in Abb. 5), deren Schmelzwasser in diesem
Stadium noch nach Osten fließt. Geobasisdaten © Bayerische Vermessungsverwaltung.

Mit dem Zerfall des Beckeneises in der Hirschauer Bucht
öffnete sich von Oberhochstätt nach Hirschau mit der
Hirschauer Rinne (Abb. 24; i in Abb. 5) ein neuer Ab-
flussweg nach Süden. Damit fiel der bisherige Abfluss, die
Tiefenbach-Rinne zwischen Oberhochstätt und Chiemsee,
trocken. Im gerade noch existierenden Marwanger Eisrands-
tausee dauerte die Bildung der Unteren Tüttensee-Terrasse
mit ihrem Delta an.

Das bis in 70 m Tiefe reichende Beckeneis der Grabenstät-
ter Bucht (j in Abb. 5) schmolz randlich so weit ab, dass der
Marwanger Eisrandstausee nicht mehr über die Oberegger-
hausener und Tiefenbach-Rinne abfließen musste (Abb. 25).
Das Schmelzwasser konnte nun seinen Weg direkt in den
Chiemsee bei Hirschau nehmen. Die Schmelzwässer aus
dem Tiroler Achental und der Bergener Bucht transportier-
ten entlang des östlichen Gletscherrandes Kiese in die Gra-
benstätter Bucht und ließen so die Terrassenkante von Gra-
benstätt entstehen. Die Entstehung des Tüttensees und sei-
ner Umrahmung war damit beendet und die Seesedimentati-
on sowie die Torfbildung in der Tüttensee-Hohlform konn-
ten beginnen. Die Datierung dieser Torfe und der Seekreide

bis in 4 m Tiefe, und damit des Abschlusses der Entstehung
des Tüttensee-Komplexes, ergab ein Mindestalter von bis zu
12 750 Jahre BP (Bayerisches Landesamt für Umwelt, 2019).

5.3 Das Toteisgebiet von Chieming

Nordöstlich von Chieming entwickelte sich schon seit der ak-
tiven Phase der Hiensdorfer Rinne (d in Abb. 5; Abb. 20)
ein Eiszerfallsgebiet. Als die Hiensdorfer Rinne ihre vol-
le Tätigkeit entwickelt hatte, dürfte sie westlich von Auf-
ham auf diesen zerfallenden Gletscherrand getroffen sein.
Zuerst schüttete sie noch zwischen dem östlichen Gletscher-
rand und dem Sporn von Aufham am Gletscherrand vor-
bei (Abb. 20). Etwas später schüttete sie, zusammen mit
den direkt aus dem Gletscher kommenden Schmelzwässern,
die ganz flach von Chieming nach Laimgrub fallende Ebene
auf. Dabei kam sie anfänglich noch mit den verbleibenden
Schüttungen der Bad Adelholzen-Erlstätter Rinne in Kon-
takt (Abb. 21). Später zerfiel der Gletscherrand in einzel-
ne Toteisblöcke, was zum Beispiel das Toteisloch Pfeffer-
see (R= 4 540 147, H= 5 305 758; Ganss, 1977:187) oder
die Wolfsgrube (R= 4 540 339, H= 5 306 374) im Ortsbe-
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Abb. 20. Phase 6. Entstehung der Hiensdorfer Rinne (d in Abb. 5). Der Eisrand verlegt sich immer weiter Richtung Chiemsee-Becken.
Während dieser Entwicklung kann der Großteil des vorher in der Bad Adelholzen-Erlstätter Rinne fließenden Wassers bei Hiensdorf einen
Abfluss westlich des Moränenzugs von Aufham-Hiensdorf finden. Das Schmelzwasser mündet bei Stöttham in den nun dort eisfrei werden-
den Chiemsee. Bei Wipfing entsteht ein Gletschertor, aus dem Schmelzwasser vom östlichen Kleierberg in die noch eisgefüllte Grabenstätter
Bucht und über das Eis in die Hiensdorfer Rinne abfließt. Geobasisdaten © Bayerische Vermessungsverwaltung.

reich von Chieming belegt. Das direkt aus dem Gletscher
abfließende Schmelzwasser mischte sich im Labyrinth die-
ser Toteisblöcke mit dem Wasser der Hiensdorfer Rinne und
etwas später mit dem Wasser der Marwanger Rinne (e in
Abb. 5; Abb. 21), sodass sich zwischen den Toteisblöcken
verstärkt Kies-, Sand- und Tonablagerungen bilden konn-
ten. Die Kaltenbach-Rinne (f in Abb. 5) schüttete bereits
auf einem so tiefen Niveau, dass ihre Sedimente über das
Pfeffersee-Toteis in Richtung Chiemsee transportiert wurden
(Abb. 22).

Insgesamt ergibt sich das Bild, dass die Entstehung und
Ausformung des Chieminger Toteisgebietes stark von der
Entwicklung der Abflussrinnen aus dem Tüttensee-Komplex
(Hiensdorfer, Marwanger und Kaltenbach-Rinne) beeinflusst
worden ist. Durch die Sedimentation von Gesteinsmaterial
unterschiedlichster Korngrößen entstand in dem Toteisgebiet
ein kleinräumiges Nebeneinander von Tonen, Sanden, Kie-
sen und Blöcken (Findlingen) bis zu mehreren Kubikmetern
Volumen (vgl. Ganss, 1977:183ff.).

Die Sediment-führenden Schmelzwässer aus der
Kaltenbach-Rinne wurden unmittelbar südlich von Aufham

nach Westen abgelenkt, so dass hier ein Prallhang entstand.
Die Sedimentfracht gelangte so in den nun schon niedriger
spiegelnden Chiemsee mit den Toteisblöcken am Südrand
Chiemings. Dieser Prallhang zeigt eine ganze Reihe von
Terrassen, die das Einschneiden der Kaltenbach-Rinne zu
dokumentieren scheinen. Zu dieser Zeit muss im Bereich
des Pfeffersees ein Toteiskörper gelegen sein, der erst
abschmolz, als die Kaltenbach-Rinne kein Schmelzwasser
mehr über den Marwanger Eisrandstausee (siehe unter
Abschnitt 5.2.2) bekam. Die Kaltenbach-Rinne wandelte
sich ab diesem Zeitpunkt zu einem Trockental, das bis
heute nur noch von einem wenig Wasser führenden Bach
durchflossen wird. Daher kam durch die Kaltenbach-Rinne
kaum mehr Sediment nach Chieming.

Offenbar ist fast das gesamte Ortsgebiet von Toteis ge-
formt worden. Während die Kiesebene von Laimgrub ganz
flach und gleichmäßig gegen Chieming ansteigt, ist der zum
Chiemsee abfallende Hang im Ortsgebiet Chiemings von ei-
ner Vielzahl von Senken und Erhebungen gekennzeichnet.
Der Übergang von der Kiesebene in den Hang folgt keiner
„glatten“ Linie, sondern erscheint unregelmäßig (Abb. 3).
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Abb. 21. Phase 7. Zwischen Hiensdorf und Marwang entwickelt sich der über die Marwanger Rinne (e in Abb. 5) abfließende Marwanger
Eisrandstausee. Aus dem Gletschereis und der südöstlichen Rinne kommende Bäche schütten in ihm die Kames-Deltas des Hügels von
Mühlbach (Mü in Abb. 8) und der Oberen Tüttensee-Terrasse (OTT I in Abb. 8) auf. Bei Chieming beginnt sich ein größeres Eiszerfallsgebiet
zu entwickeln. Geobasisdaten © Bayerische Vermessungsverwaltung.

Mit dem Toteis hängt wohl auch eine dünenartig wirkende
Kiesablagerung am Nordrand von Chieming (R= 4 539 619,
H= 5 306 528) nahe des Chiemseeufers zusammen, die man
als eine Eisspaltenfüllung zwischen zwei Eisblöcken inter-
pretieren kann. Dafür spricht der von Ganss (1977:184) er-
wähnte (sic!) „Moränenwall“? nördlich von Chieming, aus
gut geschichtetem Feinkies mit Sandlagen. Dort wurden
auch zwei erratische Brekzienblöcke freigelegt.

Während der Entstehungszeit des Chieminger Eiszerfalls-
gebietes lenkte also das als Barriere wirkende Chiemsee-
Gletschereis an seinem Ostrand zwischen Marwang-West,
Oberhochstätt und Chieming das Schmelzwasser in der un-
gefähr gleichbleibenden Rinne von Hiensdorfer, Marwan-
ger und Kaltenbach-Rinne nach Norden Richtung Chieming.
Durch diese Eisblockade entwickelte sich auch der Mar-
wanger Eisrandsee (Abb. 21–24), der die Entstehung des
Tüttensee-Komplexes möglich machte.

5.4 Zur zeitlichen Stellung des Abschmelzgeschehens

Wie Ivy-Ochs et al. (2006; darin auch die Literaturbelege)
zusammenfassen, begannen die großen, bis ins Alpenvorland

reichenden Gletscher im Zeitraum 21 000–19 000 BP zusam-
menzubrechen. Das nächste jüngere, ausreichend datierte Er-
eignis war das Gschnitz-Stadial. Das Alter der Gschnitz-
Moräne (Tirol, nahe Trins bei Steinach am Brenner) wurde
mit 10Be-Expositionsdatierung auf 15400± 1400 Jahren BP
angegeben (Ivy-Ochs et al., 2006). Zu dieser Zeit war also
das Inn-Tal schon weitgehend eisfrei. Für den Bereich des ös-
terreichischen Traun-Tals belegen 14C-Analysen in Mooren,
dass auch dort die Täler seit mindestens 15400± 470 Jah-
ren BP eisfrei waren (Draxler, 1977; Van Husen, 1977).
Demnach wird für die dargelegten Vorgänge am östlichen
Rand des Inn-Chiemsee Gletschers, die zur Entstehung des
Tüttensee-Komplexes führten, ein Zeitraum von wenigen
Jahrhunderten um oder knapp nach 19 000 BP anzunehmen
sein.

5.5 Bezüge zum angeblichen Chiemgau Impakt

Der Tüttensee steht seit einigen Jahren im Zentrum einer
umstrittenen These, wonach der See der Einschlagkrater ei-
nes Kometen, Kometenbruchstücks oder Meteoriten ist (z.B.
Ernstson, 2010; Ernstson et al., 2010). Diese These wurde
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Abb. 22. Phase 8. Die Entstehung der Oberen Tüttensee-Terrasse OTT II und der Kaltenbach-Rinne (vgl. II und f in Abb. 5), sowie des
Eiszerfallgebiets von Chieming. Die Lohbach-Rinne (hier gestrichelt; m in Abb. 5) ist als Endstadium der Marwanger Rinne zu interpretieren.
Geobasisdaten © Bayerische Vermessungsverwaltung.

bereits mehrfach kritisch diskutiert (z.B. Doppler und Geiss,
2005; Wünnemann et al., 2007; Darga, 2009b), wobei die
Autoren die von den Vertretern der Impakt-These vorge-
brachten Belege als nicht belastbar einstufen.

Der „Chiemgau Impakt“ wird von einer Gruppe aus Lai-
enforschern und Wissenschaftlern postuliert, die sich selbst
Chiemgau Impact Research Team (CIRT) nennt und in den
letzten Jahren eine Reihe von Schriften zu diesem Thema
vorgelegt hat. Die Deutung des Sees als Krater beruht nach
Ernstson et al. (2010) vor allem auf der wallartigen Um-
rahmung des Sees, dem Vorkommen von Diamikten in der
Umgebung und dem Fund von deformierten Geröllen sowie
mikroskopischen Deformationsstrukturen (z.B. planare La-
mellen in Quarz). Des Weiteren wurden Funde von verglas-
ten Geröllen, tuffartigem Material, exotischen Eisensiliziden
und kohlenstoffhaltigem Material, sowie der Befund einer
Schwereanomalie im südlichen Bereich des Sees angeführt.

Der Großteil dieser Indizien wurde in den letzten Jah-
ren widerlegt. So wurde beispielsweise das als impakt-
diagnostisch publizierte, exotische Material, weitgehend als
anthropogen identifiziert (Bayerisches Landesamt für Um-
welt, 2012:82ff.; Huber et al., 2017; Smith et al., 2019).

Demnach stellen die Eisensilizide Fabrikationsrückstände
der Düngemittelindustrie dar, das kohlenstoffhaltige Materi-
al verweist auf Rückstände von Koks bzw. Kunststoffen. Das
tuffartige Material wurde als Schlacke der alten Eisenhütten
in der Region identifiziert und verglaste Silikatgerölle ent-
standen und entstehen noch heute in Kalkbrennöfen sofern
mit dem kalkigen Brenngut auch Silikate in den Brennraum
eingebracht werden. Daneben stellen die makroskopischen
Deformationen an Steingeröllen bereits alpin deformiertes
Geschiebe dar. Diese Geschiebe wurden von Gletschern und
Fließgewässern an die Fundorte verfrachtet. Dort konnte die
natürliche Verwitterung selektiv einwirken und löste z.B. den
Kluftkalzit aus Radiolaritgeröllen, so dass derartige Gerölle
in verwittertem Zustand zerbrochen aussehen (vgl. Abb. 1
in Darga, 2009b; Doppler und Geiss, 2005). Zudem wurden
die mikroskopischen Deformationsstrukturen an Quarz von
Wünnemann et al. (2007) angezweifelt.

Wir selbst konnten bei unseren Geländebegehungen und
Beprobungen keinerlei Material finden, das sich nicht
zwanglos durch die von uns beschriebene glazifluvial Gene-
se erklären ließe. In den Sedimentproben aus dem Anstehen-
den der Lokationen rund um den Tüttensee wurden weder
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Abb. 23. Phase 9. Entstehung der Unteren Tüttensee-Terrasse (UTT), der Obereggerhausener und der Tiefenbach-Rinne (vgl. III, h und g
in Abb. 5). Der Eiszerfall in der Grabenstätter Bucht führt zur Bildung von Oser- und Kames Ablagerungen, die im Bereich des Marwanger
Eisrandstausees ein Delta bilden. Die Entwässerung des Stausees erfolgt über die Obereggerhausener und Tiefenbach-Rinne an Oberhochstätt
vorbei bis in den Chiemsee. Geobasisdaten © Bayerische Vermessungsverwaltung.

Schlacken, noch Eisensilizide, noch angeschmolzene Geröl-
le festgestellt. Nur an einer Stelle (Lokation TS25) wurden
Schlacken vorgefunden, und zwar zusammen mit offensicht-
lich altem Bauschutt und Hausmüll.

Dass die Deutung der Morphologie der den Tüttensee um-
gebenden Hügel als Kraterwall nur schwer nachzuvollzie-
hen ist, wurde bereits angeführt (Darga, 2009b; Doppler und
Geiss, 2005). Die Umrahmung des Sees ist keineswegs kra-
terartig geformt, sondern ist mehrfach durchbrochen. Sie ist
vielmehr in zwei klar voneinander abgrenzbare Terrassen-
körper geteilt. Der „Kraterwall“ hat im Bereich der Unte-
ren Tüttensee-Terrasse besonders im Südwesten und Wes-
ten eine auffallend ebene Oberfläche und auch die Oberen
Tüttensee-Terrassen besitzen eine fast plane Oberfläche. Die-
ser Formenschatz ist mit keiner bekannten Impaktbildung in
Einklang zu bringen. Hier sei noch einmal darauf hingewie-
sen, dass das Liegende des Tüttensee-Komplexes aus gla-
zialen Diamikten besteht. Vor allem der westliche Teil des
„Walls“ besteht dagegen aus geschichteten, feinkornarmen
Kiesen. Die Kiese im Nordwesten des „Walls“ zeigen sogar
eine Deltaschichtung mit einem Einfallen nach Norden. Die-

se Sedimente sind also völlig anders geartet als die darun-
terliegenden unsortierten, ungeschichteten, feinkornreichen
Diamikte und können daher nicht als Auswurfmasse dersel-
bigen interpretiert werden.

In den südöstlichen und östlichen Teilen der Tüttensee-
Umrahmung ist eine Änderung der Lithologie hin zu Dia-
mikten zu beobachten. Trotzdem ist in einer Georadar-
Darstellung von Tengler (2015) und Poßekel und Ernst-
son (2019) eine Schichtung zu erkennen, die die Autoren als
umgelagerte Ejektamassen interpretieren. Diese Schichtung
ist nach unseren Geländebefunden jedoch die Sedimentfül-
lung eines Oses (Füllung einer Spalte oder eines Tunnels im
Eis). Durchaus vergleichbare Sedimentstrukturen und Gelän-
deformen wurden auch aus dem Würm-Endmoränengebiet
des Salzach-Gletschers, östlich der Salzach, beschrieben
(Götz et al., 2018:260, deren Abb. 4c).

Grundsätzlich ist zwar eine gewisse ballistische Sortie-
rung von Impaktiten möglich, keinesfalls aber so ausgeprägt,
wie in den von uns beobachteten fragilen Texturen der An-
reicherungen von reinen, matrixfreien Grobkiesen am Tüt-
tensee. Dies und die an verschiedenen Stellen nachgewiese-
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Abb. 24. Phase 10. Entstehung der Hirschauer Rinne (i in Abb. 5). Das zerfallende Eis in der Hirschauer Bucht macht den Weg frei für die
Hirschauer Rinne. Die Entwässerung des Marwanger Eisrandstausees erfolgt nun im großen Bogen zuerst nach Norden, nach Oberhochstätt
umbiegend, und dann nach Süden in die Hirschauer Bucht. Im gerade noch existierenden Marwanger Eisrandstausee dauert die Bildung der
Unteren Tüttensee-Terrasse mit ihrem Delta noch an. Geobasisdaten © Bayerische Vermessungsverwaltung.

nen Deltaschichtungen belegen dagegen eine Entstehung der
Tüttensee-Terrassen durch fließendes Wasser. Eine Impakt-
genese kann für diese Sedimente somit ausgeschlossen wer-
den.

Auch eine Umformung des Tüttensee-Komplexes und der
weiteren Umgebung durch einen Tsunami wurde in den letz-
ten Jahren postuliert (z.B. Ernstson, 2016; Liritzis et al.,
2010). Dazu wurde eine Vertiefung im Chiemsee-Boden als
Beleg für den auslösenden Einschlag gedeutet. Die wenig
präzisen Angaben der Autoren zur Lage dieser Vertiefung
lokalisieren sie in etwa 30 m Wassertiefe, in der Nähe der
Untiefe “Der Kaiser” bei Chieming. Für die Sedimente einer
Baugrube in Stöttham (Liritzis et al., 2010) wurde vor eini-
gen Jahren bereits ein ursächlicher Zusammenhang mit die-
sem Chiemsee-Tsunami hergestellt. Diese These wurde von
Völkel et al. (2012) überzeugend widerlegt, der diese Sedi-
mente als holozäne, kolluviale Rinnenfüllung interpretiert.

Dies deckt sich mit unseren Befunden, denn an den fragi-
len Tüttensee-Terrassen sind keinerlei Spuren eines solchen
Ereignisses feststellbar. Und nachdem Ernstson (2016) den
angenommenen Tsunami auch in den mächtigen schrägge-
schichteten Kiesen in den Kiesgruben bei Eglsee (Abb. 6)

zu erkennen meint, müssten auch die Oberen Tüttensee-
Terrassen vom Tsunami überflutet worden sein. Zumindest
müssten, wenn die postulierte Flutwelle bis Eglsee reich-
te, angesichts der Massen der dort angeblich vom Tsuna-
mi abgelagerten Kiesmassen auch die Toteislöcher im Orts-
bereich von Chieming zugeschüttet worden sein. Ein ent-
sprechender Befund liegt jedoch nicht vor. Vielmehr ist im
Schwarzelmoos, im nördlichen Chieminger Ortsbereich, das
bis 6 Meter mächtige Übergangsmoor ohne Kiesbedeckung.
Der ebenfalls unter Abschnitt 4.1.3 beschriebene Kies- und
Sandrücken wenige Meter westlich des Schwarzelmooses
kann somit auch nicht von einem Tsunami erzeugt worden
sein. Seine von Ganss (1977:184) beschriebene Sedimen-
tologie – „... gutgeschichtetem Feinkies mit Sandlagen ...“
– spricht in Verbindung mit der engen Nachbarschaft zur
Schwarzelmoos-Hohlform ebenfalls gegen eine Tsunami-
Ablagerung.

Kreuz- und Schrägschichtung finden sich zwar auch in
Tsunami-Sedimenten, allerdings nur sehr kleinskalig, im Ge-
gensatz zu den meterweiten Schwüngen der Eglseer Schich-
tung. Tsunami-Sedimente sind zudem maximal einige De-
zimeter mächtig (Peters und Jaffe, 2010). Auch dies steht
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Abb. 25. Phase 11. Der letzte Schritt zur Entstehung der Grabenstätter Bucht in ihrer heutigen Form (j in Abb. 5). Alle ab Phase 4 im Bereich
des Tüttensees aktiven Schmelzwasserrinnen wurden vom Grabenstätter Mühlbach abgelöst. Der Tüttensee-Komplex ist seit Eintritt dieser
Phase keinen größeren Veränderungen mehr ausgesetzt gewesen. Die aus dem Süden zwischen Kleierberg und dem Beckeneis am Westen-
de der Grabenstätter Bucht geschütteten Kiese bilden die heutige Westbegrenzung der Grabenstätter Bucht. Geobasisdaten © Bayerische
Vermessungsverwaltung.

im Widerspruch zu den mehrere Metern mächtigen Erlstätter
und Eglseer Kiesen. Aufgrund der Lage der Eglseer Kiesgru-
be innerhalb der prägnanten Erlstätter Rinne, ist sie eindeutig
als altes Flussbett zu charakterisieren.

In der Summe der Befunde ist es aus unserer Sicht
gänzlich unverständlich, warum diese Formen als Tsunami-
Sedimente angesprochen wurden. Der sedimentologische
und morphologische Befund lässt sich ganz ohne Tsunami
erklären.

Unsere durch Geländeuntersuchungen und Kartierungen
gewonnenen lithologischen Befunde sowie die Lagerungs-
verhältnisse der Lithologien belegen eine glaziofluviale Ent-
stehung des Tüttensee-Komplexes. Die von Ernstson (2010)
auf Grund geophysikalischer Messungen erkannte und als
Impaktkrater interpretierte Hohlform unter dem Tüttensee
gehört zu einem viel größeren Rinnensystem in der Molasse-
Oberfläche (Abb. 4). Diese Hohlform ist daher deutlich älter
als der propagierte Impakt. Mit geophysikalischen Metho-
den gewonnene Ergebnisse (Messungen) müssen sich stets
an den geologischen Realitäten messen lassen (siehe z.B. Ko-
eberl und Martinez-Ruiz, 2003).

Die Entstehung der Tüttensee-Senke durch einen Impakt
ist damit rein hypothetisch. Kroemer (2009) hat das Alter
der Tüttensee-Senke 14C-datiert und gibt das Mindestalter
der Hohlform mit CalBP 12 750 bis 12 390 Jahren an. Der
Tüttensee existierte also schon mindestens ca. 9000 Jahre vor
dem vermeintlichen Impakt, der nach Ernstson et al. (2010)
höchstwahrscheinlich zwischen 1300 und 300 BC stattfand.
Der Tüttensee-Impakt hätte somit einen Volltreffer in ein
möglicherweise bereits vollkommen verlandetes Toteisloch
gelandet, was unsere Befunde jedoch eindeutig ausschließen.

Am auffälligsten am Tüttensee-Komplex sind die Höhen
der Tüttensee-Terrassen. Alle drei korrespondieren mit einer,
der in dieser Arbeit beschriebenen peripheren Abflussrin-
nen (Tabelle 1). Die Schmelzwässer, die die oberste Terrasse
(OTT I) aufschütteten, flossen über die Marwanger Rinne ab.
Die untere der beiden oberen Terrassen (OTT II) entließ ih-
re Schmelzwässer etwas später über die Kaltenbach-Rinne.
Und die Untere Tüttensee-Terrasse (UTT) entwässerte über
die Obereggerhausener Rinne in die Tiefenbach-Rinne. Zwi-
schen jeder dieser Terrassen und dem zugehörigen Abfluss
befinden sich heute tiefer liegende Geländebereiche. Dass die
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drei Tüttensee-Terrassen in ihren Höhenlagen mit drei der
peripheren Rinnen korrespondieren, ist nicht zufällig. Um
das Schmelzwasser in diese Rinnen fließen lassen zu kön-
nen, musste ein „Damm“ existiert haben, der den direkten
Abfluss dieser Wässer in die Grabenstätter Bucht verhinder-
te. Hierfür kommt nur Gletschereis in Frage. Ein Impakt ei-
nes extraterrestrischen Körpers ist zur Erklärung der Gelän-
destrukturen des Tüttensee-Komplexes als Teil des südöstli-
chen Chiemsee-Gebiets nicht notwendig. Die Sedimentolo-
gie spricht eindeutig gegen einen Impakt.

6 Fazit

Die in Abb. 1 umrissene Fläche wurde insbesondere durch
die Nutzung des Digitalen Geländemodells geomorpholo-
gisch und im engeren Bereich um den Tüttensee sedi-
mentologisch erfasst. Die Befunde belegen ein sukzessives
Abschmelzen der Würm-zeitlichen Gletschermassen vom
durch das Traun-Tal nachgezeichneten östlichen Gletscher-
rand Richtung Westen bis an das heutige Chiemsee-Ufer.
Die dabei entstandenen zentrifugalen, peripheren und zuletzt
zentripetalen Schmelzwasserrinnen sind hierfür die offen-
sichtlichsten Belege. Der ungefähr von den Verbindungslini-
en zwischen Grabenstätt – Stöttham – Eglsee – Vachendorf
umgrenzte Geländebereich war Schauplatz einer vergleichs-
weise kleinteiligen Abschmelzgeschichte. Dabei ließ das Be-
ckeneis des östlichen Chiemsee-Gletschers zuerst das Toteis-
gebiet von Chieming entstehen. Nachfolgend bildete sich das
Toteisgebiet des Tüttensee-Komplexes, mit seinen drei heute
noch belegbaren Abflussniveaus (Tabelle 1). Die Sedimen-
tologie der Tüttensee-Umrahmung belegt eine Ablagerung
als Os, als Kames und insbesondere mit seinen Kamesdelta-
Sedimenten eine Ablagerung im Marwanger Eisrandstausee.

Datenverfügbarkeit. Alle Daten sind in PAN-
GAEA archiviert und publiziert unter htt-
ps://doi.org/10.1594/PANGAEA.907686 (Huber et al., 2019a)
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Abstract: Using peat bogs as palaeoenvironmental archives is a well-established practice for reconstructing
changing climate and anthropogenic activity in the past. In this paper, we present multi-proxy anal-
yses (element geochemistry, pollen, non-pollen palynomorphs, stable Pb isotopes, humification, ash
content) of a 500 cm long, 14C-dated peat core covering the past ∼ 5000 years from the ombrotrophic
Pürgschachen Moor in the Styrian Enns valley (Austrian Alps). Early indications of low settlement
and agricultural activity date to ∼ 2900 cal BCE. An early enrichment of Cu was found in peat layers
corresponding to the late Copper Age (∼ 2500 cal BCE). These enrichments are attributed to Cu min-
ing activities in the Eisenerz Alps. More pronounced increases in cultural indicators (cultivated plants,
shrubs, herbs, charcoal) in the pollen record and enrichments of trace metals suggest significant human
impact in the vicinity of Pürgschachen Moor in the middle Bronze Age (∼ 1450–1250 cal BCE), in the
late Bronze Age (∼ 1050–800 cal BCE) and in the period of the late La Tène culture (∼ 300 cal BCE–
1 cal CE). The greater part of the Iron Age and the Roman imperial period are each characterized by
a general decline in anthropogenic indicators compared to previous periods. Distinct enrichments of
Pb and Sb in the sample that corresponds to ∼ 900 cal CE are attributed to medieval siderite mining
activity in the immediate vicinity of Pürgschachen Moor. The results of this interdisciplinary study
provide evidence that strong, climate-controlled interrelations exist between the pollen record, the hu-
mification degree and the ash content in an ombrotrophic environment. Human activity, in contrast, is
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mainly reflected in the pollen record and by enrichments of heavy metals. The study indicates a dry
period in the region of the bog around ∼ 1950 cal BCE.

Kurzfassung: Hochmoore eignen sich zur Rekonstruktion des Paläoklimas und anthropogener Aktivität in der
Vergangenheit. In der vorliegenden Arbeit werden Multiproxy-Analysen (Elementchemie, Pollen,
Mikrofossilien, stabile Pb-Isotope, Humifizierung, Aschegehalt) eines 500 cm langen und mittels
der C-14-Methode datierten Torfkerns aus dem ombrotrophen Pürgschachener Moor im steirischen
Ennstal (Österreichische Alpen) vorgelegt und diskutiert. Der Bohrkern umfasst einen Zeitraum
von ∼ 5000 Jahren. Frühe Hinweise auf Besiedelung und landwirtschaftliche Nutzung datieren
auf ∼ 2900 cal BCE. Erste markante Cu-Anreicherungen, die auf Cu-Bergbau in den angrenzenden
Eisenerzer Alpen zurückgeführt werden, zeigen sich in Torfschichten aus der späten Kupfersteinzeit
(∼ 2500 cal BCE). Deutlichere Zunahmen von Kulturindikatoren (Kulturpflanzen, Sträucher, Kräuter,
Holzkohle) im Pollendiagram und Anreicherungen von Spurenmetallen lassen auf signifikanten men-
schlichen Einfluss in der Umgebung des Pürgschachener Moores in der Mittelbronzezeit (∼ 1450–
1250 cal BCE), in der Spätbronzezeit und (∼ 1050–800 cal BCE) sowie in der Periode der späten
Latènezeit (∼ 300 cal BCE–1 cal CE) schließen. Der größte Teil der Eisenzeit sowie die römische
Kaiserzeit sind durch einen allgemeinen Rückgang von anthropogenen Indikatoren im Vergleich zu
früheren Perioden gekennzeichnet. Anreicherungen von Pb und Sb in einer Torfprobe aus dem Mit-
telalter (∼ 900 cal CE) können mit Sideritabbau in unmittelbarer Nähe des Pürgschachener Moores
in Verbindung gebracht werden. Die Ergebnisse dieser interdisziplinären Studie belegen starke klim-
agesteuerte Wechselbeziehungen zwischen Pollen, dem Humifizierungsgrad und dem Aschegehalt.
Menschliche Aktivität in der Umgebung des Moores zeigt eine geringe Korrelation mit Humifizierung
und Aschegehalt, findet allerdings stärkeren Niederschlag in den Pollen- und Schwermetalldaten. Die
vorliegende Studie weist auf eine ausgedehnte Trockenperiode in der Umgebung des Pürgschachener
Moors um ∼ 1950 cal BCE hin.

1 Introduction

1.1 Peat bogs as geochemical and
palaeoenvironmental archives

In recent years, several multi-proxy studies of bogs, in-
volving elemental, isotopic, and palynological and/or plant
macrofossil analyses, have gained in significance, enabling
relatively accurate interpretations and quantifications of hu-
man impact in the past (e.g. Bindler, 2003; De Vleeschouwer
et al., 2007; van der Knaap et al., 2011; Segnana et al.,
2019; von Scheffer et al., 2019). Ombrotrophic (rain-fed)
peat bogs are solely dependent on precipitation and isolated
from the direct influence of rivers, springs or groundwater.
Consequently, such bogs provide excellent archives for re-
constructing past atmospheric fluxes and environmental con-
ditions (Martínez-Cortizas et al., 1999; De Vleeschouwer,
2010; Drexler et al., 2016). As the world faces future global
climate change, a profound understanding of the interrela-
tions of palaeoenvironmental and past human signals is of
crucial importance for obtaining a more comprehensive pic-
ture of changes in the biosphere throughout the past. With
respect to the Alpine region during the Holocene, palaeoen-
vironmental studies have mainly concentrated on the recon-
struction of environmental conditions and past human impact
in the Western Alps and western parts of the Eastern Alps

(e.g. Büntgen et al., 2005; Nicolussi et al., 2005; Festi et al.,
2014; Segnana et al., 2019). Only few data exist regarding
areas in the eastern foothills of the Alpine main ridge in east-
ern Austria (e.g. Drescher-Schneider, 2003; Schmidt et al.,
2006; Boch et al., 2009; Huber et al., 2010).

This present study seeks to close this research gap by com-
bining (bio)geochemical, isotopic and palynological analy-
ses of peat deposits of Pürgschachen Moor in the Austrian
Alps. In particular, we provide further insights into palaeoen-
vironmental changes and the advent and chronology of pre-
historic societies (from the Copper Age up to Roman times)
and prehistoric copper mining in the Liezen area and the
more eastern Eisenerz Alps. In addition, by also consulting
the ash content and the humification degree, we aim to en-
hance the general knowledge regarding the interrelations be-
tween humification, mineralization, climate change and hu-
man impact in wetlands.

Pollen analysis is considered a reliable tool for infer-
ring palaeoenvironmental changes and associated vegeta-
tional shifts (e.g. Finsinger et al., 2006; Herzschuh, 2007).
Anthropogenic indicators in pollen records, such as crop
plants and cereals, were first formalized by Behre (1981,
1988) and are nowadays commonly used to reconstruct agri-
cultural and other human activities in the past (e.g. Bunting et
al., 2001; Zhang et al., 2010; Rösch and Lechterbeck, 2016).
The accuracy of assessments of past human activity by using
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geochemical methods depends, among other factors, on the
mobility of relevant trace elements (e.g. Pb, Sb, Cu) in the
peat environment.

Even though emissions of copper smelting processes are
detectable in regular soils across tens of kilometres (Ettler,
2016) and the potential of Cu as an anthropogenic tracer in
peat deposits has been highlighted by different authors (e.g.
Ukonmaanaho et al., 2002; Rausch et al., 2005; Mighall et
al., 2009; Novak et al., 2011; Mariet et al., 2016), other stud-
ies have questioned the reliability of Cu as a marker of past
human impact in peat environments, due to its dependence
on pH value, mineralogy (Rausch et al., 2005), vegetation
(Shotyk et al., 2002; Ukonmaanaho et al., 2004) and hydrol-
ogy (Tipping et al., 2003; Bobrov et al., 2011).

Therefore, we also measured Pb and Sb, which have suc-
cessfully been used to reconstruct anthropogenic activity in
various studies as they show low mobility in peat environ-
ments (e.g. Cloy et al., 2009; De Vleeschouwer et al., 2009;
Shotyk et al., 2017). However, post-depositional redistribu-
tion processes of Pb and Sb have also been demonstrated
occasionally (Olid et al., 2010; Rothwell et al., 2010). Mo-
bilization of heavy metals in peat, in general, has been at-
tributed to long-term water table fluctuations (Tipping et al.,
2003; Rothwell et al., 2010).

Stable Pb isotope measurements were conducted to im-
prove the contextualization of the elemental results, attempt-
ing to differentiate between local, regional and non-regional
anthropogenic and geogenic sources (e.g. Allan et al., 2018).
Organic compounds, especially humic acids that are consid-
ered the main adsorption agents in peat, provide adsorption
sites that enhance trace element accumulation (Yang et al.,
2019). To improve the quality of the interpretation of past
anthropogenic activity, heavy metal concentrations were con-
trasted with the humification degree, provided by Fourier-
transformed infrared (FTIR) spectroscopy (see also Biester et
al., 2012). FTIR spectroscopy can be used to identify changes
in major peat chemical properties, such as changes in relative
contributions of carbohydrates or aromatics (Niemeyer et al.,
1992; Kalbitz et al., 1999). Due to preferential degradation of
carbohydrates over aromatics, relative absorption indicative
of these moieties can be used as an indicator of the degree
of peat decomposition and/or humification (Artz et al., 2008;
Broder et al., 2012; Biester et al., 2014).

Since the extent of decomposition of peat is mainly de-
pendent on plant species (Drollinger et al., 2020), nutrient
fluxes and hydrological conditions, a connection between cli-
mate and decomposition can be established (van der Linden
and van Geel, 2006). An assessment of the humification de-
gree can therefore also help to reconstruct climate changes in
the past.

The Sr concentration in bogs, to a large extent controlled
by groundwater inflow, is regularly used as an additional
proxy for the trophic status of the bog (Shotyk et al., 2017).
As humification is closely interlinked with mineralization

(Tolonen, 1984), an interpretation of ash content variations
contributes to the reconstruction of past climate.

1.2 Regional setting and historical context

Pürgschachen Moor is the largest intact valley peat bog in
Austria with an areal extent of ∼ 62 ha (Drollinger et al.,
2019). Because of the peatland‘s proximity to prehistoric
mining sites and a large vertical extension of the peat body,
it was chosen as the study site. The peat bog is located in
the Styrian Enns valley, a large fault line that separates the
Lower Tauern to the south from the Palaeozoic Greywacke
zone and the Northern Calcareous Alps in the north (Keil
and Neubauer, 2009). The mean annual temperature in the
adjacent town of Admont is ∼ 7.3 ◦C. Annual precipitation,
referring to the time between 1990 and 2019, is ∼ 1250 mm
(Drollinger et al., 2019). The Greywacke zone, comprising
the most significant copper ore resources of the Eastern Alps,
lies between the Northern Calcareous Alps and the Cen-
tral Eastern Alps (Kucha and Raith, 2009). The Greywacke
zone in the study area contains Ordovician- to Devonian-age
metamorphosed sedimentary rocks (turbidites, greywackes
and limestones) and Ordovician-age mafic volcanic rocks
(Gasser et al., 2009; Lutz and Pernicka, 2013; see Fig. 1).

Copper ores of the eastern Greywacke zone are typi-
cally characterized by mineral phases of the tennantite–
tetrahedrite solid-solution series (Cu12As4S13–Cu12Sb4S13)
and chalcopyrite (CuFeS2)−pyrite (FeS2) mineralizations
(Hanning, 2012; Haubner et al., 2015; Pernicka et al., 2016).

Palaeoenvironmental studies indicate a marked increase in
metal pollution throughout Europe during the Bronze Age
(e.g. Bränvall et al., 2001; Monna et al., 2004; Mighall et
al., 2009; Longman et al., 2018; Wagreich and Draganits,
2018). This also applies to the Austrian Alps, where a grad-
ual intensification of human activity is assumed for the mid-
dle Bronze Age and the early part of the late Bronze Age
in different areas in Tyrol, Salzburg, Styria and Lower Aus-
tria (e.g. Röpke and Krause, 2013; Breitenlechner et al.,
2014; Haubner et al., 2015; O’Brien, 2015; Pichler et al.,
2018). Several studies have aimed to reconstruct the pre-
historic human impact in the Mitterberg region in Salzburg,
which was possibly the largest copper producer in Europe
in the middle of the second millennium BCE (e.g. Stöllner,
2011; Breitenlechner et al., 2014; Pernicka et al., 2016). In
contrast, relatively few detailed palaeoenvironmental stud-
ies exist regarding prehistoric settlement development and
early mining in the Eisenerz Alps and the Gesäuse area.
The earliest indications of large-scale settlement activity in
the Palten valley, which forms the southernmost border of
the Eisenerz region, date back to the late Neolithic period
in the fourth millennium BCE (Drescher-Schneider, 2003;
Preßlinger et al., 2009). Taking into account archaeological
findings in the region, it is probable that a large number of
non-specified prehistoric copper mining and smelting sites in
the region can be attributed to the middle and/or late Bronze
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Figure 1. Overview map with the geographical location of
Pürgschachen Moor in the Enns valley and known prehistoric smelt-
ing sites and settlements (Klemm, 2003), embedded in the regional
geology (Geologische Bundesanstalt, 2019). Europe (a), the pre-
historic mining areas Mitterberg and Hallstatt, Öblarn, the copper
smelting site S1, Linz and Vienna (b) are given as geographic ref-
erences.

Age (Klemm, 2003; Preßlinger et al., 2009). The largest ex-
cavated bronze smelting site in the Eisenerz Alps, S1 in the
Supplement (Fig. 1), has also been radiocarbon dated to the
middle Bronze Age (1600–1350 cal BCE; Kraus, 2014).

Given the lack of archaeological evidence assignable to
the Iron Age, a decrease in anthropogenic activity during the
following centuries is suggested (Klemm, 2003). More in-
tense human impact during the Roman period is indicated
by different archaeological finds and evidence for Roman
trade routes in the region (Herbert, 2015). A decline in ar-
chaeological findings corresponding to the Migration Period
points towards a decrease in human activity during this in-
terval (Klemm, 2003). Siderite mining (FeCO3) at Blahberg

Figure 2. Location of the coring site in the centre of the om-
brotrophic Pürgschachen Moor (a; eastern view from the coring
site; photo: W. Knierzinger), Ardning (Austria). Aerial view of
Pürgschachen Moor (b) with the location of the coring site (mod-
ified from ©Google Maps, last access: 15 December 2019) and
scale.

(Fig. 1) and in other parts of the area is documented, with
interruptions, from the 11th century up to the year 1895
(Preßlinger and Köstler, 2002).

Even though no detailed palaeoclimate studies regarding
the region of Eisenerz Alps have been conducted so far, we
expect that the regional palaeoclimate variations show con-
sistencies with palaeoclimate models of other parts of the
Alps (e.g. Heiri, 2003; Nicolussi et al., 2005) and other cli-
mate records in the Northern Hemisphere (Vinther et al.,
2006). Accordingly, we assume a general decrease in the
average temperatures around 3000 cal BCE and an impact
of recurring cold cyclical oscillations (Rotmoos 2, Löbben,
Göschenen 1, Göschenen 2) in the late Holocene for this re-
gion (Ivy-Ochs et al., 2009; Kutschera et al., 2017).

2 Materials and methods

2.1 Sample location

The sample location is in the centre of Pürgschachen Moor
(47◦34′53.34′′ N, 14◦20′45.39′′ E), approximately 1.5 km
southwest of Ardning (district of Liezen) at an altitude of
632 m (see Fig. 2).

The peat body at the central treeless peatland area of
Pürgschachen Moor reaches depths of 7–8 m; the transition
from sedge to Sphagnum peat has been identified at a depth
of 5 to 6 m (Birker, 1979). The bog is one of the last remains
of a former string of peatlands along the Enns river valley
(Drollinger et al., 2019). The vascular vegetation of the peat
bog is comprised of mosaic patterns across the peat bog area,
consisting of the most abundant shrub species Pinus mugo,
Calluna vulgaris, and the graminoids Eriophorum vagina-
tum and Rhynchospora alba. The most abundant Sphagnum
mosses are Sphagnum capillifolium, Sphagnum magellan-
icum and Sphagnum tenellum (Drollinger et al., 2019).
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2.2 Coring and preparation

A ∼ 500 cm long peat core (diameter of 80 and 50 mm) was
extracted by means of a Russian peat corer of 8 cm diam-
eter in late 2017. At a depth of ∼ 500 cm, coring had to
be aborted due to impenetrable layers associated with the
more frequent presence of roots and other wooden material.
The core was stored below 6 ◦C. Prior to analysis, the sam-
ple material was dried overnight and then pulverized. In to-
tal, 45 samples (∼ 200 mg) were used for elemental analy-
sis, 34 samples (∼ 200 mg) for Pb isotopic analysis and 41
(∼ 40 mg) for FTIR analyses. For the analyses of ash con-
tents 100 samples (∼ 1 g), taken at intervals of 5 cm, were
used. The labelling of the samples denotes information on
the sampling depth (i.e. P308 corresponds to 308 cm below
surface). Due to a variety of analytical techniques, analyses
were not stringently performed at regular measuring inter-
vals.

2.3 Radiocarbon dating

Six samples, comprised of various Sphagnum plant frag-
ments and one bark fragment of Pinus sylvestris, were ra-
diocarbon dated at the Poznan Radiocarbon Laboratory in
Poland. To remove unwanted components and to isolate the
dateable fraction, the acid–alkali–acid procedure was applied
(for further details see Czernik and Goslar, 2001). The top
of the extracted peat core was assigned to the year 2012.
A Bayesian radiocarbon model was established using Bacon
(version 2.2; see Blaauw and Christen, 2011), which is based
on the IntCal13 calibration curve (Reimer et al., 2013).

2.4 Pollen analysis

A total of 65 pollen samples at sub-sampling intervals vary-
ing between 2.5 and 10 cm were analysed. In order to obtain
pollen concentration data, Lycopodium tablets were added to
each sample (1 cm3 of material; see Stockmarr, 1971). Peat
samples were chemically treated using acetolysis. Pollen
counting was performed using a Leitz Biomed optical mi-
croscope with 400× and 1000× magnification with phase
contrast. At least 900–1000 pollen grains per sample were
counted and identified based on Beug (2004). The non-pollen
palynomorphs (NPPs) were determined on the basis of nu-
merous reference studies provided by Miola (2012). The re-
sults are presented as reduced-percentage diagrams, calcu-
lated and drawn using the software package Tilia 2.1.1 and
TGView (Grimm, 2004). Pollen grains of trees, shrubs and
upland herbs (arboreal pollen (AP) + non-arboreal pollen
(NAP) = 100 %) are presented. Pteridophyta, mosses and
water plants are not included in the pollen sum.

The pollen diagram is divided into local pollen zones (LPZ
P1–P13) that reflect the vegetation development (Berglund
and Ralska-Jasiewiczowa, 1986). Periods of human impact
(K1–K7) are displayed separately.

2.5 Elemental analysis and ash contents

Quantitative analyses of Cu, Sr, Zr, Sb, and Pb were carried
out by using an iCAP Qc ICP-MS system (Thermo Fisher
Scientific, Bremen, Germany) at the Institute of Chemical
Technologies and Analytics (TU Wien, Vienna). Different
research groups demonstrated accurate elemental analysis
of peat using quadrupole-based ICP-MS instruments (e.g.
Shotyk et al., 2001; Krachler et al., 2002; Mihaljevič et
al., 2006; Mighall et al., 2014). Peat aliquots of 200 mg
were digested using an acid mixture of 4 ml HNO3 (65 %),
2 ml HCl (37 %) and 2 ml H2O2 (30 %) in a microwave-
assisted closed-vessel system (Multiwave 3000, HF 100 ves-
sels, Anton Paar, Graz, Austria).

Calibration standards from 1 to 100 µg mL−1 were pre-
pared using the ICP multi-elemental standard solution VIII
Certipur® (Merck Darmstadt, Germany), the ICP multi-
elemental standard solution IV Certipur® (Merck Darm-
stadt, Germany) and a zirconium ICP standard Certipur®

(Merck Darmstadt, Germany). All measurements were
blank-corrected. Differences in sample introduction effi-
ciency, due to variations in physical properties such as sur-
face tension or viscosity, and also differences in sample at-
omization and excitation efficiency, due to variations in the
plasma load, were minimal; concentrations after dilution of
the sample digests were only in the range of micrograms
per litre to milligrams per litre. 115In was used as an inter-
nal standard for correction of remaining effects and/or in-
strument drifts. The choice of the conservative element for
normalization of metal concentrations generally depends on
the given environmental, geographic and geological condi-
tions (Boës et al., 2011; Kylander et al., 2016). In this study,
Zr, indicative of geogenic siliciclastic input of adjacent rela-
tively zircon-rich Austroalpine nappes (Stattegger, 1982) and
Gosau Group sediments (Wagreich, 1988), was chosen as a
conservative element for normalization purposes.

Due to the focus on the reconstruction of prehistoric an-
thropogenic activity, no elemental measurements were per-
formed for the first 75 cm. Operation settings are given in the
Supplement, Table S1. Due to the assumed absence of un-
ambiguous non-anthropogenic reference sections in the core,
no enrichment factors (see e.g. Weiss et al., 1999) were cal-
culated. Ash contents were determined as the percentage of
the dry weight (see Tolonen, 1984), with a precision balance
after burning the samples at 550 ◦ C for 10 h in a muffle fur-
nace.

2.6 Pb isotope analysis

Stable Pb isotope measurements were carried out by using
the iCAP Qc ICP-MS system described in Sect. 2.5. The iso-
baric interference between 204Hg and 204Pb was corrected
by monitoring the signal of 200Hg. The Pb ICP standard
Certipur® (Merck, Darmstadt, Germany), traceable to NIST
standard reference material SRM® 928 Pb, was used as a
bracketing standard for performance verification and correc-
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tion of instrumental drift. The Pb ICP standard Certipur® was
characterized with the aid of the certified reference material
ERM-EB 400 (Federal Institute for Materials Research and
Testing, BAM). The previously prepared 50 mL liquid sam-
ples were diluted (up to 1 : 50) to guarantee a high degree of
comparability. The raw Pb isotope ratios obtained from the
measured samples were corrected for contributions of Hg,
spikes and blanks. In a subsequent step, the isotope ratios
were corrected for isotopic fractionation based on bracketing
standard measurements. Due to complete acid digestion and
high-dilution factors, matrix effects were considered to be
negligible, and hence no additional reference material with a
biological matrix was analysed. Notwithstanding the fact that
thermal ionization (TIMS) and multi-collector plasma mass
spectrometry (MC-ICP-MS) provide higher analytical preci-
sion (e.g. Gulson et al., 2018), the Q-ICP-MS technique was
deemed sufficient for establishing a temporal trend and for a
general contextualization of the peat samples with regard to
other European signals (Mihaljevič et al., 2006; Kylander et
al., 2005; Judd and Swami, 2010; Mighall et al., 2014).

2.7 Fourier-transform infrared spectroscopy

FTIR spectra of peat samples were recorded by means of
a Cary 660 FTIR spectrometer (Agilent, Santa Clara, CA,
USA) at the Institute of Landscape Ecology in Münster, Ger-
many. On the one hand, the selection of samples for FTIR
analyses was based on prominent trends in the ash content
curve; on the other hand it was oriented at the sample selec-
tion for ICP-MS analysis. For FTIR analyses, 2 mg of pow-
dered peat sample was mixed with 200 mg KBr (FTIR grade,
Sigma Aldrich, St. Louis, MO, USA) and pressed to a 13 mm
pellet. To reduce analytical noise and to obtain comparable
spectra for all samples, 32 scans per sample and subsequent
baseline correction of data were conducted. The humification
index was approximated by calculating the ratio between the
peak intensity at 1630 cm−1 (indicative of lignin and other
aromatics) and at 1030 cm−1 (indicative of polysaccharides
such as cellulose; see also Holmgren and Norden, 1988; Bi-
ester et al., 2014). Exact localization of wavenumbers of spe-
cific peaks in FTIR data was accomplished by using an au-
tomated R (version 3.5.1; R Core Team, 2018) custom script
that enables a baseline correction of peaks and a conversion
into relative abundances (Hodgkins et al., 2018).

3 Results

3.1 Peat chronology and pollen analysis

Generally, the retrieved core is dark brown to black; contains
a lot of amorphous material; and appears to be moderately to
highly decomposed, according to the von Post humification
scale (von Post, 1924). The section ∼ 375–∼ 385 cm com-
prises very highly decomposed homogeneous peat. Macro-
scopic visual inspection revealed increased woody plant ma-

Figure 3. (a) Chronological model of the Pürgschachen core based
on Bayesian statistics combining the radiocarbon dates and the sur-
face date of the core (R package Bacon; see Blaauw and Christen,
2011). The top of the extracted peat core was assigned to the year
2017. Calculated dates are represented in blue; the grey area dis-
plays the 95 % confidence interval. The number of Markov chain
Monte Carlo iterations (b) used to generate the age–depth model;
the prior (green) and posterior (grey) distributions of accumulation
rates (c) and memory (d).

terial at the base of the core (∼ 480–∼ 500 cm). Calibrated
ages are given in Table 1. The Bayesian chronological model
is displayed in Fig. 3 (see also the Supplement).

The pollen zone (PZ) P1 (484–450 cm; ∼ 3000 BCE–
2380 cal BCE), displays a relatively heterogeneous develop-
ment. In PZ P1a (484–467.5 cm), the lowest sample (484 cm)
is attributed to a wood layer (most likely pine), which formed
the drilling-resistant base of the core. Compared to adjacent
peat sections, a rarity of Amphitrema and Neorhabdocoela is
apparent. At about 470 cm, a slight increase in Cannabaceae

E&G Quaternary Sci. J., 69, 121–137, 2020 https://doi.org/10.5194/egqsj-69-121-2020



W. Knierzinger et al.: Anthropogenic and climate signals in peat layers 127

Table 1. Radiocarbon dates from Pürgschachen Moor.

Depth
Site Lab. no. (cm) Material 14C Cal age (BCE/CE)

Pürgs. Moor Poz-104287 130 Sphagnum moss 1930± 30 BP 4–130 CE (95.4 %)
50–89 CE (43.5 %)
100–122 CE (17.8 %)

Pürgs. Moor Poz-104286 180 Sphagnum moss 2210± 30 BP 370–198 BCE (95.4 %)
260–206 BCE (33.0 %)
320–274 BCE (27.9 %)

Pürgs. Moor Poz-104284 230 Sphagnum moss 2365± 30 BP 536–386 BCE (95.4 %)
432–394 BCE (44.3 %)
478–442 BCE (23.9 %)

Pürgs. Moor Poz-104285 280 Sphagnum moss 2900± 30 BP 1134–1004 BCE (78.8 %)
1122–1024 BCE (68.2 %)
1207–1141 BCE (16.6 %)

Pürgs. Moor Poz-99567 350 Sphagnum moss 3320± 30 BP 1683–1521 BCE (95.4 %)
1586–1534 BCE (38.3 %)
1637–1600 BCE (29.9 %)

Pürgs. Moor Poz-99566 375 Sphagnum moss 3580± 30 BP 2028–1878 BCE (94.2 %)
1964–1889 BCE (68.2 %)
1838–1828 BCE (1.2 %)

Pürgs. Moor Poz-99565 477 Periderm of 4305± 35 BP 3015–2882 BCE (95.4 %)
Pinus sylvestris 2930–2886 BCE (60.9 %)

3004–2990 BCE (7.3 %)

was found. PZ P1b is characterized by dense spruce forest,
mixed with beeches and firs (see Figs. 4 and 5).

In PZ P2 (450–425 cm), a fir- and beech-rich spruce forest
still predominates in the vicinity of the bog. In the pollen
record, a slight decrease in Fagus and increases in charcoal
and Corylus avellana are apparent. Besides, high values of
Amphitrema flavum were determined.

Apart from an expansion of Fagus, PZ P3 (425–387 cm) is
characterized by a relatively invariable vegetation develop-
ment, showing more or less consistent values of Alnus, Picea
and Abies.

In PZ P4 (387–378 cm; ±2025–1913 cal BCE) a massive
increase in Pinus and slightly higher values of Calluna, Eri-
caceae and Caltha were noted. In contrast, the values of other
forest trees, Amphitrema and Callidina decrease during this
period.

A continuous increase in Fagus characterizes the vegeta-
tion of PZ P5 (378–362.5 cm). PZ P6/K1 (362.5–305 cm)
covers a more prolonged period (∼ 1720–∼ 1255 cal BCE),
ranging from the end of the early Bronze Age to the mid-
dle Bronze Age. In the lower section (PZ P6a/K1a, 362.5–
337.5 cm; ∼ 1720–∼ 1500 cal BCE) a decrease in beech and
fir as well as an increase in birch, hazel and cultural indica-
tors like Cerealia, Cannabaceae, Plantago lanceolata, Rumex
type, Artemisia, Chenopodiaceae and Pteridium aquilinum
was determined.

PZ P6b/K1b (1500–1255 cal BCE) is characterized by fre-
quent finds of Cerealia and Cannabaceae and an increase in
Urtica, Plantago lanceolata, Juniperus and grasses, accom-
panied by a strong decline in elms, lime trees, maples and
oaks and an expansion in birch. Especially in the younger
part of PZ P6b, a decline in fir and spruce is apparent. A sig-
nificantly higher input of charcoal was noted.

PZ P7 (305–275 cm) covers the early and a part of the late
Urnfield period (1250–1010 cal BCE). The pollen record of
PZ P7 show lower levels of Cannabaceae and Rumex as well
as a decrease in charcoal. Around 290 cm, there is an ap-
parent decrease in beech and an increase in alder and hazel.
Higher charcoal input was detected at a depth of 285 cm. PZ
P8/K2 (275–252 cm) is associated with the late Urnfield pe-
riod (1020–780 cal BCE). In this section, a decline in firs,
spruces and – to a lesser extent – beeches was found; hazel
was becoming more common. A more frequent occurrence of
Cerealia was found. Elevated charcoal levels were detected in
younger sections of this zone.

PZ P9/K3 (252–225 cm) is characterized by a decrease in
Cannabaceae and Poaceae. Decreases in charcoal, spruce and
beech and a marked increase in hazel are associated with PZ
P10/K4 (225–172 cm). Amphitrema flavum shows a marked
decrease at ∼ 235 cm.

The pollen record of PZ P11/K5 (172–135 cm) still im-
plies a dense forest stand and displays pronounced increases
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Figure 4. Reduced pollen diagram of the peat core, comprising
trees, shrubs, cultivated plants, other indicators of human impact
and typical wetland flora. For reasons of clarity, 10× exaggeration
curves (thin black lines) were integrated to highlight the abundance
of infrequent components.

Figure 5. Diagram of non-pollen palynomorphs (NPPs), showing
changes in wetness and animal content. NPP types with a constant
presence of less than 0.5 % are shown as dotted lines. For reasons of
clarity, 10× exaggeration curves (thin black lines) were integrated
to highlight the abundance of infrequent components.

in Poaceae, Rumex and Artemisia. The charcoal input be-
tween 172 and ∼ 150 cm is higher than ever before.

The first occurrences of rye, walnut and sweet chestnut
stretch back to PZ P12/K6 (135–95 cm), accompanied by a
slight decrease in beech, fir and spruce. Charcoal is barely
detectable.

In PZ P13/K7 (95–70 cm) the number of most forest trees,
with the exception of pines and birches, is strongly reduced.
In addition to a more frequent occurrence of rye and other
cereals, an increase in charcoal and walnut was found. Fur-
thermore, the presence of heather and an increase in pine as
well as a decrease in wetness indicators were determined.
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3.2 Elemental and biochemical analyses

Sr concentrations are rather invariable throughout the core,
ranging from 3 to 10 mg kg−1. A slight increase in Sr was
noted in the basal section (450–482 cm) of the core (see
Fig. 6). A relatively high degree of invariability also applies
to Zr (∼ 0.1 to 2 mg kg−1). Only the middle section of the
core (233–283 cm) is characterized by comparatively higher
Zr concentrations, peaking at 236 cm with ∼ 19 mg kg−1.
Cu/Zr ratios show enrichments at 153 cm, at 155 cm, in the
section 305–310 cm, at 335, at 415 and at 430 cm. Pb/Zr
and Sb/Zr ratios largely run parallel to each other, show-
ing peaks at 75, 118, 145, 175, 277, 303, 305 and 310 cm.
Apart from that, Pb/Zr ratios are elevated at 415, 450, 475
and 482 cm. A rather strong positive Pearson’s correlation
coefficient (r) of 0.49 between Sb and Pb was found. Sb and
Cu are also weakly positively correlated (r = 0.27). In com-
parison to the average ash content (1.07 %) of the homoge-
neous lower sections of the core (50–350 cm), the average
ash content of the uppermost section (1–50 cm) is clearly
elevated (2.19 %). Marked increases were determined for
380 cm (5.1 %) and the lowermost section ranging from 490
to 500 cm (up to 9.8 %). The FTIR humification proxy (ra-
tio 1630 cm−1 / 1030 cm−1) displays increased values at 75,
150, 165, 175, 230, 235, 250 and 380 cm. Particularly low
humification degrees were determined at 160, 272, 400, 450
and 460 cm and in the section 330–350 cm. The humification
proxy shows a positive correlation with Pb (r = 0.55) and Sb
(r = 0.76). While Cu (r =−0.11) and Zr (r = 0.29) display
no or no strong particular relationships with humification, Sr
(r =−0.45) is negatively correlated with the FTIR humifica-
tion proxy (see the Supplement). The colour of the peat ash
varies from brownish white (e.g. middle section of the core)
to greyish white (core section 375–385 cm).

3.3 Pb isotopes
206Pb/207Pb ratios of peat from Pürgschachen Moor (75–
482 cm) range between 1.1602 and 1.1829, showing a de-
creasing trend towards the uppermost section. The two low-
ermost samples (P482, P475) deviate significantly from
this trend. A similar development is evident regarding
206Pb/208Pb ratios. No particular temporal evolution was
found for the 207Pb/208Pb ratios (see the Supplement).

4 Discussion

4.1 Climate-driven interrelations of peat proxies

The results of our study demonstrate climate-driven interre-
lations between the pollen record, the ash content and peat
decomposition. Cultural activity, in contrast, is mainly re-
flected in the pollen record and by enrichments of trace ele-
ments (see Sect. 4.2). Varying ash contents in peat bogs have
been linked to climate changes in two ways: on the one hand,
the ash content is affected by a varying dust flux due to cli-

mate variations and human land-use change, which directly
influence the amount of mineral matter in the bog (Pratte et
al., 2017). On the other hand, the amount of mineral matter
in peat is strongly interrelated with humification processes
(Tolonen, 1984). Due to mass loss of organic matter in peat
bogs in the course of proceeding decomposition during drier
periods (see also Huang et al., 2013; Xiao et al., 2017), an
enrichment of mineral matter per volume unit takes place,
resulting in an increase in the ash content (Boelter, 1969).
This, in turn, might improve nutrient availability and could
lead to a positive feedback on microbial decomposition of
peat (Kempter, 1996).

On Pürgschachen Moor, the strongest positive correlation
between humification and ash content was generally found
in sections with higher ash contents. Positive correlations
between decomposition rates and the ash content in peat
are emphasized by different authors (e.g. Tolonen, 1984;
Kempter, 1996; Martínez Cortizas et al., 2007; Engel et al.,
2010; Leifeld et al., 2011; Drzymulska, 2016). However, a di-
rect linkage between higher ash contents and warmer climate
conditions causing slower growth rates and higher mineral-
ization rates (see also Sîre et al., 2008; Huang et al., 2013;
Xiao et al., 2017) does not always hold up to scrutiny, as
Stivrins et al. (2017) imply by underlining the capacity of
peat bogs to buffer climate variations. This is further aggra-
vated by the fact that, from a climatological perspective, no
stable relationship between temperature and precipitation ex-
ists (Bell et al., 2018).

Despite that, with regard to the present study, the erratic
increase in the ash content (up to ∼ 5 %) and the humifica-
tion index (see Fig. 6) at a core depth of ∼ 380 cm can be
linked to increased decomposition and mineralization rates
of organic material during a late-Atlantic climate optimum
in the time between ∼ 2300 and ∼ 1700 cal BCE (Kutschera
et al., 2017), which most likely initiated a temporal drying
phase of the bog around ∼ 1950 cal BCE. This interpretation
is further corroborated by a decrease in Amphitrema and Cal-
lidina, a massive increase in Pinus, and slightly higher values
of Calluna, Ericaceae and Caltha in this section.

A pronounced Zr peak and a decrease in Amphitrema
flavum at 236 cm, corresponding to ∼ 600 cal BCE, might be
related to dry climate conditions during the Göschener 1 os-
cillation. Distinct colour differences in ash samples between
sample material with relatively higher ash contents (brighter
in section 385–375 cm) and sample material with lower ash
contents (e.g. darker in section 180–240 cm) also indicate a
linkage between ash colour on the one hand and the humifi-
cation degree and ash content on the other. In the literature,
brighter colours of ash are attributed to varying plant species
(Babayemi et al., 2010), higher fire severity (Hogue and In-
glett, 2012) or higher ash content (enhanced mineral matter;
Bodí et al., 2014). As the vegetation of the peat is relatively
stable throughout the core and given the fact that the same
burning conditions have been applied to all peat samples, the
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Figure 6. Element concentrations, as obtained from ICP-MS analyses, of Cu, Sr, Zr, Sb and Pb (mg kg−1); Zr-normalized Pb, Sb and Cu
values; FTIR humification index (1630 cm−1 / 1030 cm−1); Pb206 / Pb207; and ash content vs. depth. Marked changes in wetness proxies
(based on values of Pinus, Callidina and Amphitrema) in the pollen and NPP records (a; see also Figs. 4 and 5), indicating drought periods,
are largely consistent with peaks in the ash content profile. Climate oscillations (b) Rotmoos 2 (R2), Löbben (L), Göschenen 1 (G1) and
Göschenen 2 (G2) (Ivy-Ochs et al., 2009) and the relative summer palaeotemperature variation in the European Alps (c; see Kutschera et al.,
2017) are given as references. Error bars (3-sigma) were calculated on three replicates. Concentrations below the detection limit (black stars)
are predominantly concentrated below 350 cm. The dashed yellow line corresponds to the formally defined base of the late Holocene, the
Meghalayan Stage (Walker et al., 2019). The red line (see c; 0 ◦C) represents the mean temperature between 1990 and 2000 CE in the Alps.

brighter ash colours in section 385–375 cm are likely to be
attributed to the higher mineral content in this section.

Similar interrelations (high ash content, marked changes in
the wetness indicators, increasing humification) are apparent
in the section 80–70 cm that corresponds to the initial phase
of the Medieval Warm Period (Kutschera et al., 2017) and in
the section 500–490 cm, corresponding to the warm period
around 3000 cal BCE, following the Rotmoos II oscillation
(Ivy-Ochs et al., 2009). Strongly increased ash contents in
this lowermost section are, however, at least partly linked to
the more frequent presence of roots and tree trunks that pre-
cluded deeper drilling.

In general, low average Sr concentrations below 10.5 ppm
and low ash contents (∼ Ø1.5 %) point towards an om-
brotrophic nature of the upper 500 cm of Pürgschachen
Moor. The marked increase in ash contents in subsurface lay-
ers of Pürgschachen Moor is in good accordance with condi-
tions in comparable European peat bogs (Smieja-Król and
Fiałkiewicz-Kozieł, 2014).

4.2 Late-Holocene human activities in the Liezen area

Strong positive correlations between Pb and Sb in peat soils
affected by anthropogenic activity such as mining, smelting

and industrialization have been highlighted by different au-
thors (e.g. Steinnes, 1997; Shotyk et al., 2004; Cloy et al.,
2005; Galuszka et al., 2014). Yet, anthropogenic activities
are not necessarily the only reason for higher concentrations
of Pb and Sb in ombrotrophic peat, as a positive relationship
between Pb and Sb on the one hand and the humification de-
gree on the other is demonstrated in various studies (e.g. Pi-
larski et al., 1995; Ho et al., 2000; Gao and Huang, 2009;
Biester et al., 2012). However, with regard to this study,
humification-normalized Pb and Sb values do not change the
interpretation of past anthropogenic activity in the area of
Pürgschachen Moor.

Though positive correlations between Cu and humification
are known from the literature (e.g. Yang and Hodson, 2018),
no such correlation was determined for peat of Pürgschachen
Moor. This correlation might have been overwritten by oc-
casional input of anthropogenic copper smelting dust. The
weak positive correlation between Sb and Cu might be linked
to the smelting of antimony-rich copper ores.

A comparative analysis of anthropogenic proxies in the
pollen record (i.e. cultivated plants, herbs shrubs, charcoal)
and in the geochemical record (Pb, Sb, Cu) reveals interrela-
tions. However, since no continuous concordance between
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Figure 7. Pb isotopic signatures (208Pb/206Pb vs. 206Pb/207Pb) from peat samples of Pürgschachen Moor (P sample numbers, green dots)
in comparison with copper ores at Mitterberg (Salzburg, Austria; Pernicka et al., 2016), galena at Öblarn (Styria, Austria; Grögler et al.,
1965), moss samples from the Ammergau Alps (Bavaria, Germany; Shotyk et al., 2015), and moss samples taken in Slovenia and in the
Swiss Central Alps (Schnyder et al., 2018). Average Pb isotopic signatures of industrial emissions from France (Monna et al., 1997) and
of the upper continental crust (UCC; Millot et al., 2004) as well as the Pb isotopic composition of German coal (Díaz-Somoano et al.,
2009) and Saharan dust (Abouchami et al., 2003) are given as further references. The average European gasoline Pb isotopic composition
is characterized by low 206Pb/207Pb and high 208Pb/206Pb ratios (e.g. Monna et al., 1997), indicated by an arrow (top left). The low
206Pb/207Pb ratio of P1 is attributed to increased industrialization processes and the peak of leaded gasoline consumption in recent decades
(see also Cloy et al., 2008; Forel et al., 2010; Shotyk et al., 2015; Drexler et al., 2016; Schnyder et al., 2018). Radiocarbon dates from
Pürgschachen Moor (see Table 1).

the palynological and geochemical anthropogenic proxies
were found over time or depth, it is reasonable to assume that
prehistoric regional settlement activity in the Liezen area was
only partly connected to mining.

Taking into account the low average Pb concentrations
(∼ 7 mg kg−1) of the prehistoric samples of the peat core,
high Pb concentrations of up to ∼ 30 mg kg−1 in the lower-
most Copper Age section (∼ 3000 to 2800 cal BCE) of the
core are very untypical and are not considered to be anthro-
pogenic in origin. These peaks in the Pb profile are not cor-
related with Cu and are most probably caused by higher in-
flux of galena (PbS). Galena is a relatively frequent acces-
sory mineral in different lithologies in the Liezen area (Schu-
mann, 2002). A higher geogenic influx of galena – possibly
connected to a slightly increased groundwater influence as
indicated by slightly higher Sr concentrations in the lower-
most section – might also be the reason for untypically low
206Pb/207Pb ratios at 475 and 482 cm (see the isotopic sig-
nature of galena from Öblarn in Fig. 7; see also Wagreich
and Draganits, 2018). Moreover, galena tends to incorporate,
among other elements, higher amounts of Sb (e.g. Laflamme
and Cabri, 1986; Sharp and Buseck, 1993), and this might
explain a high Sb/Zr ratio at 475 cm. Another explanation
for these lower 206Pb/207Pb ratios may be diffuse contam-
ination of the peat samples during core retrieval or sample
preparation.

A weak forest opening combined with higher levels of cul-
tivated plants at 470 cm, corresponding to ∼ 2800 cal BCE,
might reflect early agricultural activity in the surroundings
of the peat bog.

A slight decrease in Fagus with a concomitant increase
in charcoal and Corylus avellana may indicate a weak
anthropogenic disturbance in the following PZ P2. A Cu
enrichment at 430 cm, corresponding to PZ P2, around
2500 cal BCE, is interpreted as the incipient indication of
larger copper mining activity in the region. Despite the fact
that the pollen analyses do not imply human activity in the
immediate proximity of Pürgschachen Moor at that time, Ne-
olithic settlement activity is known from the Liezen area and
the Eisenerz Alps (Drescher-Schneider, 2003). The absence
of cultural indicators and low trace element enrichments in
the section PZ P3–PZ P5 (425–362.5 cm) suggest a decrease
in settlement and mining activity in the following centuries.
This time (∼ 2400–∼ 1700 cal BCE) roughly corresponds to
a late-Atlantic warm period characterized by Alpine glacial
recession (Kutschera et al., 2017).

Increasing human impact in the region in the middle
Bronze Age (∼ 1450–∼ 1250 cal BCE) is implied by cultural
indicators in the pollen record and elevated trace metal con-
centrations. Intense human activity in the immediate vicin-
ity of Pürgschachen Moor seems to diminish again dur-
ing the period of the early Urnfield culture (∼ 1250–∼
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1050 cal BCE). Nevertheless, enrichments of Cu and Sb in-
dicate ongoing mining activity in the region during this time.
While intense local agricultural and human activity is re-
flected in peat sections (more frequent occurrence of cere-
als and Cannabaceae) associated with the period of the late
Urnfield culture (∼ 1050–∼ 800 cal BCE), the geochemical
data do not imply significant metallurgical activity in the re-
gion. The following centuries of the early and middle Iron
Age (∼ 750–∼ 300 cal BCE) are characterized by decreas-
ing trace metal enrichments and slightly decreasing cultural
indicators in the pollen record. This finding is consistent
with archaeological evidence from the region (Klemm, 2003)
and might be connected to a cooling period in the second
half of the first millennium BCE (Nicolussi et al., 2005).
Significantly higher charcoal influx and enrichments of Sb
and Cu in the period of the late La Tène culture (∼ 230–
∼ 50 cal BCE) point towards a phase of reinvigorated settle-
ment and mining activity. Unlike areas in the Eisenerz Alps
(Klemm, 2003; Drescher-Schneider, 2003), no indications of
intense human activity during Roman times were found with
regard to the local environment of Pürgschachen Moor.

Distinct enrichments of Pb and Sb in one sample, corre-
sponding to ∼ 900 cal CE, are attributed to medieval siderite
mining activity in the immediate vicinity of Pürgschachen
Moor (Preßlinger and Köstler, 2002).

5 Conclusions

By combining palynological and geochemical analyses, we
were able to provide a substantial reconstruction of prehis-
toric human and metallurgical activity as well as the palaeo-
climate in the region of Pürgschachen Moor that is largely
coherent with previous palaeoenvironmental and archaeo-
logical studies. After first indications of low settlement (∼
2900 cal BCE) and mining activity (∼ 2500 cal BCE) in the
region in the late Copper Age, a reduction in human pres-
ence in the early Bronze Age is suggested by a lack of ev-
idence in the geochemical and palynological records. The
period from ∼ 1450 to ∼ 1250 cal BCE and another period
from ∼ 1050 to ∼ 800 cal BCE, both related to a phase of
climate warming (∼ 1400–∼ 800 cal BCE) after the Löbben
oscillation in the middle and late Bronze Age, are charac-
terized by slightly increased geochemical and palynological
signals of human presence. We propose that these signals
reflect elevated mining activity in the Eisenerz Alps and in
the more southern Palten valley. Following a clear decrease
in anthropogenic signals in the early and middle Iron Age
(∼ 750–∼ 300 cal BCE), a phase of more intense human ac-
tivity occurs in the period from ∼ 300 to ∼ 1 cal CE. Rela-
tively insignificant evidence of human presence and metal-
lurgical activity during the Roman period was found.

The palaeoenvironmental assessment of the pollen data
was further substantiated and refined by interrelating it with
the humification degree and ash content. Owing to this fact,

we were able to correlate climate optima in the late Holocene
with changes in the geochemical and pollen and NPP records.
Even though considered negligible for the interpretation of
this present study, the close interrelationship between humi-
fication and tracer elements such as Pb and Sb demonstrates
the necessity for a stronger analytical consideration of the hu-
mification index in the context of interpreting anthropogenic
pollutants from peat bog archives. In order to improve the ex-
planatory power of palaeoenvironmental assessments, future
studies may try to further disentangle humification-related
trace element sorption from mineralization processes in peat
soils.
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Abstract: This paper aims at reconstructing the palaeoclimatic changes during the last 2600 years in southern
Greece based on a proxy record from Lake Trichonida. For the first time, we provide a reliable age-
depth model and continuous geochemical data for the largest and deepest lake in Greece. We use
X-ray fluorescence (XRF) geochemical data supported by discrete mineral analysis based on X-ray
diffraction (XRD), grain size distribution, and organic matter content to investigate changes in the
lake sedimentary system and identify the major forcing mechanisms. A principal component analysis
based on the XRF geochemical composition identifies the variation between carbonate-rich material,
precipitating predominantly under drier and/or warmer conditions, and terrigenous sediment input,
with it being more prominent during wetter and/or colder conditions. The first principal component
(PC1) shows a very strong correlation with the weathering proxy log(Rb/Sr), and we interpret both
proxies as depicting fluctuations in the hydrological conditions. A cluster analysis, conducted on the
continuous geochemical and colour parameters, highlights the similarities in the sediment charac-
teristics deposited during wetter phases, notably during 1850–1750, 1500–1400, ca. 1100, and ca.
100 cal BP.

When comparing the PC1 Trichonida record to independent records from the Balkans, we find gen-
erally concurring patterns on a multi-decadal to centennial scale. We show that phases with wetter
conditions at Lake Trichonida coincide with a more negative North Atlantic Oscillation (NAO) in-
dex, suggesting that the precipitation variability in southern Greece is linked to changes in the NAO
atmospheric pattern, as one major driving force. The 2600-year-long sedimentary record of Lake Tri-
chonida contributes to a better understanding of Late Holocene palaeohydrological changes in an
important climatic transitional zone in the eastern Mediterranean.

Kurzfassung: In diesem Artikel rekonstruieren wir paläoklimatische Veränderungen der vergangenen 2600 Jahre
in Südgriechenland anhand von Proxies aus dem See Trichonida. Erstmals stellen wir ein ver-
lässliches Alterstiefenmodell, sowie durchgängige, geochemische Daten für den größten griechis-
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chen See zur Verfügung. Wir verwenden geochemische Daten aus Röntgenfluoreszenzanalyse (XRF),
unterstützt durch diskrete Röntgen-Diffraktometrie (XRD), Korngrößenverteilungen und Messun-
gen des Organikgehalts, um Änderungen im sedimentären System des Sees zu untersuchen und
deren Haupteinflussfaktoren zu ermitteln. Mittels einer Hauptkomponentenanalyse der geochemis-
chen Zusammensetzung, basierend auf den XRF Messungen, identifizieren wir als dominierenden
Prozess die Schwankungen zwischen Carbonaten auf der einen Seite, welche vorrangig während
trockener und/oder wärmerer Bedingungen ausfallen, und terrigenem Material auf der anderen Seite,
welches insbesondere in feuchteren und/oder kühleren Phasen eingetragen wird. Wir interpretieren
diese Schwankungen als Änderungen in den hydrologischen Gegebenheiten. Ein Vergleich der ersten
Hauptkomponente (PC1) mit dem Verwitterungsproxy log(Rb/Sr) weist hohe Übereinstimmungen
auf, und wir interpretieren beide als Proxies für Schwankungen in den hydrologischen Gegebenheiten.
Eine Clusteranalyse, basierend auf den kontinuierlichen geochemischen sowie Farbwerten, verdeut-
licht die Ähnlichkeiten in den Eigenschaften der Sedimente, welche während feuchterer Phasen abge-
lagert wurden, insbesondere in den Zeiträumen 1850–1750, 1500–1400, ca. 1100 und ca. 100 cal BP.

Der Vergleich des PC1 Trichonida Datensatzes mit unabhängigen Proxies anderer Studien aus der
Balkanregion zeigt grundsätzlich übereinstimmende Muster auf multidekadischen bis hundertjähri-
gen Zeitskalen. Wir zeigen, dass Phasen mit feuchteren Bedingungen im Einzugsgebiet des Sees Tri-
chonida mit einem negativen Index der Nordatlantischen Oszillation (NAO) zusammenfallen, woraus
sich schließen lässt, dass die Niederschlagsvariabilität in Südgriechenland zu einem Großteil von
Veränderungen im Muster der NAO geprägt ist. Der 2600 Jahre abdeckende Sedimentkern aus dem
See Trichonida trägt zu einem besseren Verständnis natürlicher, spätholozäner paläohydrologischer
Schwankungen in einer klimatisch wichtigen Übergangszone im östlichen Mittelmeer bei.

1 Introduction

Climatic changes and anthropogenic land use are two of
the most significant driving forces of hydrological and ge-
omorphological processes. As the interaction and connec-
tivity between humans, climate, and environment are com-
plex, it is necessary – though challenging – to differentiate
anthropogenic from climatic impacts on landscape develop-
ment over long timescales. Due to the long history of human–
environment interaction in the Mediterranean, the region is
especially valuable for interdisciplinary studies on past cli-
mate variability and human activity (McCormick et al., 2012;
Mercuri and Sadori, 2014; Roberts et al., 2011; Weiberg et
al., 2016).

Greece is located in a transitional zone between the
temperate climate and the Mediterranean climate. Differ-
ent large-scale atmospheric circulation patterns influence the
Greek and eastern Mediterranean climate, such as the North
Atlantic Oscillation (NAO), the Siberian High pressure sys-
tem, and the East Atlantic/West Russia (EA/WR) pattern,
mainly in winter, as well as the South Asian monsoon in sum-
mer (Barnston and Livezey, 1987; Xoplaki et al., 2003b, a).
However, the rugged topography with its strong relief gra-
dients and different mountain ranges acting as orographic
boundaries lead to quite a heterogeneous modulation of these
large-scale teleconnection patterns on a local level, influenc-
ing for example the amount of mean annual precipitation
(Koutsodendris et al., 2017; Xoplaki et al., 2003a).

In southern Greece, high-resolution environmental
archives completely covering the last 2600 years have been
relatively sparse, have been often incomplete, or present
divergent results (Finné et al., 2011, 2019; Katrantsiotis
et al., 2019; Luterbacher et al., 2012), but the number of
studies has been increasing recently (Emmanouilidis et
al., 2018, 2019; Katrantsiotis et al., 2018, 2019; Seguin
et al., 2019, 2020a). For the last 2600 years, a couple of
major climatic phases and events have been identified for
different regions across Europe, such as the Roman Warm
Period (RWP, ca. 2200–1550 BP; Luterbacher et al., 2016;
McCormick et al., 2012; Morellón et al., 2016; Wilson et al.,
2016), the Late Antique Little Ice Age or Migration Period
(LALIA, ca. 1400–1600 BP; Büntgen et al., 2016; Helama
et al., 2017), the Medieval Climate Anomaly (MCA, ca.
1000–700 BP; Christiansen and Ljungqvist, 2017; Keigwin,
1996; Mangini et al., 2005), and the Little Ice Age (LIA, ca.
700–100 BP; Christiansen and Ljungqvist, 2017; Keigwin,
1996; Kelly and Ó Grada, 2014). It seems however that their
manifestations were spatially and temporally very different
(Neukom et al., 2019), and local studies are needed to
investigate the partly diverging characteristics.

In this article, we present a new sedimentological archive
from Lake Trichonida, the largest Greek lake. Our aims
are (1) to obtain a solid age-depth model, (2) to compile
high-resolution geochemical records for palaeoclimatic re-
constructions from Lake Trichonida, and (3) to study cli-
matic trends in southern Greece and investigate major forc-
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ing mechanisms during the Late Holocene by comparing
our results with independent palaeoclimate studies from the
Balkans and the eastern Mediterranean.

2 Regional setting

Lake Trichonida ( , or in old Greek Trichonis)
(38.56◦ N, 21.55◦ E) is the deepest and largest natural lake
in Greece, located in the region Aetolia-Acarnania (Fig. 1).
The lake is up to 19 km long and 6 km wide, stretching ap-
prox. in W–E direction and covering approx. 97 km2; it has a
maximum depth of 58 m and a mean depth of 30.5 m. (Tafas
et al., 1997). Inter-annual water level fluctuation in the lake
is about 1 m (Tafas et al., 1997).

The lake has been studied irregularly since the 1970s
with a focus on different limnological or biological aspects
(Albrecht et al., 2009; Bottema, 1982; Creer et al., 1981;
Koussouris and Diapoulis, 1982; Krüger and Damrath, 2020;
Tafas et al., 1997; Zacharias and Ferentinos, 1997; Zotos et
al., 2006; and references herein).

According to the Köppen classification, the lake is located
in a Csa climate zone, indicating a temperate climate with hot
and dry summers and mild and humid winters (coldest month
mean temperature > 10 ◦C, warmest month mean tempera-
ture > 22 ◦C; rainfall during dry period < 30 mm) (Köppen,
1936; Tafas et al., 1997). According to Koussouris and Di-
apoulis (1982) the area is dominated by westerly winds. Pre-
cipitation, which mainly falls in winter (Fig. 2), is controlled
by eastbound cyclones originating from the Atlantic (Finné
et al., 2011; Xoplaki et al., 2003a).

Lake Trichonida is situated in the Trichonis graben, a
highly tectonized and complex hydrogeological system (Al-
brecht et al., 2009; Kiratzi et al., 2008). While the moun-
tains surrounding the lake rise up to 2000 m a.s.l., the lake
itself lies in the Agrinio depression at approx. 10 m a.s.l. The
Pindos thrust cuts right through the lake and a normal fault,
striking E–W and dipping north, bounds the southern flank
of the lake (Overbeck et al., 1982).

The size of the lake catchment varies according to the
sources between 215 and 421 km2 (Dimitriou and Zacharias,
2006; Overbeck et al., 1982; Zacharias et al., 2002). It mainly
consists of highly tectonized, karstified calcareous rocks in
the NE (Fig. 1), where groundwater inflow is of high impor-
tance; impermeable flysch formations in the SW; and Qua-
ternary sediments in the direct vicinity of the lake (Dim-
itriou and Zacharias, 2006; Overbeck et al., 1982; Tafas et al.,
1997). Thirty seasonal streams discharge into the lake (Dim-
itriou and Zacharias, 2006). Lake Trichonida drains into the
smaller, neighbouring Lake Lysimachia in the west through
a controlled outflow canal (Avramidis et al., 2013; Dimitriou
and Zacharias, 2006) and further into the river Acheloos
(Overbeck et al., 1982). The lake’s water balance is presented
by Overbeck et al. (1982). Lake Trichonida is a warm, mo-
nomictic lake that is stratified during summer and mixes in

winter (Tafas et al., 1997). During summer months the ther-
mocline lies between 14 and 26 m (Overbeck et al., 1982).
With respect to its nutrient balance, Tafas et al. (1997) de-
scribe it as oligotrophic with mesotrophic tendencies. This
is in good agreement with the low amount of chlorophyll a
(2.3 mg m−3) reported by Zacharias et al. (2002), which in-
dicates a low algal growth in the water body. Albrecht et
al. (2009) found a high number of endemic molluscs in the
lake, and Tafas and Economou-Amilli (1997) studied sea-
sonal phytoplankton assemblages and also report endemic
diatoms.

The catchment area is covered by pine, fir, oak, and Greek
maquis shrubland (Koussouris and Diapoulis, 1982). The
flat shore area is intensively used for agricultural purposes.
For present aquatic vegetation refer to Koussouris and Di-
apoulis (1982). A pollen study by Bottema (1982) provides
some indication on vegetation transformation during the Late
Holocene. The continuous presence of anthropogenic indi-
cators (e.g. viticulture) indicates human influence upon the
vegetation in the area for the complete investigated period.
Nowadays, the lake area is part of the Natura 2000 environ-
mental protection network as a habitats directive site, as it
conserves endangered or protected flora and fauna and serves
as a resting area for migratory water birds (European Envi-
ronment Agency, 2020; Dimitriou and Zacharias, 2006).

3 Material and methods

3.1 Fieldwork

Fieldwork was conducted in spring 2018 using a Usinger pis-
ton corer system (Mingram et al., 2007), newly modified with
a wire-operated second platform at the lake bottom. The cor-
ing site TRI1 is located in the deepest central eastern part of
the lake (38◦33′0.61′′ N, 21◦35′20.76′′ E; 50 m water depth).
We recovered two overlapping parallel cores with 80 mm di-
ameter in the upper part and 55 mm diameter in the lower part
and retrieved them in 2 m sections. Offset between the cores
was 50 cm (see Table S1 in the Supplement). The sediment
cores were removed from the coring equipment, cut into 1 m
sections for better handling, split open longitudinally on site,
and transferred into plastic U channels that were thoroughly
labelled and sealed. At Kiel University (Germany), they are
stored at +4 ◦C in a cooling container for further processing.

3.2 Dating

The chronology of the Trichonida sediment sequence is
based on 13 accelerator mass spectrometry (AMS) radio-
carbon (14C) dates, processed at the Poznań Radiocarbon
Laboratory (Table 1). Radiocarbon dating was performed
on two groups of samples: organic macro-remains and bulk
sediment samples, in the case of absence of visible macro-
remains. Where visible, macroscopic plant remains were ex-
tracted from the sediment cores, isolated under a reflected
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Figure 1. Map of the study area. (a) Overview map of Greece and the Balkans. Lake Trichonida is marked in red. Key sites used for
comparison in Fig. 8 are indicated in yellow. (b) Map showing the study area with the coring site, the topography, and geology. Agrinio as
the largest city and Thermos as the most important archaeological site are indicated. The map was created using QGIS. The geological map
is based on IGME (1988, 1977).

Figure 2. Mean monthly precipitation for Araxos. The mean monthly precipitation from January to December for the WMO station Araxos
Airport (38.133◦ N, 21.416◦ E) is shown for the period 1961–1990.
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light binocular, and rinsed with deionized water. They con-
sisted of charcoal or plant remains, twigs, or leaves (Table 1).
In the lower part of the cores, where no macro-remains could
be found, we used bulk sediment samples for 14C dating
(Fig. S1).

The age-depth modelling was done using rbacon (Blaauw
and Christeny, 2011; Fig. 5). All dates are indicated as
calibrated calendar years before present (cal BP), where
“present” is defined as 1950 CE with 1σ uncertainty ranges
following Mook and van der Plicht (1999). Mean ages were
extracted from the model and used for the representation and
interpretation of the proxy data.

3.3 Analytical methods

The cores were described concentrating on lithology, sedi-
ment texture, and structure as well as on sediment colour ac-
cording to Munsell soil colour charts (Munsell, 2000) and
macroscopic remains. The core sections were visually corre-
lated on distinct marker layers that were used as tie points
where possible and fine-tuning was done in a second step
based on the RGB (red, green, blue) colour values and XRF
scans.

The surfaces of the half cores were smoothened and
photographed using a digital line-scan camera (resolution:
143 pixels cm−1). Based on RGB values and L*a*b* (L* for
lightness, a* from green to red, and b* from blue to yellow)
from the CIELAB colour space, colour profiles were created
to depict colour variations with depth (Fig. 3).

The cores were scanned for XRF using an Avaatech core
scanner with a rhodium X-ray source. The scanning settings
were a 1 mm resolution at 10 kV (exposure time of 10 s at
250 µA) and at 30 kV (exposure time of 10 s at 1000 µA using
a Pd-thick filter). The XRF scans provide semi-quantitative
element intensities in total counts per second (tcps). Eleven
elements (10 kV: Al, Si, K, Ca, Ti, Mn, Fe, Co; 30 kV: Rb, Sr,
Zr) show continuous data for 438 cm of TRI1 and are used for
further analysis. We analyse relative changes of one element
to another by natural logarithmic (log) ratios and interpret
these as proxies for palaeoenvironmental variation. Hence,
measurement variation caused by sample geometry, physical
properties, water content, and the closed-sum effect are min-
imized (Tjallingii et al., 2007; Weltje and Tjallingii, 2008).

Twenty-four samples, at least one per lithological unit
(Fig. 4), were analysed for their grain size distribution (GSD)
using a laser particle analyser, Malvern Mastersizer 2000.
The 70 measured classes were grouped into the seven com-
mon grain size fractions following the ad-hoc Arbeitsgruppe
Boden (2005).

Mineralogical analysis was conducted on 15 representa-
tive samples from different lithological units using X-ray
diffraction (XRD, Bruker D8 Advance). Determination and
qualitative analysis of the results were performed through
DIFFRACplus EVA12 software (Bruker AXS), by calcula-
tion of the area method, characterizing the method as semi-

quantitative. The full width at half maximum (FWHM) of
each diagnostic peak was measured for each detected mineral
percentage to be calculated. The minimum detection limit is
around 2 %–3 %, with small variations depending on the state
of the studied sample.

Carbon and nitrogen samples were taken at approximately
25 cm resolution. The concentrations of total carbon (TC),
total inorganic carbon (TIC), and total nitrogen (TN) were
determined on dried, powdered, and homogenized samples,
using a Euro EA elemental analyser. Total organic carbon
(TOC) was calculated from the difference between TC and
TIC. The TOC/TN ratio was calculated to indicate the origin
of the sedimentary organic matter. While values for in-lake
organic matter, such as algae, are low, generally ranging be-
tween 4 and 10, mixed provenance is indicated by a ratio of
10 to 20; values higher than 20 indicate that land-plant or-
ganic matter was eroded into the lake (Meyers, 2003).

All statistical analyses, diagrams, and figures were com-
piled using the software R version 3.6.1 (R Core Team,
2019). For the RGB and XRF data, cleaning of the datasets,
i.e. the removal of explicit outliers due to unevenness or
cracks in the sediment core and the refilling of the missing
values by linear interpolation, was done prior to statistical
processing.

In this study, Spearman’s correlation coefficient (Spear-
man, 1904) was employed to examine correlations between
two populations. We conducted a principal component analy-
sis using the prcomp function from the R stats package on the
centred log-transformed XRF dataset. A hierarchical cluster
analysis was performed on the centred log-transformed XRF
data and the continuous RGB colour parameters with hclust
from the R stats package, using Euclidean distances as the
distance measure and complete linkage as the agglomeration
method.

4 Results

4.1 Core description

Based on the composition, structure, and colour, the investi-
gated core sequence of TRI1 was divided into 15 lithological
units and subunits (Figs. 3, 4, Table 2).

The core dominantly consists of homogeneous, non-
laminated marls of greyish colour. While few plant macro-
fossils were found, carbonate macrofossils are completely
absent. The sediment sequence does not show any signs of
annual lamination or blackish mud, including high organic
matter content, although the lake is classified as monomictic,
implying a turnover only once a year and a vertical stratifica-
tion of the water body throughout most of the year. The X-ray
diffraction (XRD) analysis indicates that the most prominent
mineral phase throughout the core consists of clay miner-
als (25.2 %–53.1 %), followed by chlorite (15.6 %–41.0 %),
calcite (4.9 %–41.2 %), and quartz (9.2 %–25.3 %; Fig. S4);
other minerals were absent or below the detection limit.
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Table 1. List of all radiocarbon samples taken from TRI1. Indicated 14C ages are unmodelled ages giving the 68.2 % calendar dating
probability. Calibrated ages are cal BP ages using the IntCal13 calibration dataset (Reimer et al., 2013).

Sample Analysis Sample material C content in this 14C age ±1σ Calibrated 14C age depth
no. no. fractiona (mg C) (BP) (cal BP), 1σ ranges (cm)

TRI-res01 Poz-106295 terrestrial plant for 0.5 0± 30 236–235 0b

reservoir age 59–42

TRI-65 Poz-105729 twig 175± 30 282–267 65
215–168
153–144

20–0

TRI-183 Poz-106296 leaf of deciduous tree 0.7 1150± 30 1171-1161 183
1121–1112
1085–1046

1033–984

TRI-219 Poz-110650 leaf of deciduous tree 1320± 30 1292–1257 219
1202–1188

TRI-229 Poz-105452 drupe 2605± 35 2758–2730 229b

TRI-299 Poz-110652 bulk sediment 3605± 30 3966–3944 299b

3930–3871

TRI-310 Poz-106297 charcoal 1940± 30 1926–1865 310
1840–1835

TRI-375 Poz-110651 charred plant remains 2190± 30 2304–2237 375
2182–2148

TRI-461 Poz-105390 charred plant remains 2640± 35 2774–2745 461

TRI-490 Poz-110653 bulk sediment 9290± 50 10 567–10 416 490b

TRI-532 Poz-110654 bulk sediment 0.8 8210± 40 9257–9117 532b

9104–9093

TRI-559 Poz-106298 bulk sediment 0.8 9080± 50 10 257–10 198 559b

TRI-598 Poz-100656 bulk sediment 8410± 50 9493–9404 598b

9340–9332

TRI-627 Poz-106299 bulk sediment 0.8 10440± 60 12 522–12 471 627b

12 430–12 372
12 352–12 232
12 207–12 167

a Amount of remaining sample material after respective pretreatment if < 1.0 mg C. b Excluded from the final age-depth model.

Changes in lithology are closely related with changes in
colour parameters (RGB and L*, a*, b*). Contrary to the
RGB values, the a* parameter, spanning from green to red,
and the b* parameter, spanning from blue to yellow, allow a
differentiation of the thin, blueish and reddish sedimentary
units. Towards the top, the amount of yellow colour particles
is steadily increasing (Fig. 3). This is interrupted by thin lay-
ers of very different colouration. Units 11, 12, and 14 have
a reddish colour, while units 16 and 18 depict a dark-grey to
blueish colour, more intense than unit 9, as visible in the a*
colour proxy (Fig. 3).

The grain size distribution is very uniform and clearly
dominated by silt-sized material; sediment types can be dis-
tinguished ranging from clayey to very clayey silt. Clay con-
tent varies from 11.95 % to 21.74 %, and the sand fraction is
hardly present with only 0 % to 4.36 %. A large share of the
silt-sized particles is of calcareous origin as can be expected
due to the limestone geology of the catchment (Fig. 4).

The TOC content ranges between 1.2 % and 2.3 %, with
the TOC/TN ratio being in the range 15.5–48.6, indicat-
ing a predominantly to exclusively terrestrial source and al-
lochthonous origin of the organic matter.
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Figure 3. Core pictures of TRI1-A and TRI1-B and lithological profile of the master core TRI1 are plotted against depth. The composite
sections and the delimited lithological units are indicated. Depths where samples for 14C dating were taken are marked by red dots. On the
right panel, colour sequences in L*a*b* and RGB colour code are depicted.

The three independent indicators of calcium carbonate,
XRF Ca, TIC, and XRD calcite, are generally in good agree-
ment (Fig. 4). Carbonate content (Ca and Sr) strongly varies
along the sequence and is lowest in the blueish and reddish
sedimentary units (11, 12, 14, 16, and 18; Fig. 4). Quartz
content shows only minor variation but a distinct maximum
in unit 11. Together with several terrigenous elements (Rb, K,

Zr), Sr shows an exceptionally high peak in unit 10c, which
was addressed as a tephra layer (see Sect. 5.1). Besides, Sr
and Ca show a high correlation (rSpearman = 0.88) and a sim-
ilar curve progression with depth (Fig. 4).

The terrigenous elements (Ti, Rb, Fe, Zr, K, Zr, Al, and Si)
all show a very similar behaviour along the entire sediment
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Figure 4. Overview of selected colour, organic, and geochemical proxies for the composite profile TRI1 plotted against depth. (a) CIELAB
colour parameter a*, (b) organic matter proxies (TOC, filled points; TN, empty points; and C/N, points on line), (c) carbonate proxies (Ca,
blue line; Sr, bright blue line; and TIC, triangles), (d) terrigenous material (Ti), (e) iron (Fe), (f) redox indicator (Mn), (g) log(Rb/Sr) as
weathering proxy, (h) XRD minerals, and (i) discrete grain size measurements. Bar widths for XRD and grain size distribution are not at
scale. (j) The lithological units; colour coding follows the cluster analysis. All XRF elements presented here have been normalized against
total counts and log transformed. Horizontal, red dashed lines indicate lithological units.

sequence. The highest values occur in the thin blueish and
reddish sedimentary units and in the lowermost unit 9.

Manganese (Mn) values are rather constant along the core
with increasing variance only in the uppermost unit 19. In
the thin units 11, 12, 14, and 18, Mn shows enhanced val-
ues at the bottom of the unit with a decreasing trend towards
the top (Fig. 4). The log(Rb/Sr) ratio shows irregular cyclic
variation with depth, with higher values in the blueish and
reddish sedimentary units and below 350 cm (Fig. 4).

4.2 Age-depth model

Due to the limestone-rich environment, there is a high
amount of reworked, inorganic carbon present in the sed-
iment, which may lead to too old 14C ages when dating
bulk sediment (Grootes et al., 2004; Seguin et al., 2019). Six
macro-remain-based radiocarbon ages form the basis of the
final, most reliable age-depth model. To obtain a higher relia-

bility, the model was cut at the lowermost date obtained from
organic remains (461 cm), corresponding to an approximate
basal age of 2750 cal BP. All bulk sediment samples were
finally excluded from the age-depth model, as they yielded
considerably too old ages (see Fig. S1). This was best visible
when comparing the bulk sediment age at 299 cm with the
charcoal sample at 310 cm; these two dates are only 11 cm
apart but depict an age difference of 1700 years. We took a
surface sample from aquatic plants (TRI-res01) to analyse for
a potential hard water effect or reservoir age, but this sample
yielded a recent 14C age, suggesting that the lake is not af-
fected by reservoir effects at least under current conditions.
Dating challenges due to the low preservation of organic ma-
terial, hard water, and old carbon effects due to the lime-
stone bedrock are known for Greek lakes (Bottema, 1982;
Seguin et al., 2019; Vaezi et al., 2019). However, a critical
assessment of the dating results and an extensive modelling
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Figure 5. Bayesian age-depth model TRI_13 constructed using the R package rbacon (Blaauw and Christen, 2011). The blue tie bars indicate
the 14C age distribution, while the greyscale of the line graph reflects the likelihood; the dotted red line follows the mean ages.

approach, if possible, combined with other numeric or rel-
ative age information, still yields a solid and reliable age-
depth model. The final model shows a continuous and rather
constant sedimentation rate of 1.68 mm yr−1 over the inves-
tigated period.

4.3 Statistical analyses of the geochemical data

4.3.1 Cluster analysis

A hierarchical cluster analysis was conducted on the con-
tinuous XRF and L*a*b* proxies (14 variables) to indepen-
dently classify the 15 visually determined lithological units
and subunits according to potentially different sedimentary
conditions (Fig. 6).

Our clusters show meaningful correlations with the sed-
imentological units. The results allow a differentiation into
two sound main clusters and five systematically traceable
sub-clusters, and the results are depicted in a dendrogram
(Fig. 6). Four main lithofacies may be distinguished, leaving
aside the tephra (unit 10c, see Sect. 5.1), suggesting rather
similar environmental conditions during the deposition of
material within the same sub-cluster.

Cluster 1 comprises unit 10a and the thin unit 16, which
cover the periods 2600–2080 and 1100–1080 cal BP. These
units are characterized by the lowest a* and low b* proxy val-
ues, indicating the blue-greyish colouration of the sediment.
The amount of terrigenous material is high, while Ca, Sr, and
TIC have minima here. TOC/TN values are slightly elevated.
The grain size is slightly coarser here, notably in unit 9, as
indicated by the GSD. The log(Rb/Sr) proxy is high in these
units (Fig. 4).

Cluster 2 encompasses the thin, reddish units 11
(1830–1820 cal BP), 12 (1820–1770 cal BP), and 14 (1500–
1420 cal BP), as well as units 9 (2600–2420 cal BP) and 18
(110–90 cal BP). While the three of reddish colour have high
a* values and low b*, the latter are of blue-greyish coloura-
tion with low a* and b* proxy values (Fig. 3). The geochem-
ical values are similar for all units with very high terrigenous
input and local minima in carbonate input (Ca, Sr, and TIC).
Unit 11 contains a considerably higher amount of quartz.
log(Rb/Sr) shows maxima in all these units.

Cluster 3 is the largest cluster comprising all units belong-
ing to the homogeneous greyish marls (units 10b, 10d, 13,
15, 17a, 17b). The a* and b* values indicate average values
with an increasing trend with time towards more yellowish
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Table 2. Sedimentary units of TRI1 with detailed sedimentological description. The sediment type classification follows the German ad-hoc
Arbeitsgruppe Boden (2005; UB: upper boundary, G: gradational, P: planar).

Core depth Sediment Unit thickness Munsell colour Soil Description
(cm) unit (cm) type

0–32 19 32 2.5Y 4/3
olive brown

Ut4 more yellowish than 17b – terrigenous input
(UB= sediment–water interface)

32–37 18 5 Gley 1 4/5 GY
olive grey

Ut3 silty blue-greyish unit, similar to unit 16 (UB=G)

37–166 17b 129 5Y 6/3
olive grey

Ut3 matrix becomes darker and more yellowish, brown
mottles, 0.85–1.0 m thin horizontal grey-blueish
lines visible, 0.945 thin reddish line, more oxida-
tion (UB=P)

166–189 17a 23 5Y 5/2
olive grey

Ut3 homogeneous grey matrix (UB=G)

189–193 16 27 Gley 1 4/5 GY
olive grey

Ut3 thin blue-greyish layer (UB=P)

193–243 15 50 5Y 5/2
olive grey

Ut3-Ut4 homogeneous grey matrix, orange mottled
(UB=P)

243–256 14 13 2.5YR 5/1
reddish grey

Ut3 similar to unit 12, gradual brightening towards top
(UB=G)

256–295 13 39 5Y 5/2
olive grey

Ut3 homogeneous grey matrix, occasional black
particles (UB=P)

295–303 12 8 2.5YR 4/1–4/2
dark reddish grey–
weak red

Ut3 clayey silt, upper boundary with bubbly intrusions,
gradual brightening towards top (UB=G)

303–305 11 2 2.5 YR 4/4
reddish brown

Ut4 compact, homogeneous, clearly defined boundaries
(UB=P)

305–315 10d 10 5Y 5/2 – 6/2
(light) olive grey

Ut4 similar to 10b, homogeneous grey matrix
(UB= strongly P)

315–317 10c 2 2.5Y 4/1
dark grey

Ut3 tephra layer, more strongly present in TRI1-B,
coarser silt, larger pores (UB=P)

317–347 10b 30 5Y 5/2 – 6/2
(light) olive grey

Ut4 homogeneous grey matrix, more compact than 10a,
charcoal particles (UB=G)

347–405 10a 58 5Y 5/2
olive grey

Ut3 grey matrix, black streaks, orange mottled, number
of degassing holes decreases, gradually more
compact (UB=G)

405–437 9 32 5Y 4/1
dark grey

Ut2 no macrofossils in whole core, extremely silty,
small holes may indicate degassing (UB=G)

colouration. The highest amount of carbonates and the low-
est log(Rb/Sr) values are found in this cluster.

Cluster 4 represents only the uppermost sedimentary unit
19, which covers the period 90–68 cal BP (1860–2018 CE).
It is characterized by increasing terrigenous elements and
decreasing carbonate content, which are more strongly in-
creasing since 1970 CE (uppermost 10 cm). In this phase, the
highest values for a* and b* colour proxies are reached, indi-
cating the most intensive orange colouration. The Mn profile

is very noisy here, generally indicating higher values than
before. The exclusion of this unit as a single cluster suggests
that the environmental conditions for this period are signifi-
cantly different from the preceding times.

The clusters show a large coherence with the visually ob-
served differences in the sedimentary units. The clusters 1
and 2 contain all units with reddish and blueish colouration,
while clusters 3 and 4 comprise the greyish marls. Due to the
blueish colouration, units 9 and 18 were rather expected to
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Figure 6. Dendrogram obtained by the hierarchical cluster analysis. The XRF elements and L*a*b* colour values were used as input
variables.

group into cluster 1. It is important to keep in mind that the
results strongly depend on the chosen set of input variables
(Khamnueva-Wendt et al., 2019). Slight differences in the
clusters were observed when a different set of variables was
selected, and diverse options including different sets of in-
put variables, e.g. including the results of the principal com-
ponent analysis (PCA), have been calculated. It became ob-
vious that the larger dichotomous pattern, dividing the core
into the more calcite-rich matrix on the one hand and the red-
dish and blueish coloured layers on the other, remained un-
changed, even if a few sedimentary units were sub-clustered
differently.

4.3.2 PCA

A principal component analysis was conducted on 11 geo-
chemical elements (Al, Si, K, Ca, Ti, Mn, Fe, Co, Rb, Sr, Zr)
to reduce the multivariable dataset to a limited amount of un-
correlated components. The first three principal components
(PC) cover> 80 % of the data information and were thus fur-
ther analysed in more detail. Figure 7a shows the correlations
between the element loadings and the PCs. Elements which
show the same variation and whose loadings cluster together
are likely influenced by the same environmental processes.
The first principal component captures 44.8 % of the vari-
ance and spans the axis between carbonate-rich (Ca, Sr) on
the negative axis and mainly mineral-rich assemblages (Zr,
Rb, Fe, Ti; Fig. 7b) on the positive axis. A similar distri-
bution has been found in other studies from the area (Em-

manouilidis et al., 2019; Katrantsiotis et al., 2018; Seguin et
al., 2019, 2000).

The point cloud reveals that the lowermost part of the core
(units 9, 10a; ca. 2600–2100 cal BP) plots on the positive
side of the axis and is strongly dominated by clastic mate-
rial (Fig. 7c). It corresponds mainly to cluster 1 and 2. The
middle part of the core (ca. 2100–100 cal BP) alternates be-
tween positive and negative values with a focus in the up-
per left quadrant, with it being more strongly influenced by
carbonate precipitation. It consists notably of cluster 3. The
uppermost approximately 50 cm (the last ca. 150 years) shifts
towards more positive PC1 scores again, showing an increase
in detrital input. This part is classified as cluster 4. Similar
fluctuations can be observed in the log(Rb/Sr) proxy plot-
ted over time (Fig. 7d), or alternatively log(Ca/Ti) can be
used (Seguin et al., 2020a). The Spearman correlation be-
tween log(Rb/Sr) and PC1 shows an extremely high confor-
mity (rSpearman = 0.95), and thus here these two proxies are
assumed to reflect the most important sedimentation changes
in the lake catchment.

PC2 is positively associated with Al, Si, and K, while
the loadings of the other elements are of minor importance
(Fig. 7a). It has a high variance and the interpretation is not
straightforward; it could potentially be linked to changes in
material provenance.

PC3 is clearly dominated by Mn and has only a minor con-
tribution of the loading of all the other elements (Fig. 7a).
A correlation between PC3 and Mn/Fe (rSpearman = 0.72)
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Figure 7. Principal component analysis (PCA) based on the centred log-ratio-transformed XRF data. (a) Correlation matrix between original
elements and principal components (PC) 1–3. (b) Variable correlation circle displaying the correlation between PC1 and PC2. (c) Distribution
of the sample points in the PC1–PC2 scatterplot. The samples are coloured according to their depth in the sediment core from purple (surface)
to red (maximum depth). (d) PC1 and log(Rb/Sr) are plotted against depth and show a high conformity.

yields high conformity and suggests that PC3 may hint to-
wards changes in the redox conditions at the lake bottom.

5 Discussion

5.1 Chronology

To support our radiocarbon chronology, we were looking for
independent age indicators. One was found in TRI1 in the
form of a tephra layer at 315–317 cm, lithologically classi-
fied as unit 10c (Fig. 3). In the XRF data, Rb, K, Zr and Sr
values have a high peak here. Usually, Sr substitutes for Ca
mainly in carbonate or sulfate minerals and co-precipitate in
lakes, but it also occurs in magmatic rocks as part of Ca-rich
plagioclase feldspars (Cohen, 2003; Kylander et al., 2011).
This is the only unit in which Rb and Sr correlate, instead
of anti-correlating, which suggests that the Sr supply here
originates from an allochthonous, minerogenic source, e.g.
plagioclase feldspars (Dypvik and Harris, 2001; Kylander et
al., 2011). This layer was already found around 310 cm by
Bottema (1980) and Creer et al. (1981) and described as a
tephra layer. Based on geomagnetic and palynological inves-
tigations, Creer et al. (1981) concluded that due to the wind
direction this tephra could be associated with the Somma–
Vesuvius eruption in 79 CE that buried the city of Pompeii.
Bottema (1982, 1980) argued based on palynological investi-

gations that the tephra should more likely be associated with
the Santorini eruption, which can be rejected based on the re-
cent reconstructions of the pathway of the ash plume (John-
ston et al., 2012). In our age model, this layer dates to 1985–
1789 cal BP at 316 cm and would thus be in accordance with
the Pompeii eruption in 79 CE (1875 cal BP).

In a recent publication, Insinga et al. (2019) mapped tephra
for the period 2000 to 4200 cal BP in the central Mediter-
ranean. Stratigraphically right below the 79 CE eruption, they
report a new horizon, the “FG/Lipari undefined layer”, orig-
inating from an unknown eruption dated to the time interval
2187± 37 to 1970 cal BP. This eruption, which was found
at different sites throughout the Ionian Sea (Insinga et al.,
2019), also overlaps with the age uncertainty range of our
tephra layer and could have also caused the tephra. The Pom-
peii eruption as well as the newly reported Lipari eruption
would both support our age-depth model.

Another independent age marker was found by Bot-
tema (1982) in the form of the presence of maize (Zea mays)
at 110 cm, which according to Bottema needs to be younger
than 250 years but unequivocally after 1492 CE (458 BP),
the date of discovery of the New World. The main spread
of maize in the Mediterranean was observed for the 16th
and 17th century CE (Bintliff, 2012). Our model dates to
554 cal BP (419–701 cal BP) at 110 cm in TRI1, and, assum-
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ing that the depths were comparable in the cores from both
studies, it would be slightly too old in the uppermost part.

During the first lake studies, radiocarbon dating on the sed-
iments was challenging and methodological approaches were
less advanced. Due to the high sedimentation rate of approx-
imately 1.7 mm yr−1, the core sequence in principle provides
palaeoenvironmental information in annual resolution. How-
ever, even though our age-depth model is based on terres-
trial macro-remains, it only provides an average probability
range of 278 years. Hence, we do not discuss our data on
an annual but rather on a multi-decadal to centennial scale.
Nevertheless, within the constraints of the age-depth model,
we can be more precise about the duration of periods and
events than about absolute timing. The presented TRI1 core
sequence continuously covers the last 2600 cal BP over more
than 4 m of sediments, which is – though not laminated – a
much higher temporal resolution than any other geoarchive
from the area provided so far.

5.2 Event layers

Five lithological units of only few centimetres thickness de-
pict a very different colour compared to the remaining se-
quence (units 11, 12, 14, 16, and 18, Fig. 3). Their lower
sediment boundaries can always be classified as being flat
and sharp but not erosive. If these units were the result of
an immediate mass movement or turbidite event, one would
expect an abrupt increase in coarser material and a sorting
with a fining upwards gradient within these units (Sabatier
et al., 2017; Wilhelm et al., 2016), which is not possible to
identify from the presented analyses. Mn rises steeply at the
onset of the units, followed by a gradual decrease within
the respective units (Fig. 4). This pattern suggests bottom
water oxygenation (Calvert and Pedersen, 1993) triggered
by an abrupt (ventilation) event, as during turbidite forma-
tion, which caused Mn enrichment and the changes in colour.
Afterwards, the system gradually re-gained its initial sta-
tus. This would support the hypothesis that the reddish and
blueish units were deposited during or following short-term
events. We also elaborated on the option that the units could
have been deposited at once, e.g. by a turbidity current, treat-
ing these units as mass movement events during the age mod-
elling process. The respective age model overlapped com-
pletely within the uncertainty range of the model without
specific event layers (see Fig. S3). Hence, we decided to use
the model with continuous sedimentation as the final age-
depth model.

As the region is characterized by high seismo-tectonic ac-
tivity (Taymaz et al., 2007), one plausible trigger causing tur-
bidity currents or mass movement events could have been
earthquakes. A connection between earthquakes and terres-
trial landslides and rock falls has been investigated for the
region by Papadopoulos and Plessa (2000). Due to the fre-
quent occurrences of earthquakes, however, it seems impos-
sible, respecting the age uncertainty range, to assign the red-

dish and blueish units to specific earthquakes from the cata-
logue (Papadopoulos et al., 2014).

5.3 Sedimentary facies interpretation

The cluster analysis emphasizes similarities between certain
sedimentary units of TRI1 based on their colour and geo-
chemical characteristics. As these sediment characteristics
are affected by the palaeoenvironmental conditions during
deposition, the dendrogram classification may be used to in-
fer phases with similar palaeoenvironmental conditions. Four
different facies were identified during the cluster analysis
(Fig. 6).

Cluster 1 is interpreted as compiling phases with higher
terrigenous input and bottom water oxygenation, which was
caused by rather abrupt changes in the environmental con-
ditions, e.g. by intensive precipitation. The higher terrige-
nous input is interpreted as an indicator of catchment erosion
during wetter conditions. The values of PC1 are high during
these phases.

Cluster 2 shows likewise a higher amount of detrital mate-
rial that was transported into the lake. The different coloura-
tion of the sediments in both clusters suggests different pro-
cesses to have influenced their deposition, but it is not pos-
sible to unequivocally identify the sedimentary process, as
different influential factors would lead to increasing clas-
tic input. Wetter conditions with more intense winter pre-
cipitation may have been one trigger. Another possible trig-
ger could have been summer storm events that would break
down or disturb the stratification in the water column and
increase run-off intensity, which would most likely also re-
sult in turbulent and coarser sediment deposition. Further-
more, one may also expect an increasing amount of micro-
and macrofossils, e.g. broken shells or higher organic matter
content, which was washed in and deposited before decom-
position, which we do not observe here. Human impact, e.g.
by deforestation, is also known to increase erosion and detri-
tal material input (Meriam et al., 2018). However, one would
expect longer-lasting periods, while these facies units lasted
a maximum of 100 years. We interpret cluster 2 also as indi-
cating wetter conditions and attribute the variation in colour
compared to cluster 1 to differences in the Mn and Fe oxides
(Statham et al., 2017). PC1 likewise shows highest values in
this cluster.

The majority of the core is composed of the greyish
marls in cluster 3, which have a homogeneous appearance,
although the geochemical ratios show intense fluctuations
within these units, most likely reflecting a higher variability
in palaeoclimate. It is assumed that sediments in this clus-
ter were deposited within a stable, stratified lake ecosystem
with anoxic bottom water conditions. Variations in the XRF
data may be explained by palaeoclimatic variation. The high
Ca content may be linked to intense carbonate precipitation
under warm and dry conditions. The PC1 values are mostly
negative in this cluster.
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The uppermost sedimentary unit forms cluster 4 by itself
and is interpreted as potentially being influenced by anthro-
pogenic activity in the catchment. It seems as if human ac-
tivity in the area has been increasing since the 1860s and
has intensified particularly since 1970 CE with the sudden
increase in a* or that its impacts have increasingly reached
the coring spot, e.g. through run-off from cultivated, fertil-
ized fields. Mn values in this unit are higher than in unit 3
and have a high variance, potentially indicating instability in
the modern monomictic conditions that supply oxygen to the
hypolimnion. The PC1 values in this unit gradually shift from
negative to positive and back, and it is likely that the climatic
signal here was disturbed by human influence.

5.4 Palaeoenvironmental reconstruction for the last
2600 years in comparison to other regional archives

5.4.1 Human history in Aetolia

Lake Trichonida has been studied irregularly since the 1980s
(for example Albrecht et al., 2009; Bottema, 1982, 1980;
Dimitriou and Zacharias, 2006; Koussouris and Diapoulis,
1982; Tafas et al., 1997). Archaeological research in Aeto-
lia is comparatively weak, as the area was and still is rather
thinly populated, but it confirms human activity since the
Late Helladic period (1700–1100 BCE/3650–3050 BP; Bom-
meljé and Doom, 1987; Haenssler et al., 2013). Bommeljé
and Doom (1987) consider a population peak in the region
during the Classical–Hellenistic period (479–31 BCE/2429–
1981 BP) and only few traces of human presence throughout
Roman and Byzantine times (31–1460 BCE/1981–490 BP).
The closest major archaeological site is Thermos, which was
occupied since the Bronze Age, had its flourishing stage
during the Middle Helladic period (2100–1700 BCE/4050–
3650 BP), and was the centre of the Aetolian League (Pa-
papostolou, 2012). In a recent comparative study on land
use and demography in Greece by Weiberg et al. (2019),
Thermos was the only site in Aetolia-Acarnania that was in-
cluded, underlining the scarcity of data in this region. A simi-
lar picture can be found in the meta-analysis on demography,
climate, and erosion by Walsh et al. (2019), which includes
six Greek sites but completely leaves out western Greece.
They state high levels of human activity during the Classical
and Roman period for southern Greece, which is in contrast
with the assumptions by Bommeljé and Doom (1987). These
findings stress that deduced demographic trends from both
analyses cannot necessarily be transferred to the remote area
around Lake Trichonida.

The closest palaeoenvironmental archive for comparison
is Etoliko (also known as Aitoliko) Lagoon (Koutsodendris
et al., 2015, 2017; Haenssler et al., 2013). The sedimenta-
tion rate at Etoliko Lagoon since 1350 cal BP was calculated
at 2.1 mm yr−1 and is thus in a similar range like at Lake
Trichonida. Before, it was calculated at 0.4 mm yr−1, and
Haenssler et al. (2013) interpret the drastic change as a causal
relationship with increasing anthropogenic land use and set-

tlement activity. In Trichonida, we do not have comparative
numbers from earlier times. As we do not have indications
for sudden changes, we suppose that small numbers of hu-
mans were always present in the study area during the last
2600 years but had a rather marginal influence on the lake de-
velopment. They were probably not responsible for the cre-
ation of the blueish-reddish layers of cluster 1 and 2. How-
ever, due to land use activities, they may have indirectly pro-
vided loose material that could have been eroded more easily
during strong precipitation events.

In an earlier pollen study, Bottema (1982) identified 71
pollen types from the “plant-sociological relevé list” at Lake
Trichonida. The AP/NAP ratio of arboreal vs. non-arboreal
pollen types was reproduced and is shown in Fig. 8k. As Bot-
tema (1982) abstained from creating an age-depth model, we
used our model to plot the data on a timescale, assuming that
the depth scales of the two cores were comparable, which is
also suggested by the sediment depth of the tephra unit dif-
fering by only 5 cm. Overall, the number of pollen types cor-
related positively with the AP/NAP ratio (Bottema, 1982),
which means that land opening increased the pollen diver-
sity and lower AP/NAP values hint towards natural or an-
thropogenic deforestation. Dense Abies cephalonica wood-
land could be found in the mountainous regions in southern
Greece until human deforestation (Jahns, 1993). The low-
est degrees of forestation are depicted in Bottema’s (1982)
pollen diagram for the period 2600–2000 cal BP, which is
considered as a period with a population peak (Bommeljé
and Doom, 1987; cluster 1). The continuous presence of Vi-
tis pollen confirms our hypothesis of rather constant, but low
human influence in the area for the investigated period. The
highest arboreal pollen amounts can be observed during the
wet phases of the reddish units in cluster 2. Apart from that,
the resolution is too coarse to reasonably compare it to the
XRF proxies.

5.4.2 Palaeohydrological changes

For the last 2600 years, Lake Trichonida shows different
phases of palaeohydrological fluctuation. It has witnessed
several phases of wetter or drier climatic conditions, as ob-
served in the log(Rb/Sr) and PC1 proxies.

Rb can replace K in the crystal lattice in feldspars and it
is associated with clay mineral assemblages (Heymann et al.,
2013; Koinig et al., 2003). As Rb, associated with terrige-
nous sediment input, and Sr, associated mainly with carbon-
ates, show a very different geochemical behaviour, the Rb/Sr
ratio is often interpreted as a proxy for chemical weathering
(Jin et al., 2006; Xu et al., 2010). While carbonates can be
associated either with carbonate weathering in the catchment
or with authigenic precipitation of chemical or biogenic car-
bonates in the lake, notably during dry and warm phases, the
clastic elements originate from terrestrial input eroded during
wet periods with enhanced precipitation and run-off (Cohen,
2003; Kylander et al., 2011). High Sr values are interpreted
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Figure 8. Comparison of the PC1 proxy with other regional hydroclimate records. (a) NAO index reconstruction from a lake in SW Greenland
(axis inverted) from Olsen et al. (2012). (b) Autumn/winter precipitation reconstruction from a speleothem at Closani Cave (SW Romania;
Warken et al., 2018). (c) Ti/Ca proxy from Lake Butrint (Albania; Morellón et al., 2016). (d) δ18O record from Lake Shkodra (axis inverted;
Zanchetta et al., 2012). (e) δ18O record from a speleothem in Kapsia Cave (axis inverted; Finné et al., 2014). (f) PC1 on XRF data from
Gialova Lagoon (Katrantsiotis et al., 2018). (g) δD23 proxy from Lake Lerna (axis inverted; Katrantsiotis et al., 2019). (h) PC1 on XRF data
from Lake Stymphalia (Seguin et al., 2019). (i) log(Rb/Sr) ratio from Etoliko Lagoon (Haenssler et al., 2013). (j) PC1 on XRF data from Lake
Trichonida (this study). (k) Arboreal (AP) vs. non-arboreal pollen (NAP) from Lake Trichonida (data reconstructed from Bottema (1982)
plotted against our chronology). Values plotted to the top generally indicate wetter conditions. Vertical shaded bars indicate relatively more
humid phases at Lake Trichonida (see text for more detail). Vertical dashed lines indicate cultural unit boundaries according to Weiberg et
al. (2016). The results of the cluster analysis are plotted at the top.
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to generally indicate higher carbonate precipitation under
warm and/or more arid conditions, while higher Rb values
hint towards stronger physical weathering of clastic material
and enhanced surface run-off related to increased precipita-
tion during colder and wetter conditions (Unkel et al., 2014).
As PC1 reflects the same variation between carbonate-rich
and mineral-rich assemblages, it is interpreted similarly (see
Sect. 4.3.1). A similar distribution has been found in other
studies from the area and was interpreted as reflecting hydro-
climatic variations (Emmanouilidis et al., 2019; Katrantsiotis
et al., 2018; Seguin et al., 2019).

We assume that the lake level has fluctuated over a few
metres – modern inter-annual variation is about 1 m (Tafas et
al., 1997) – but due to its depth and the sedimentary charac-
teristics, we exclude the option of complete desiccation, as it
was shown for shallow lakes in southern Greece (Seguin et
al., 2020a).

From around 2600 to 2000 cal BP, PC1 generally shows a
decreasing trend towards drier conditions in the study area
with a minimum occurring around 2000–1800 cal BP. Olsen
et al. (2012) reconstructed a high-resolution NAO index for
the last 5200 years based on a z score on geochemical data
from a lake sediment record from southwestern Greenland
that reflects large-scale variability in the Northern Hemi-
sphere climate. Their NAO index for the interval 2400–
2000 cal BP also shows a predominantly increasing trend that
is likewise connected with drier climatic conditions (Olsen
et al., 2012, Fig. 8a). Centring around 2500 and 2200 cal BP,
two short periods with slightly wetter conditions can be iden-
tified in the general trend of the PC1 record, when it be-
comes more positive, and are largely in agreement with the
negative NAO indices. Katrantsiotis et al. (2019) suggest
that the North Atlantic Oscillation controls the climate in
Greece notably during winter. When the NAO index is posi-
tive, the westerlies are stronger than usual and the humid air
masses run further north, leading to drier and colder winters
in Greece, while negative NAO indices relate to wetter and
warmer conditions (Katrantsiotis et al., 2019; Koutsodendris
et al., 2015; Nieto-Moreno et al., 2011).

Drying climate conditions before 2000 cal BP are also re-
ported from Lake Lerna, NE Peloponnese (Katrantsiotis et
al., 2019, Fig. 8g); the Asea valley, central Peloponnese (Un-
kel et al., 2014); and Skala Marion Cave, 350 km to the NE
on the Greek island of Thassos (Psomiadis et al., 2018). Un-
like these archives, Lake Malik, 250 km to the north at the
border with Albania (Fouache and Pavlopoulos, 2010), and
Lake Shkodra, 450 km to the north at the border between Al-
bania and Montenegro (Zanchetta et al., 2012, Fig. 8d), as
well as the Agios Floros fen, S Peloponnese (Norström et
al., 2018), reveal a trend towards wetter conditions during
the same period from 2600 to 2000 cal BP. The resolution of
the δD23 record from Agios Floros (Norström et al., 2018),
however, is too low to reasonably compare the record to Lake
Trichonida. This inconsistent observation is in general agree-
ment with Finné et al. (2011), who summarize the hydrolog-

ical situation during this time period as an incoherent pic-
ture without “discernable spatial patterns”. They report gen-
erally warmer temperatures, which would be in agreement
with the increase in carbonates in the sediment sequence at
Trichonida.

This drier/warmer phase ends abruptly around 1750 cal BP
with a rapid increase in terrigenous material input into Lake
Trichonida, most likely due to increased precipitation and
surface run-off in the catchment. Lithologically, this period
corresponds to the very distinct reddish units 11 and 12
(Fig. 3). Closani Cave (Warken et al., 2018, Fig. 8b), Kapsia
Cave (Finné et al., 2014, Fig. 8e), Lake Lerna (Katrantsiotis
et al., 2019, Fig. 8g), and Skala Marion Cave (Psomiadis et
al., 2018) all provide evidence for higher humidity for the pe-
riod around 1800 cal BP. Lake Shkodra (Fig. 8d) and Gialova
Lagoon (Fig. 8f) also give evidence for a short wetter period,
but from a medium term perspective the proxies rather follow
a drying trend lasting until 1400 cal BP (Katrantsiotis et al.,
2018; Zanchetta et al., 2012). Interestingly, this wet century
at Lake Trichonida coincides with the aqueduct construction
at Lake Stymphalia, which was interpreted as triggering the
abrupt shift in the PC1 proxy (Seguin et al., 2019, Fig. 8h).
The AP/NAP ratio depicts an increase in arboreal pollen for
2050–1800 cal BP (Bottema, 1982, Fig. 8k), which on the
one hand supports the wetter conditions favourable for tree
growth. On the other hand, an increasing input of terrigenous
material, e.g. also caused by increasing land use, may gen-
erally induce a larger quantity of pollen from the catchment
in the sample, and a transformation in the pollen transport
process may influence the spectrum composition in the sam-
ple. A similar coincidence occurs in 1500 cal BP; an abrupt
increase in terrigenous material coincides with an increase in
the AP/NAP ratio.

The interval, ca. 1700–1500 cal BP (250–450 CE), can be
interpreted as a phase of stable, drier conditions at Lake
Trichonida. Kapsia Cave (Finné et al., 2014) and Closani
Cave (Warken et al., 2018) also show relatively stable condi-
tions, and the NAO index is solely positive although variable
(Olsen et al., 2012, Fig. 8a). For Anatolia and the Levant,
Izdebski et al. (2016) speak of a late Roman drought lasting
from ca. 1600 to 1480 cal BP (350 to 470 CE), which was
then followed by a dramatic shift to much wetter climatic
conditions.

An abrupt shift to wetter conditions can also be observed at
Lake Trichonida in ca. 1500 cal BP that lasts about 100 years.
It almost coincides with an abrupt shift towards a slightly
negative, neutral NAO index and the wettest period at Lake
Lerna (Katrantsiotis et al., 2019). The highest values of the
Ti/Ca proxy, indicating increasing run-off under wetter con-
ditions, at Lake Butrint also fall exactly in this phase (Morel-
lón et al., 2016). Wetter conditions are reported from various
sites in the eastern Mediterranean region for approximately
1600–1200 cal BP (350–750 CE; Finné et al., 2011; Haliuc et
al., 2017; Seguin et al., 2019). In central and northern Europe
this period is known as the Late Antique Little Ice Age or
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Migration Period and experienced colder and more arid cli-
matic conditions (Büntgen et al., 2016; Helama et al., 2017;
McCormick et al., 2012).

During the following millennium, PC1 at Lake Tri-
chonida alternates between drier phases (1350–1200, 1050–
900, 800–650, and 600–450 cal BP), intermediate phases,
and shorter wet spells (around 1100, 450–300, and around
120 cal BP). With a slight offset, most likely due to dat-
ing uncertainties, the wet spells broadly correlate with more
negative NAO indices. Probably due to its coarse resolu-
tion, the AP/NAP ratio is unaffected by these fluctuations
and shows a constant decrease between 1250 and 700 cal BP
(700–1250 CE) which may hint towards human deforesta-
tion activity. The period lasting approximately from 1000
to 700 cal BP (950–1250 CE) is often referred to as the Me-
dieval Climate Anomaly and is generally considered a pe-
riod with warmer temperatures on the Northern Hemisphere
(Luterbacher et al., 2012; Mann et al., 2009; Roberts et al.,
2012). According to Finné et al. (2011), its beginning can be
characterized by generally wetter conditions in the eastern
Mediterranean. The Lake Trichonida proxy indicates drier or
warmer conditions for the period 1050–900 cal BP.

At Lake Trichonida, PC1 shows strong oscillations of
century-long wetter and drier periods, which generally sug-
gest more unstable hydroclimatic conditions. Around 650–
600 and 450–ca. 350 cal BP, we see decades with wetter con-
ditions, while the period in between (ca. 600–500 cal BP)
indicates a very dry period. The curve progression of the
Etoliko Lagoon largely resembles this pattern (Fig. 8i). The
period of the Little Ice Age, approximately 700–200 cal BP
(1250–1750 CE), is generally characterized by colder condi-
tions and glacier advances in the Alps (Magny et al., 2012;
Mann et al., 2009) and by wetter conditions in the Mediter-
ranean (Roberts et al., 2012) and on the Peloponnese (Ka-
trantsiotis et al., 2019). The NAO index is more variable at
this time, generally showing drier conditions in the first half
of the period shifting to wetter conditions and more negative
values around 550 cal BP (Olsen et al., 2012). Lake Butrint
generally depicts increased clastic input during wetter con-
ditions for the LIA (Morellón et al., 2016, Fig. 8c). Lake
Lerna shows slightly wetter conditions for 700–350 cal BP,
followed by a progressive drying (ca 250–100 cal BP; Ka-
trantsiotis et al., 2019), and the Gialova δD31 profile also
shows a period of wetter conditions (700–300 cal BP; Ka-
trantsiotis et al., 2018). At these sites, the LIA looks like
a period with very stable hydroclimatic condition, in con-
trast to Trichonida, which may however be attributed to the
low resolution of the proxies. The youngest and shortest wet
period (sedimentary unit 18) around 120–100 cal BP (1830–
1850 CE) is not visible in any other archive. Based on the
Etoliko record, Koutsodendris et al. (2017) suggested that
the Mediterranean see-saw precipitation pattern oscillated
longitudinally during the LIA, shifting the wet–dry bound-
ary between the western and eastern Mediterranean, which
could also explain the variable pattern observed at Lake Tri-

chonida. However, more high-resolution records or palaeore-
constructions of the different teleconnection patterns would
be needed to support this assumption.

For the last ca. 150 years, notably the 20th century CE,
we observe an increasing trend in PC1, except for the last
ca. 20 years, that would indicate increasingly wetter condi-
tions. More intense anthropogenic impact causing soil ero-
sion, however, would cause a similar signal, and it thus seems
possible that human activity blurs the climatic signal for this
period (Seguin et al., 2019; Zanchetta et al., 2012). The dif-
ferent colour in sedimentary unit 19 (Fig. 3) and the sin-
gularity of cluster 4 (Fig. 6) would support this hypothesis.
However, this is not in agreement with findings from Kout-
sodendris et al. (2015), who detect NAO-related precipitation
patterns for the second half of the 20th century at Etoliko La-
goon, 20 km SE of Lake Trichonida, and a decrease in winter
precipitation since the 1980s. Additionally, they noted strong
land use changes only since the early 1980s onwards (Kout-
sodendris et al., 2015).

6 Conclusion

The multi-proxy data from Lake Trichonida shows palaeoen-
vironmental, notably palaeohydrological, changes for the
last 2600 years for a region, where high-resolution climate
records are sparse, but which would be essential to under-
stand variation in the hydrological pattern in the past in
this transitional zone between two different climatic zones.
According to their sedimentology, four main facies clusters
were identified and described by Lake Trichonida, supported
by fast and cheap high-resolution imagery and the analysis
of colour variations.

Evidence of anthropogenic impact on the landscape was
only clearly observed for the last ca. 100 years. Before, cli-
matic fluctuations may have been more decisive than human
impact from the very sparsely settled landscape.

The majority of the observed fluctuations in Lake Tri-
chonida were contemporaneous with phases of a more neg-
ative NAO index, as reconstructed by Olsen et al. (2012),
and thus our record suggests a connectivity between local
hydrological variation and the North Atlantic Oscillation on
centennial timescales. Our study suggests that during the
last 2600 years Lake Trichonida and the eastern Mediter-
ranean/Carpathian region (namely Lake Butrint, Lake Shko-
dra) are linked by the same moisture source and a positive
NAO index regionally translates to drier conditions in the
study area. Due to the spatial heterogeneity of the area and
the location at a transitional climatic zone, the record also ex-
hibits some local peculiarities such as the blueish and reddish
sedimentary units that were triggered by short-term events,
which have not been recorded or described from other sites.
It thus seems coherent that the signal cannot fully be traced
back to climatic oscillations, but additional forcing mecha-
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nisms influenced the system and further research is necessary
to identify these factors.
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The volcanic origin of the Canarian Archipelago widely
determines the landscape of these islands. Partially near
coastal areas the volcanic rocks are covered by dune fields.
The eastern Canary Islands show the largest areas of sand
deposits. On northern Fuerteventura sandpits and deep in-
cised gully systems allow broader insight into generations of
these archives. The dune material originates from the shallow
shelf. Hence, the mineral composition is dominated by cal-
cite and aragonite. The outcrops show the layering of several
generations of biogenic carbonate sands which are separated
by palaeosurfaces. These surfaces suggest soil-forming pro-
cesses with their (often) reddish colour. Generally, the occur-
rence of several palaeosurfaces promises a high potential of
those Quaternary dune archives on northern Fuerteventura.
Former studies focussed on just few quarries being situated
in close distances. Differing formation concepts and con-
tradicting chronologies (Middle to Late Pleistocene versus
Late Pleistocene) suggest the need for further investigation
of landward palaeo dune sections, resulting in a German Re-
search Foundation-funded project (FA 239/18-1) with regard
to palaeo dune sequences within the catchments of two bar-
rancos on northern Fuerteventura. Firstly, the project called

for defining representative sections of the two catchments for
the purpose of working out a correlation and deducing a stan-
dard profile; both should be based on stratigraphic findings.
Luminescence dating shall contribute to finally establishing
a chronostratigraphy. Besides the carbonate sands, the dune
archives are influenced by the imprint of volcanic material
(tephra, lapilli, and basaltic rock) and Saharan dust. Gener-
ally, the archives’ composition and appearance raise several
further questions. Are periods of surface formation depen-
dent on reduced sand supply or on changes in climatic con-
ditions? Which soil forming processes contribute to the char-
acteristics of palaeosurface layers? What is the influence of
Saharan dust? As dating of lava flows on northern Fuerteven-
tura revealed Middle to Late Pleistocene ages, a further ques-
tion refers to the relationship between dune formation and
volcanic activity.

Mainly deduced from findings in the field but also by
use of grain size distribution, elemental composition, con-
tent of CaCO3, determination of Fed (pedogenic iron), mea-
surements of rock magnetic parameters, analyses of gastro-
pod associations, micromorphological analyses, determina-
tion of quartz content via automatic static image analysis
with a Malvern Morphologi G3-ID, XRD analyses, and IRSL
dating, this thesis provides a chronostratigraphy of palaeo
dune archives of northern Fuerteventura deduced from a cor-
relation of sections close to the western coast and sections
close to the eastern coast. The derived standard profile shows
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Figure 1. Data of Canarian archives on the backdrop of the conceptual approach according to Roettig et al. (2019), modified.

15 units divided into five main sequences. These five se-
quences mainly differ in sand supply and accumulation, in
changing humidity, and in imprint of volcanic activity. The
chronostratigraphy dates back to about 450 ka. Generally, the
archives are very site-specific, because features of a strati-
graphic layer often change within close distances, depend-
ing on connectivity to erosion pathways and distance to sand
sources. Micromorphological analyses indicate soil form-
ing processes which are restricted to de- and recalcification
and recrystallisation of iron and manganese. Ultimately, the
palaeosurfaces are primarily dominated by the characteristics
of Saharan dust (silt dominated, yellow to red in colour, con-
taining hematite and goethite). The archives indicate a cyclic-
ity of predominant processes, starting with (i) sand accumu-
lation, followed by (ii) dust accumulation and weak soil for-
mation, leading to (iii) water-induced relocation. On the basis
of this cyclicity a conceptual approach of the archives’ rela-
tionship with changes in sea level could be drawn (Fig. 1).
We assume highest sand supply during starting regression
after sea level maxima. With dropping sea level, the distance
between the studied sites and the sand source area (which are
the gradually exposed shallow shelf areas) increases, leading
to reduced sand accumulation. Starting transgression at the
end of glacials suggests the lowest potential of sand accumu-
lation. Furthermore, the concept is based on the assumption
that with lower sea levels, more precipitation can reach the
Canary Islands. Deduced from periods of lowest potential of

sand accumulation in combination with periods of increased
precipitation, best conditions for predominant dust accumu-
lation and in situ processes should be given at terminations.
Generally, prevalence of palaeosurface formation is related
to transgression periods. These periods are in good agree-
ment with increased dust supply, which, in turn, seems to be
affected by precession minima (according to Moreno et al.,
2001). The predominance of dust accumulation and in situ
processes causes the fining of sediments, leading to reduced
morphological resistance and, finally, water-induced reloca-
tion. Ultimately, site-specific sand availability seems to de-
termine whether surfaces are exposed for longer durations,
whereas the availability of precipitation (and dust) suggests
determining the intensity of surface formation.

The studied sections indicate a strong relationship with lo-
cal volcanic activity because lava flows are able to cut off
sand pathways and cover former sand source areas. In com-
bination with dated lava flows the findings point to three dif-
ferent periods of volcanic activity which ceased the sand sup-
ply gradually: a first period around 180–170 ka, a next period
around 135 ka, and a third period after 100 ka but the lat-
est around 50 ka, which, finally, completely stopped the sand
supply. Regarding the northern part of Fuerteventura, the lat-
est period has so far not been described.
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Abstract: A high quantity of well-dated, high-resolution, continuous geoarchives is needed to connect palaeoen-
vironmental reconstructions with socio-environmental and cultural transformations in a geographi-
cally heterogeneous region such as southern Greece. However, detailed and continuous palaeoclimatic
and palaeoenvironmental archives from the NE Peloponnese are still sparse. Here, we present two new
palaeolake archives of Pheneos and Kaisari covering the last 10 500 and 6500 years, respectively. For
the last 5000 years, we compare them with sediment records from adjacent Lake Stymphalia and the
Asea valley by applying the same set of sedimentological, geochemical, and statistical analyses to all
four lacustrine archives.

Continuous geochemical X-ray fluorescence (XRF) core scanning records provide evidence for
hydrological variations and environmental changes since the Early Helladic period (5050 BP), the
beginning of the Bronze Age in Greece. We hereby focus on different spatial scales to estimate the
validity range of the proxy signals. Ten elements were selected (Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr,
Zr) for a principal component analysis. The clr(Ca/Ti) was chosen as the most meaningful proxy,
reflecting varying input of carbonaceous vs. clastic input, which may be linked to changes in the hy-
drological conditions. Our results show phases when permanent lake water bodies existed (ca. 5000–
3600 cal BP) as well as phases with periodic desiccation of the lakes during younger times. While
Pheneos and Kaisari show a drying trend during the transition phase from the Late Helladic period
to the Proto-Geometric period (ca. 3200–2800 cal BP), Stymphalia and Asea show a rather short dry
peak around 3200 cal BP followed by a wetter phase.

Although all our geoarchives show evidence for drier phases, their timing and duration display
considerable site-to-site differences which may be explained by site-specific responses in individual
ecosystems. Age uncertainties, however, may likewise explain some deviations, as the dating is based
on bulk sediment samples including potential unknown reservoir effects.
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The high regional geographical diversity within the Peloponnese combined with the dating chal-
lenges in the limestone-rich area and the variation in our data testify that any hypothetical mono-causal
connection between palaeoenvironmental changes in a single geoarchive and contemporaneous soci-
etal transformations across the Peloponnese would be an oversimplification.

Kurzfassung: Eine hohe Anzahl gut datierter, hochaufgelöster und kontinuierlicher Geoarchive wird benötigt, um
Paläoumweltrekonstruktionen mit sozial-ökologischen und kulturellen Transformationen in einer ge-
ographisch heterogenen Region wie Südgriechenland zu verknüpfen. Aktuell sind solch detaillierte
und durchgängige Paläoklima- sowie Paläoumweltarchive auf der NO Peloponnes jedoch spärlich.

In dieser Arbeit stellen wir kontinuierliche Proxydaten für zwei neue Umweltarchive aus den
Paläoseen Pheneos und Kaisari vor, welche die letzten 10 500 bzw. 6500 Jahre abdecken. Für den
Zeitraum der letzten 5000 Jahre vergleichen wir diese mit Sedimentkernen des angrenzenden Sees
Symphalia sowie des Asea Tals, indem wir für alle vier lakustrinen Archive die gleichen sedimentol-
ogischen, geochemischen und statistischen Analysen durchführen.

Röntgenfluoreszenz-Kernscandaten liefern Hinweise auf hydrologische Schwankungen und
Umweltveränderungen seit der frühhelladischen Zeit (5050 BP), dem Beginn des Bronzezeitalters
in Griechenland. In dieser Arbeit konzentrieren wir uns auf verschiedene räumliche Skalen, um den
Gültigkeitsbereich der Proxysignale abzuschätzen. Eine Hauptkomponentenanalyse wurde auf Basis
von zehn geochemischen Elementen (Al, Si, K, Ca, Ti, Mn, Fe, Rb, Sr, Zr) durchgeführt. Das zen-
trierte log-Verhältnis clr(Ca/Ti) wurde als aussagekräftigster Proxy identifiziert, welcher den verän-
derlichen Eintrag von calciumcarbonathaltigem zu klastischem Material widerspiegelt, der wiederum
auf Veränderungen in den hydrologischen Bedingungen zurückgeführt werden kann. Unsere Ergeb-
nisse zeigen Phasen, in denen dauerhafte Seen an den untersuchten Standorten existierten (ca. 5000–
3600 cal BP) sowie Phasen – vor allem in jüngerer Zeit – in denen es zu periodischer Austrock-
nung der Seen kam. Während Pheneos und Kaisari beispielsweise eine Trockenphase während der
Übergangszeit der späthelladischen zur protogeometrischen Periode (ca. 3200–2800 cal BP) erkennen
lassen, zeigen Stymphalia und Asea eine eher kurze Trockenphase um 3200 cal BP gefolgt von einer
längeren feuchteren Phase.

Auch wenn alle untersuchten Geoarchive klare Anzeichen für Trockenphasen liefern, variieren
sowohl der Zeitpunkt als auch die Dauer erheblich, was auf standortspezifische Reaktionen der einzel-
nen Ökosysteme zurückgeführt werden kann. Unsicherheiten in den Altersmodellen können gleich-
wohl einige Abweichungen erklären, da die Radiokarbondatierungen auf Basis von Gesamtsediment-
proben durchgeführt wurden, welche einen potenziellen, unbekannten Reservoireffekt beinhalten kön-
nen.

Die hohe räumliche Diversität innerhalb der Peloponnes Halbinsel in Kombination mit den
Datierungsunsicherheiten in einem kalkhaltigen Karstgebiet und den Schwankungen in den
Datensätzen deuten darauf hin, dass das Herstellen monokausaler Verbindungen zwischen
Paläoumweltschwankungen in einem einzelnen Geoarchiv und zeitgleichen sozialen Transformatio-
nen auf der Peloponnes eine zu starke Vereinfachung der Forschungshypothesen zur Konsequenz hat.

Highlights. Multi-proxy investigation of Middle to Late Holocene hydrological development
from four (palaeo)lake sediment sequences.

Proxy signals are discussed on three different spatial scales.

High regional to local variability of palaeoclimatic proxies across the Peloponnese peninsula.
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1 Introduction

The eastern Mediterranean can be considered a region of
high importance for palaeoenvironmental research, as it
experienced a long history of cultural development and
human–environment interaction throughout the Middle to
Late Holocene (Izdebski et al., 2016; Roberts et al., 2011).

Middle to Late Holocene environmental archives often
provide records on palaeoenvironmental changes containing
a combination of natural climatic and anthropogenic sig-
nals, which are often not easy to disentangle. From southern
Greece and the Peloponnese, high-resolution environmental
archives covering this time period are still relatively sparse or
often discontinuous (Finné et al., 2011; Gogou et al., 2016;
Luterbacher et al., 2012, McCormick et al., 2012; Atherden
and Hall, 1994; Izdebski et al., 2016; Jahns, 1993).

Lake sediments record climatic changes as well as local
catchment-specific processes (Roberts et al., 2008). How-
ever, each lake responds differently to global, regional, or lo-
cal influences, depending on its size and catchment settings
(Meyers and Lallier-Vergès, 1999). To distinguish local from
regional or even hemispheric climatic signals, a combination
of a larger number of geoarchives and an analysis of multiple
proxies seems more promising (Finné et al., 2019).

Although there are an increasing number of studies on
eastern Mediterranean palaeoenvironmental archives that
have been published most recently (Emmanouilidis et al.,
2018, 2019; Finné et al., 2017; Katrantsiotis et al., 2018,
2019; Masi et al., 2018; Rothacker et al., 2018), they do not
provide a uniform picture of the climatic and environmen-
tal changes through the Middle to Late Holocene, and some-
times they are inconsistent with archaeological or historical
data (Finné et al., 2019). Most reconstructions of Holocene
climatic variations in the Mediterranean are based on one sin-
gle palaeoenvironmental archive, leading to very heteroge-
neous and often even divergent results when being compared
to each other (Finné et al., 2011; Luterbacher et al., 2012).
This calls for the need for not only multi-proxy approaches
on one palaeoenvironmental archive, but also multi-archive
approaches that use the same methods and proxies at differ-
ent study sites.

Here, we present a combined approach of four lake sedi-
ment archives from the northeastern and central Peloponnese
(Greece), namely from Lake Stymphalia and from the val-
leys of Asea, Pheneos, and Kaisari (Fig. 1), which hosted
lakes of different extent in the past. Human presence in the
study area is proven since Neolithic times but has been rel-
atively sparse and remains widely unexplored except for the
Classical–Hellenistic periods and the last 200 years (Seguin
et al., 2019; Walsh et al., 2017). Due to its mountainous to-
pography with elevations of up to 2400 m only a few kilo-
metres away from the coast, the Peloponnese displays a high
climatic heterogeneity with significant precipitation and tem-
perature gradients from west to east and from the coast to the
mountain ranges. Hence, palaeoclimate records across the

Peloponnese are prone to reveal different patterns on a spa-
tially comparatively limited scale (Katrantsiotis et al., 2019).

The concept of spatial scales is a fundamental working
technique in physical geography and climatology (Lauer and
Bendix, 2006; Wanner, 1986). The scales however are not
uniformly used and may differ according to the studied land-
forms, climate phenomena, and processes. In this study, we
distinguish micro-, meso-, and macroscales and define them
as follows: (1) the microscale covers local lake catchment-
specific signals and processes, (2) the mesoscale describes
the regional climate on the NE Peloponnese with an approxi-
mate diameter of 102 km (Wanner, 1986), and (3) macroscale
signals reflect changes on the supra-regional level, here the
eastern Mediterranean. Given the proximity of our selected
palaeoenvironmental archives to each other and the similar
geological and geomorphological setting, we suppose that
they experienced similar mesoscale climatic conditions. We
investigate each archive with the same geochemical and sed-
imentological analytical tools, notably XRF core scanning,
to reveal the differences and similarities in the proxy records
that help us to disentangle local (microscale) from regional
(mesoscale) signals. A concordance in the course of the same
proxy at the different sites would suggest that the proxy re-
flects an overarching signal of regional environmental or cli-
matic change (macroscale). If the proxy shows no agreement
between the sites, this may hint towards local site-specific ef-
fects or a mismatching of the data due to dating uncertainties
(Roberts et al., 2016).

Earlier studies on Lake Stymphalia (Heymann et al., 2013;
Seguin et al., 2019) showed that the lake reacted sensitively
to environmental and hydrological changes as well as to hu-
man disturbances, notably during the last 2500 years. A sed-
iment core from the Asea valley provided a record on the hy-
drological variability in the area of the last 6500 years (Unkel
et al., 2014), however in lower resolution than the Stymphalia
record.

In this study, we aim to (1) provide geochemical proxies
for two new sediment sequences from palaeolakes Pheneos
for the last 10 500 years and Kaisari for the last 6500 years
and (2) compare the last 5050 years with the same proxies
from nearby Stymphalia and Asea to reconstruct and inves-
tigate climatic and environmental changes since the begin-
ning of the Helladic period (for references to cultural peri-
ods see Table S3 in the Supplement). This is a period when
the Greek societies were already sedentary and achieved ma-
jor advances in social, economic, and technological skills
(Bintliff, 2012). By directly juxtaposing records from four
sites, we provide a more profound picture of the environmen-
tal and climatic history of the Peloponnese, going beyond the
capabilities of a climate reconstruction based on a single lake
record.
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Figure 1. Map of the study area in the NE Peloponnese. (a) Overview of the Peloponnese with the location of selected cities and archaeolog-
ical sites (red), lacustrine (dark green) and lagoonal (light green) sediment archives, and speleothem archives (purple). (b) Topographic map
of the poljes area with the location of the coring sites (green) and settlements (black). Black lines trace the surface hydrological catchments.
Contour lines are drawn in increments of 100 m. Photo locations A–C from Fig. 2 have been indicated by a dotted square and yellow stars.

2 Regional setting

The three karst poljes Pheneos, Stymphalia, and Kaisari are
located in the northeastern Peloponnese at the southern base
of the Mt. Ziria (also known as Kyllini) (2374 m) limestone
massif at an elevation of ca. 600 m above sea level (Fig. 1).

The Stymphalia Polje, extending approximately 13 km
from west to east, comprises the only remaining natural per-
manent lake of the Peloponnese, Lake Stymphalia (37.85◦ N,
22.46◦ E), as well as the archaeological site of the Hellenis-
tic town of Stymphalos (Walsh et al., 2017; Williams, 1983;
Williams and Gourley, 2005). The total catchment area today
is approximately 217 km2, excluding subsurface water flow
of the Ziria karst system (Nanou and Zagana, 2018). The
larger Stymphalia catchment (∼ 182 km2) and the smaller
Kaisari catchment in the NE (∼ 35 km2) were connected in
the early 20th century CE by an artificial tunnel (Knauss,
1990; Morfis and Zojer, 1986). Formerly, Lake Stymphalia
drained via one main sinkhole (katavothre), which was en-
cased in concrete in the 19th century (Morfis and Zojer,
1986). Today, water is pumped away for agricultural pur-
poses via the Hadrianic aqueduct that was built around
130 CE and reactivated in the 19th century CE. Since the
building of the aqueduct, lake level and size have varied con-
siderably over time (Seguin et al., 2019).

Geologically, the Stymphalia Polje is located in the lime-
stone and dolomite-dominated Gavrovo–Tripoli and Olonos–
Pindos geotectonic zones, where karst features are abundant.
Outcrops of the metamorphic phyllite–quartzite series, Neo-
gene and Pleistocene conglomerates and marls, schists, and
Quaternary deposits can be found mainly in the west and
southwest (IGME, 1982, 1970; Morfis and Zojer, 1986).

The Kaisari Polje (37.93◦ N, 22.55◦ E, ca. 730 m a.s.l.)
stretches ca. 7 km from the SW to NE directions. Morfis and
Zojer (1986) considered it to be part of the Stymphalia Polje
and called it valley of Klimenti, which is a village north of the
village of Kesario/Kaisari (Fig. 1). It contained a small lake
in former times, which was drained in the 1880s for agricul-
tural purposes. The catchment geology of the Kaisari Polje is
more homogeneous and consists of Neogene marls and con-
glomerates (Morfis and Zojer, 1986).

To the west of the Stymphalia Polje, crossing the Geron-
teion Pass in the Mavrovouni mountain ridge (rising up
to 1600 m), the Pheneos Polje (37.85◦ N, 22.33◦ E) is lo-
cated at approximately 700 m a.s.l. It is 28 km long and max.
13 km wide, with a catchment area of approximately 235 km2

(Knauss, 1990; Morfis and Zojer, 1986). The ancient site
of Archea Pheneos at the NW end of the polje (Fig. 1)
was mainly inhabited during the Middle Helladic (ca. 4050–
3650 BP).

Morfis and Zojer (1986) divide the Pheneos polje into an
eastern and a western bay. It consists of two main hydro-
tectonic systems containing 87 springs and seven sinkholes
(Morfis and Zojer, 1986). In this karstic environment, subsur-
face flow is of high importance for the hydrological system
(Nanou and Zagana, 2018). Today, no perennial Lake Phe-
neos exists anymore and the water drains through trenches
to the eastern katavothre (Fig. 2a). Most katavothre were an-
thropogenically regulated and the polje floor is no longer in-
undated, thus creating more space for agricultural land. Only
during wet winter months may a small ephemeral/seasonal
lake develop in the western bay (Morfis and Zojer, 1986). To-
day, the eastern katavothre is surrounded by a concrete con-
struction to prevent it from blocking (Fig. 2c). Knauss (1990)
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Figure 2. Photos of the Pheneos Polje. Locations are indicated in Fig. 1. (a) Aerial perspective with southwestward view on the eastern bay
of the Pheneos Polje. (b) Side view on palaeoshorelines in the eastern bay close to Amigdalia. (c) Top-down view into the eastern katavothre
contained in a concrete construction. The metal grille allows the discharge of water and prevents blockage. To the right, humans for scale
(photos: Joana Seguin, 2017; Ingmar Unkel, 2019).

refers to different historical scholars who recount that it was
blocked in the past more than once, causing inundations and
high lake level stands, but they also report periods with com-
plete desiccation of the polje. During the Ottoman period, the
drainage system was purposely blocked in the 1820s, leading
to a 39 km2 large and 42.5 m deep lake, which was reopened
by an earthquake in 1834 (Knauss, 1990).

Geologically, the Pheneos Poljes is similar to Stym-
phalia. It is likewise located in the limestone- and dolomite-
dominated Gavrovo–Tripoli and Olonos–Pindos zones. Out-
crops of the metamorphic phyllite-quartzite series, Neogene
and Pleistocene conglomerates and marls, schists, and Qua-
ternary deposits are also present (IGME, 1982, 1970; Morfis
and Zojer, 1986).

The Asea valley is located in central Arcadia, close to
Tripoli (Peloponnese) and about 50 km south-southwest of
Stymphalia. Contrary to the geomorphologically closed pol-
jes, the Asea valley, although located on the southwestern
margin of the large Tripoli polje, is hydrographically con-
nected to the catchments of the rivers Alpheios and Euro-
tas, both draining into the Ionian Sea, and thus Asea rep-
resents a natural thoroughfare (Unkel et al., 2014). Archae-
ological information for the site from Palaeolithic to early
modern times is available from a field survey in the 1990s
(Forsén and Forsén, 2003). Geologically, Asea belongs to the
Gavrovo–Tripoli zone, characterized by carbonate rocks and
some clastic flysch (IGME, 2002, 1992; Morfis and Zojer,
1986; Unkel et al., 2014).

3 Materials and methods

The methods applied equal the analyses of the sediment cores
from Stymphalia (STY1) and Asea (Asea-1) (Heymann et
al., 2013; Seguin et al., 2019; Unkel et al., 2014; Table 1),
which allows detailed comparisons with our newly recovered
records Pheneos (PHE1) and Kaisari (KES2).

3.1 Sediment coring

Fieldwork at the former lake sites of Kaisari and Pheneos
was conducted in spring 2017. At the time of coring, both
sites were drained and covered by pastures and non-vegetated
field, thus being accessible for land-based vibracore drilling.
Following a test coring using an open system (A cores), two
parallel cores (B and C) for each site with a vertical offset
of 50 cm were retrieved in 1 m sections of 55 mm diameter
using inliner tubes deployed in a piston corer (Stitz type).
PHE1 (37.85114◦ N, 22.33510◦ E; 390 cm total length) was
cored in the eastern bay of the Pheneos Polje in proxim-
ity to the eastern katavothre. Two corings were taken from
the Kaisari Polje, and we here present results from KES2
(37.94558◦ N, 22.57641◦ E; 350 cm total length), which is
assumed to have been closer to the former lake depocen-
tre. The sediment cores were kept in their sealed inline PVC
tubes and transported to Kiel University (Germany), where
they were stored at +4 ◦C in a cooler.

3.2 Sedimentology and geochemistry

After the cores from Pheneos and Kaisari had been split,
they were described in terms of lithology, sediment texture,
structure, and colour according to Munsell soil colour charts
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Table 1. Overview of coring sites discussed in this study.

ID Location Core Coordinates Elevation Catchment Presented core
acronym (m a.s.l.) size length

1 Stymphalia STY1 37.84944◦ N, 22.46056◦ E 610 182 km2 324 cm
2 Kaisari KES2 37.94558◦ N, 22.57641◦ E 730 35 km2 350 cm
3 Pheneos PHE1 37.85114◦ N, 22.33510◦ E 710 235 km2 390 cm
4 Asea Asea-1 37.37603◦ N, 22.26592◦ E 630 500 cm

(Munsell, 2000). A master depth scale was established for
each site based on a compilation of overlapping parallel cores
using the RGB colour values. The core sections were visually
correlated using distinct marker layers.

Fresh and smooth core surfaces of the archive half
cores were prepared for line-scan photography (resolution:
143 ppcm cross-core and down-core, shutter time: 5 ms) and
subsequently analysed geochemically via non-destructive X-
ray fluorescence (XRF) scans using an Avaatech XRF core
scanner (Richter et al., 2006) and an attached colour line-
scan camera. The defined overlapping intervals in the paral-
lel cores were scanned in two runs with 10 kV (exposure time
of 10 s at 750 µA) and 30 kV (exposure time of 20 s at 2 mA,
using a Pd thick filter) at a resolution of 5 mm. Combining
the data into a continuous sequence and data cleaning were
done in R version 3.5.1 (R Core Team, 2019). Cleaning of
the dataset, i.e. the removal of explicit outliers and refilling
of the missing values by linear interpolation, was done man-
ually prior to statistical processing. Voids in the sediment,
e.g. in PHE1 275–300 cm and in the topmost parts of both
cores, were not filled with interpolated data. We selected 10
elements that were measured in all cores (10 kV: Al, Si, K,
Ca, Ti, Mn, Fe; 30 kV: Rb, Sr, Zr) for detailed analyses along
the sediment sequence. The XRF scanning results are ex-
pressed as element intensities that were transformed into cen-
tred log ratios (Weltje et al., 2015). Unlike element intensi-
ties, centred log ratios of elemental pairs minimize measure-
ment variation caused by sample geometry, physical proper-
ties, and the closed-sum effect (Weltje and Tjallingii, 2008).
Centred log ratio (clr) transformed data were also used for
multivariate statistical operations.

Data exploration was conducted by statistical analyses us-
ing the open-source programme R (R version 3.4.2; R Core
Team, 2019). For each study site, we applied a standardized
and rotated principal component analysis (PCA) to the geo-
chemical elements to reduce the dimensions that explain the
variability in the dataset in the first place and secondly to
explore the relationship between the different elements and
their distribution within the sedimentary units. These princi-
pal components (PCs) do not have absolute units but reflect
relative changes in the chemical composition over time. Ele-
ment correlations of all elements acquired by XRF scanning
were explored by biplots (Aitchison and Greenacre, 2002),
which show the correlation of each element with respect to

the main variance in the data indicated by principal compo-
nents. For each lake ecosystem, the interpretation of element
ratios as proxies for palaeoenvironmental variation needs to
be explored and validated individually prior to multi-site
comparisons (Xu et al., 2010).

For discrete samples from KES2 and PHE1, the grain
size distribution < 2 mm was measured on air-dried samples
(ca. 0.3 g, n= 21) every 30 cm using a laser particle anal-
yser Malvern Mastersizer 2000. The samples were pretreated
with hydrogen peroxide (H2O2, 35 %) to remove the or-
ganic matter, and the dispersant agent sodium pyrophosphate
(Na4P2O7) was added to avoid aggregation of particles. At
least one measurement was conducted per previously identi-
fied lithological unit. The grain size distribution was catego-
rized according to the DIN EN ISO 14688-1 nomenclature
and indicated in volume percent (Figs. 4 and 5). However,
grain size determination via laser diffraction on carbonate-
rich sediments is known to be difficult (Murray, 2002), and
thus it only provides general guidance here. In addition to
laser diffraction, we use clr(Zr/Rb) as an indicator for varia-
tion in grain size of the clastic input (Figs. 4, 5), where lower
values reflect finer-grained, clay-size particles (Dypvik and
Harris, 2001).

Additionally, samples for carbon and nitrogen analyses
were taken at the same intervals. The concentrations of total
carbon (TC), total inorganic carbon (TIC), and total nitrogen
(TN) were determined on dried and powdered samples using
a Euro EA (elemental analyser). We calculated total organic
carbon (TOC) concentrations in dry sediment by subtracting
TIC from TC. The TOC/TN ratio was calculated to indicate
the origin of the sedimentary organic matter. While values
for autochthonous organic matter, such as algal biomass, are
low, generally ranging between 4 and 10, land-plant organic
matter eroded into the lake shows values higher than 10 and
vascular plants even higher than 20 (Meyers, 2003).

3.3 Radiocarbon dating and Bayesian modelling

The radiocarbon dates used here from Stymphalia are pub-
lished in Heymann et al. (2013) and Seguin et al. (2019)
while those from Asea are published in Unkel et al. (2014).
The chronologies of the new sediment cores from Pheneos
and Kaisari (Table 2) are based on accelerator mass spec-
trometry radiocarbon (14C) measurements performed at the
Poznań Radiocarbon Laboratory.
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Table 2. List of radiocarbon samples taken from PHE1 and KES2. The sampling depths refer to the master core. Indicated 14C ages are
unmodelled ages giving the 68.2 % calendar dating probability. Indicated IntCal13 ages are cal BP ages modelled with rcarbon using the
IntCal13 calibration dataset (Reimer et al., 2013).

Sample Core ID Analysis Sample Sample C content in this Conventional 14C Calibrated 14C age Depth Remarks
no. no. material fraction fraction1 (mg C) age ±1σ (BP) (cal BP), 1σ -ranges (cm)

KES103 KES-2c Poz-95623 bulk sediment alkali residue > 1.0 1515± 30 1350–1414 103
1465–1475
1510

KES169 KES-2c Poz-95624 bulk sediment alkali residue 0.9 2775± 35 2799–2822 169
2843–2894
2901–2924

KES240 KES-2c Poz-95564 bulk sediment alkali residue 0.4 3420± 35 3613–3706 240

KES282 KES-2c Poz-95625 bulk sediment alkali residue 0.2 4530± 50 5059–5114 282
5117–5185
5215–5222
5238–5241
5266–5306

KES332 KES-2c Poz-95626 bulk sediment alkali residue > 1.0 2825± 30 2879–2914 3322 broken vial –
2916–2958 contaminated

PHE075 PHE-1b Poz-95627 bulk sediment alkali residue 0.5 4080± 40 4450–4465 752

4518–4625
4764–4788

PHE095 PHE-1c Poz-98167 bulk sediment alkali residue > 1.0 4890± 40 5595–5647 952

PHE128 PHE-1c Poz-95628 bulk sediment alkali residue 0.9 4850± 40 5489–5504 1282

5582–5615
5628–5642

PHE149 PHE-1b Poz-98169 bulk sediment alkali residue > 1.0 4825± 30 5486–5508 1492

5581–5600

PHE186 PHE-1c Poz-95630 bulk sediment alkali residue 0.8 3180± 35 3376–3413 186
3421–3445

PHE225 PHE-1b Poz-95565 bulk sediment alkali residue > 1.0 4100± 30 4528–4626 225
4763–4789

4795

PHE-256 PHE-1b Poz-106235 bulk sediment alkali residue 0.5 5870± 40 6656–6737 256

PHE348 PHE-1b Poz-95797 bulk sediment alkali residue 0.2 8640± 60 9539–9634 348
9641–9660

Notes: 1 Amount of remaining sample material after respective pretreatment. 2 Dates have been excluded from age–depth modelling.

For Pheneos and Kaisari, bulk sediment samples were
taken for dating using the alkali residue fraction, due to the
absence of discrete organic macro-remains during visual ex-
amination. Tephra layers supporting the chronology could
not be found in the sediments and have so far not been re-
ported in southern Greece for the Middle to Late Holocene
in this area (Zanchetta et al., 2011). Poor preservation of or-
ganic matter and the high amount of reworked material and
inorganic carbon content present a considerable challenge for
precise 14C dating in the semi-arid Mediterranean (Grootes
et al., 2004; Vaezi et al., 2019; Walsh et al., 2019). As hu-
man decisions may have a strong influence on the age–depth
modelling, we present our dating proceeding in detail in the
following.

The age–depth models of Pheneos and Kaisari were pro-
duced using rbacon (Blaauw and Christeny, 2011) with re-
spect to the IntCal13 calibration curve (Reimer et al., 2013)
and without applying any reservoir correction (Fig. 5).

For the Pheneos sequence, we calculated the age–depth
model PHE_03 based on eight samples (Table 2) for the com-
plete master core of 390 cm (Fig. 5). The analysis of the
sediment sequence gave no indications for hiatuses or ero-
sional discontinuities, and thus a continuous sedimentation
was assumed. The lithology of the upper half of the core
however seems different and most probably reflects higher
input of terrestrial material. Four samples taken from units
7 and 8 (PHE075 – PHE149) all show an age reversal of up
to 3000 years, indicating contamination by old detrital car-
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bon (Seguin et al., 2019) and were hence excluded from the
modelling process.

For the Kaisari sequence, four bulk samples were used (Ta-
ble 2) along the 350 cm core (Fig. 5). The top of the sediment
cores in Kaisari and Pheneos was disturbed by agricultural
activity, and the uppermost sedimentological unit was con-
sidered to be plough horizon at both sites. Hence, it was not
used for dating, and the date of the surface was defined as the
year of coring (−67± 10 BP).

For Asea, charcoal and plant remains from 30 sediment
intervals were handpicked, pretreated, and radiocarbon dated
by NOSAMS at Woods Hole Oceanographic Institution (see
Table 1 in Unkel et al., 2014). The initial age–depth model
was published in Unkel et al. (2014); it was calculated using
Oxcal 4.1 and based on IntCal09 (Reimer et al., 2009). Based
on the most recent state of knowledge and for the sake of
consistency in the inter-comparison, the model was also up-
dated here using rbacon and IntCal13 as a calibration curve
(Reimer et al., 2013, Fig. S1). As sample nos. 229 and 236,
i.e. charcoal material, most likely gave too old of ages, we
considered them here as outliers. Sample nos. D, L, M, N,
233, and 235 were considered too young of ages, as they con-
tained root fragments probably penetrating the sediment post
hoc, e.g. reaching to the aquitard (greenish grey units 2–3)”
(Unkel et al., 2014). They were likewise considered to be
outliers and excluded from modelling (Fig. S1).

For Stymphalia, the data and modelling approach is de-
scribed in detail in Seguin et al. (2019). It is based on 45 ra-
diocarbon measurements on 26 samples, modelled with rba-
con and calibrated using IntCal13 as the calibration curve
(Reimer et al., 2013). For bulk sediment samples, we re-
garded the humic acid fraction as providing more plausible
results than the alkali residue fraction, and we applied a reser-
voir correction of 200±100 years. Cultural dates such as the
building of the Hadrianic aqueduct and the finding of a ce-
ramic sherd were additionally integrated into the modelling
approach.

If not stated otherwise, mean ages were extracted for all
models and used for representation and interpretation of the
geochemical proxies. In the following, all dates are indicated
as calibrated calendar years before present (cal BP), where
“present” is defined as 1950 CE with 1σ -uncertainty ranges
according to Mook and van der Plicht (1999).

4 Results

4.1 Lithostratigraphy and geochemistry

The lithology of the Stymphalia core STY1 is presented by
Heymann et al. (2013) and Seguin et al. (2019). The upper
324 cm was distinguished into 20 lithological units (units 54–
70b). The colours are generally brighter in the upper half; a
distinct blackish layer (unit 62) separates the upper brown-
ish units from the lower, darker greyish units (Seguin et al.,
2019).

Similar to the other sites, the sequence presents fine sed-
iments dominated by silt. Contrary to the other cores, shell
fragments of Bithynia sp. and Valvata sp. gastropods appear
frequently.

For the Asea core, 11 lithological units were differentiated,
and the sequence has a fine texture of clay to silt size parti-
cles with few intercalations of smaller carbonate clasts and
isolated pebbles. The colours range from very dark greyish
brown at the bottom to dark olive brown at the top, generally
becoming brighter towards the top except for the blackish
unit 9 (Unkel et al., 2014).

4.1.1 Pheneos

Core PHE1 stretches over 390 cm and nine lithological units
(Fig. 3, Table S1). The upper 19 cm is missing due to uncon-
solidated material and core compaction. Due to an unfortu-
nate match of coring depths of parallel lower core segments,
a void exists at 276–290 cm.

Colours range from 10YR 3/1 to 10YR 5/3 (Munsell,
2000) with brown and dark yellowish brown colours char-
acterizing the sediments. The lower part of the core is gen-
erally darker than the upper half, except for the bright unit 1
(Fig. 3). The transitions between the units are all gradual and
do not show signs of abrupt changes. Visible organic debris
is absent except for some modern roots in the plough hori-
zon (unit 9). Very few mollusc shell fragments were found
in units 6 to 8. The TOC content varies between 0.2 wt %, at
the boundary between units 1 and 2, and 2.3 wt % in the up-
permost unit (Fig. 3). The existence of numerous carbonate
concretions within the rather fine matrix of the sediment in
several intervals of the core is characteristic and points to-
wards at least seasonal desiccation and initiation of soil for-
mation. A higher number of carbonate concretions with di-
ameters < 0.5 cm occurs in units 1 and 4. TIC (ranging from
0.6 to 4.0 wt %) and Ca contents follow a similar trend, show-
ing the highest values in unit 1 and low values in units 2 and
5. Total nitrogen (TN) ranges from 0.04 to 0.16 wt % with
an average of 0.08 wt %. The TOC/TN ratio ranges from 4.8
to 21.6, indicating varied mixing of aquatic algae and terres-
trial vascular plant material (Meyers, 2003). Units 2 and 4
show the lowest TOC/TN ratios, suggesting a greater input
of autochthonous aquatic algae.

The grain size distribution ranges from fine to medium silt;
it has a mean clay content of 20.4 vol %, a mean silt content
of 78.1 vol %, and a mean sand content of only 1.5 vol %. The
uppermost unit 9 is of homogeneous brown colour and has an
exceptionally high clay content > 30 vol %, which may be
linked to alteration and compression by agricultural use of
the area. Due to this modern anthropogenic alteration, unit 9
is excluded from any palaeoenvironmental interpretation.
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Figure 3. PHE1 composite core log with pictures (a), master core profile (b), lithological units (c), and overview of different proxies plotted
against depth. Age scale is adapted to depth scale. Depths where samples for 14C dating were taken are marked by red dots. (d) RGB
colour values (blue, green, red). (e) TOC (black line) and TOC/TN (red dotted line). (f) TIC (circles) together with counts per second (cps)
of calcium (dark blue line). (g) Titanium (in cps). (h) Iron (in cps). (i) Log ratio of Zr/Rb. (j) Log ratio of Ca/Ti. (k) Granulometry. For
orientation, boxes with lithological units (l) and cultural periods (m) are indicated (for abbreviations and temporal classification of cultural
periods see Table S3 and Weiberg et al., 2016).

4.1.2 Kaisari

The core KES2 has a length of 350 cm, while the upper 34 cm
of unconsolidated material is missing. Most analyses includ-
ing XRF scanning exclude the upper 50 cm, as the material
was too loose to meet the scanning prerequisites. KES2 was
subdivided into seven lithological units (Fig. 4, Table S2). No
laminations are visible, all unit boundaries are gradual and
do not show any sign of abrupt changes, hiatuses, or event
layers. Overall, the core looks very homogeneous; yellowish
brown to olive-brown colours (10YR 4/4 to 2.5Y 5/3; Mun-
sell, 2000) are dominant. Reddish mottled sections with a
higher Fe content suggest that the coring spot periodically
dried out and oxidation processes occurred. However, frac-
tures, layers of gypsum, or carbonate nodules, which could
indicate desiccation or soil formation, are absent. With the
beginning of unit 6, few patches of reddish material appear,
which suggests the selective input of reddish soils present
in the catchment. Macro-remains are likewise largely absent

except for some roots in the plough horizon (unit 7) and spo-
radic, small shell fragments in the lower part of the core. In-
tact gastropod shells – abundant in Lake Stymphalia – are
absent here. The sediment sequence has a fine, silty texture
composed of a varying mixture of clay (mean= 21.5 vol %)
and silt (mean= 77.5 vol %); sand content was < 1 vol %.
TOC varies between 1.0 wt % and 2.2 wt %. TN is similar to
Pheneos and ranges from 0.06 wt % to 0.13 wt % with an av-
erage of 0.09 wt %. TOC/TN ratios are in the range of 14–27,
which – in contrast to Pheneos – indicates a predominantly or
exclusively terrestrial source of organic matter with a higher
input of vascular plants (TOC/TN > 20) in units 2 to 4.

4.2 Core chronologies and sedimentation rates

The 390 cm long Pheneos core covers a total time span of
10 500 years (Fig. 5a). On average, the sedimentation rate
for the whole sequence was calculated at approximately
0.37 mm yr−1, being lowest between 4500 and 6500 cal BP
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Figure 4. KES2 composite core log with pictures (a), master core profile (b), lithological units (c), and overview of different proxies plotted
against depth. Age scale is adapted to depth scale. Depths where samples for 14C dating were taken are marked by red dots. (d) RGB colour
values (blue, green, red). (e) TOC (black line) and TOC/TN (red dotted line). (f) TIC (circles) together with calcium (dark blue line, in
1000× cps). (g) Titanium (in 1000× cps). (h) Iron (in 1000× cps). (i) Log ratio of Zr/Rb. (j) Log ratio of Ca/Ti. (k) Granulometry. For
orientation, boxes with lithological units (l) and cultural periods (m) are plotted to the right (for abbreviations and temporal classification of
cultural periods see Table S3 and Weiberg et al., 2016).

with ca. 0.16 mm yr−1, slightly increasing to 0.32 mm yr−1

between ca. 4800 and 3300 cal BP, and further increasing to
ca. 0.53 mm yr−1 during the last 3000 years.

Based on the age–depth model KES2_01 (Fig. 5b),
we calculated the average sedimentation rate to be ap-
prox. 0.54 mm yr−1 with a slightly higher accumulation rate
(0.78 mm yr−1) between 3800 and 2800 cal BP.

For Asea, the initial age–depth model by Unkel et
al. (2014) was updated by a more sophisticated modelling
approach. Now, the 500 cm long core covers a time span
of 5400 years. Our new age–depth model shifted towards
younger ages by up to 1000 years compared to the Unkel-
2014 model, especially during the third millennium cal BP
(Fig. S1). According to the new age–depth model (Asea_9),
the average sedimentation rate for Asea is calculated to
0.92 mm yr−1. For the period 3000–3600 cal BP, the rate is
considerably lower with approximately 0.3 mm yr−1.

So far, the upper 5 m of the Stymphalia STY-1 core has
been studied geochemically in high resolution (Seguin et
al., 2019; Heymann et al., 2013). The most recent age–
depth model was calculated for the upper 324 cm, indicat-
ing a basal age of 8500 cal BP (Seguin et al., 2019). This
gives an average sedimentation rate of 0.38 mm yr−1 for the
total sequence. For the period 8500–2000 cal BP, the rate
is calculated to be approximately 0.2 mm yr−1. It rises to
0.4 mm yr−1 around 195 cm and strongly increases to more
than 2 mm yr−1 at 165 cm. For the uppermost 50 cm, a low-
ering of the sedimentation rate to 0.7 mm yr−1 was calculated
(Seguin et al., 2019).

Asea-1 shows a consistently higher average sedimentation
rate than the other three sites (Fig. 7). For 6500–3500 cal BP,
the sedimentation rate in STY1 and PHE1 is similar and in-
creases in younger times. For KES2, the sedimentation rate
stays relatively constant over the whole period, which can
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Figure 5. Bayesian age–depth models for Pheneos (a). Kaisari (b).
The models were constructed using the R package rbacon (Blaauw
and Christeny, 2011). The blue tie bars indicate the 14C age distri-
butions (see Table 2). Outliers are plotted in red and were excluded
from modelling (explanation in the text). The greyscale of the line
graph reflects the likelihood: the darker the more likely the model
passes through that age. The red dotted line follows the mean ages.
The core lithologies are plotted to the left.

mainly be attributed to the lowest available number of radio-
carbon dates.

In the following, we compare and interpret all four
archives palaeoenvironmentally for the last 5000 years, since
the beginning of the Helladic period (Table S3), a pe-
riod when the Greek societies were sedentary and generally
achieved major advances in social, economic, and technolog-
ical skills (Bintliff, 2012).

4.3 Statistical analyses of the geochemical data

The principal component analysis, based on clr-transformed
data, revealed comparatively similar patterns for all for sites
(Fig. 6). The first two principal components (PC1 and PC2)
for each site account for > 65 % of the variance in the re-
spective dataset. For Stymphalia, PC1 explains 62.5 % of the

variance and is negatively associated with Ca and Sr and
positively associated with elements in clastic materials. For
Kaisari and Asea, the relationship is similar and PC1 ex-
plains 43 % and 46.1 % respectively (Fig. 6). For Pheneos,
PC1 also spans the axis between carbonate and terrigenous
assemblages (53.1 %), but Sr appears more distant from Ca
and closer to Si, indicating an additional non-carbonaceous
Sr source, e.g. feldspars (Kylander et al., 2011). Generally,
the loadings of Ca and Sr in carbonates are closely bound
together and point to one axis direction, while the loadings
of elements such as Al, Fe, K, Rb, Si, Ti, and Zr in clastic
material show a wider spread of directions, but largely point
to the opposite direction of the carbonates, indicating a high
negative correlation (Fig. 6). The influence of K is the most
variable in the four archives and more strongly influences
PC2. Mn plots perpendicular to most of the other elements,
indicating that it is influenced by an independent process.

A colouration of the point cloud by depth (Fig. 6) vi-
sualizes the geochemical evolution of the lake ecosystem
and intervals where general geochemical changes become
visible or abrupt changes are revealed. For Asea, for ex-
ample, the upper lithological unit has not been interpreted
palaeoenvironmentally, because post-depositional processes
have caused the precipitation of carbonate nodules (Unkel et
al., 2014). This can be observed in an abrupt shift in the bi-
plot towards very Sr- and Ca-rich samples (Fig. 6).

For a comparison of all sites, the clr(Ca/Ti) ratio, showing
higher correlations for all sites, seemed to be more suitable
to depict this relationship than clr(Rb/Sr), which was ap-
plied as a palaeoenvironmental proxy for Stymphalia (Seguin
et al., 2019). It was thus compared to PC1 and plotted over
time (Fig. S3) to demonstrate similarities and to illustrate the
highest fluctuations of geochemical proxies in the respective
dataset.

5 Discussion

5.1 Archive comparison on the spatial scale

Our analyses of the four sediment cores revealed consider-
able variation within the proxies, which shows that the land-
scape in NE Peloponnese has changed significantly over the
last 5000 years. Changes in the proxies can be interpreted
on different spatial and temporal scales. Microscale changes
occur due to local forcing that only influences one lake catch-
ment and hence is not visible in the neighbouring poljes.
They may also hint towards anthropogenic activities in the
respective valley. Archaeological evidence at the study sites,
however, is limited to specific periods. Human activity within
the lake catchments certainly had an impact on erosion pro-
cesses and water availability (Seguin et al., 2019), but archae-
ological information is often lacking and it is not always evi-
dent to differentiate clearly anthropogenic and natural drivers
in the geochemical record of the sediment. On a mesoscale,
we find regional, climatic similarities across the Pelopon-
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Figure 6. Principal component analyses (PCA) for all study sites. (left) Variable correlation circles of PCA of the XRF data for each site
displaying correlation between PC1 (Dim1) on the x axis and PC2 (Dim2) on the y axis. (right) Distribution of sample points in the PC1–PC2
scatter plot for each site. The samples are coloured according to their depth in the sediment core from purple (surface) to red (maximum
depth). The point density for STY1 is highest because data resolution is 1 mm. For the interpretation, the reader is referred to the text.

nese visible in all four sites, while macroscale changes can
be linked to over-regional climatic phenomena also visible in
further proxy records from Greece and adjacent regions.

All study sites represent shallow lacustrine environments
that were not permanently waterlogged during the respective
period, but rather show phases of periodic or episodic des-

iccation. Although Pheneos, Stymphalia, and Kaisari are lo-
cated in the immediate proximity (Fig. 1) and may have ex-
perienced the same climatic changes, the sedimentary facies
vary significantly due to differences in catchment size, lake
size and depth, and geology. Common features of all sites
are a relatively low organic carbon content and the very low
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abundance of sand-sized particles within the grain size dis-
tribution. Fine-grained silty clay and clayey silt dominate the
Pheneos and Kaisari sequences. Sand and coarse matrix (>
2 mm) are almost absent with the exception of carbonate nod-
ules in PHE1 (Fig. 4). No event layers were identified, and
boundaries between the sedimentary units are exclusively
gradual in Pheneos and Kaisari. Combined with the domi-
nance of fine material, this indicates rather constant deposi-
tion of sediment under relatively stable or gradually changing
conditions and excludes the existence of slumped units de-
posited during extreme precipitation events or earthquakes.
Accordingly, the sediment sequence in Kaisari only shows
very slight variations in the geochemical proxies (Fig. 4).
The catchment and the transport distance from the slopes to
the coring spot are much smaller, and the input of terrestrial
detritus is thus higher compared to Pheneos or Stymphalia.
Comparatively stable counts of terrigenous elements suggest
that the input of clastic detritus was relatively constant during
the Middle and Late Holocene, which is likewise supported
by the rather stable sedimentation rate.

A comparison of all four age–depth models (Fig. 7) shows
a generally higher resemblance for the age–depth curves for
the three poljes surrounding Mt. Ziria, while the model for
Asea shows a significantly higher sedimentation rate. While
Stymphalia and Pheneos have similar sedimentation rates
in the lower part (> 3800 cal BP), Kaisari shows an overall
more constant and slightly higher deposition rate, which can
be ascribed to the softer and more easily erodible marl sed-
iments in the catchment and the smaller lake size, where al-
lochthonous detrital material from the slopes reaches the cor-
ing site more easily. In Stymphalia, a strong increase in the
sedimentation rate related to anthropogenic activity was ob-
served around 1200 cal BP (Seguin et al., 2019). In Pheneos,
age constraints for the upper 185 cm are unfortunately weak,
and we link the age reversals in unit 7 to higher input of old,
terrestrial carbon, which may have been caused by increased
erosion caused by human activity. Contrary to Stymphalia,
we did not apply a reservoir correction to the chronologies
for Pheneos and Kaisari, because this varies site specifically
and may even change over time (Grimm et al., 2009; Stein
et al., 2004). Due to the old carbon effect, it is more likely
that the age–depth models for Kaisari and Pheneos indicate
too old ages than the opposite (Grootes et al., 2004; Ols-
son, 1991). To account for discrepancies in the chronologies
(see also Fig. S2), we restrict the analysis of variation in the
dataset to the centennial scale and do not trace direct links
between palaeoenvironmental and societal changes.

The 390 cm long Pheneos sediment sequence covers the
last 10 500 years, while the bottom of the 350 cm long
Kaisari core (KES2) was dated to 6500 cal BP. Both lakes
have experienced at least periodic desiccation during the last
5000 years, which is indicated by the absence of visible or-
ganic macro remains, the low TOC content, and the carbon-
ate nodules in Pheneos and the strongly mottled nature of
the sediment in Kaisari suggesting turbation. Due to the non-

stratified lithology with oxidized patches, low preservation
of organic remains, and the absence of indications for anoxic
conditions, the sediments of both palaeolakes suggest rela-
tively shallow water levels and high water level fluctuations
with a well-mixed and ventilated water column.

For all our study sites, the first principal component (PC1)
explains the variation between carbonate-rich and mineral-
rich assemblages (Fig. 6). Similar elemental distributions in
PC1 have been found in Greece (Katrantsiotis et al., 2018)
and in Tibet (Ramisch et al., 2018). We interpret these fluctu-
ations as hydro-climatic variations. Intensified carbonate pre-
cipitation (low values of PC1) occurs during warm and dry
summers, while the input of clastic material (high values of
PC1) may be enhanced during wetter periods (Croudace and
Rothwell, 2015; Heymann et al., 2013; Katrantsiotis et al.,
2018). We use PC1 as the main palaeoenvironmental proxy
in the following, as it represents all carbonate and siliciclas-
tic elements by their loadings and thus is more representa-
tive than a ratio, based on only two elements, although the
clr(Ca/Ti) reflects the same bipolar distribution between car-
bonate precipitation and terrigenous input and depicts similar
trends (Fig. S3).

5.2 Palaeoenvironmental reconstruction on the
temporal scale

Changes in water level and water availability may be at-
tributed to climatic fluctuations as well as to human inter-
ference. The intensity and spatial distribution of human ac-
tivities however is highly variable over time. There is much
evidence that human activity in the Peloponnese increased
with the introduction of Helladic economies (Weiberg et al.,
2016). While low activities are assumed for most of the Final
Neolithic (archeologically constrained for the period 6450–
5150 BP), a population boom is inferred for ca. 4750 BP fol-
lowed by another decline around 4350 BP (Weiberg et al.,
2019). No explicit information is available on human im-
pact in the studied valleys for the Early Helladic period.
The onset of the Early Helladic period and thus the Greek
Bronze Age in southern Greece is archaeologically defined
at 5050 BP (Weiberg et al., 2016), and it can generally be as-
sumed that human activity in the study area existed through-
out the entire analysed period with varying intensities. Ac-
cording to Sadori et al. (2011), vegetation changes before
ca. 4000 cal BP can be linked to climatic rather than anthro-
pogenic forcing, which was locally restricted. The possible
impacts of climatic changes on sedentary communities are a
key topic in palaeoclimatic research in the eastern Mediter-
ranean; they may have been one factor contributing to the
downturn of societies, as intensely discussed for the Late
Helladic Mycenaean palatial period (Drake, 2012; Finné et
al., 2017; Kaniewski et al., 2013; Knapp and Manning, 2016;
Knitter et al., 2019; for cultural phases see Table S3).

In the following, we present our data chronologically di-
vided into three different periods; the limits were set accord-

https://doi.org/10.5194/egqsj-69-165-2020 E&G Quaternary Sci. J., 69, 165–186, 2020



178 J. Seguin et al.: Palaeoenvironmental reconstruction for the Peloponnese (Greece)

Figure 7. Comparison of age–depth models for all four study sites. Solid lines indicate the mean age of the respective model, while the
dotted lines indicate the ±2σ probability range. The shaded area reflects the possible age–depth distribution range.

ing to the boundaries of cultural periods of southern Greece
as defined by Weiberg et al. (2016), to underpin the signifi-
cance of human–environment interaction in the study area.

5.2.1 Early to Middle Helladic (5050–3650 cal BP)

For the Early to Middle Helladic period, our geochemical
proxies generally indicate wetter conditions. In Pheneos,
phases of blackish sediment colour with higher Fe con-
tent and slightly higher TOC content hint towards less oxy-
genated phases, in which the non-composed organic matter

and reduced iron minerals, e.g. iron sulfides, most proba-
bly cause the blackish colouration. In combination with low
Ca content, this generally indicates phases of lower evapo-
ration and more permanent water saturation around 5100–
3600 cal BP (unit 5; Fig. 4). This is further supported by
TOC/TN ratios of ±12, which indicate a mix of terrestrial
and aquatic organic matter (Meyers and Ishiwatari, 1993). It
thus seems as if during this period, wetter conditions pre-
vailed and the eastern Pheneos Bay was covered by a perma-
nent lake. In Kaisari, the geochemical proxies and the lower
TOC/TN ratio at 260 cm also indicate wetter conditions at
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the same time, but generally a higher variability. Asea shows
very stable conditions over the period 5000 to 3400 cal BP
with two short, dry pulses around 4900 and 4700 cal BP and
a general tendency towards increasingly wetter conditions.
The PC1 in Stymphalia likewise depicts wetter conditions
approximately until 4200 cal BP, when it reaches stable mean
values for the following 250 years. This is in agreement
with a humid period reported from Agios Floros (Fig. 8g;
Norström et al., 2018) as well as with results from a marine
sediment core from the NE Aegean Sea (Triantaphyllou et
al., 2016) indicating continuous warm and humid conditions
between 5.5 and 4.0 kyr BP terminating with the “4.2 kyr”
climate event.

The 4.2 kyr event is often described as a period of in-
creased aridity and drought conditions in large parts of
the Mediterranean (Finné et al., 2011; Isola et al., 2019;
Kaniewski et al., 2018) and has recently been set as a time
marker for the onset of the Late Holocene (Walker et al.,
2019). In the Asea record, the event is completely absent
(Unkel et al., 2014) and not clearly visible in our other three
records either (Fig. 8a–d). In Stymphalia, PC1 may indicate a
slight tendency towards drier conditions, while Pheneos and
Kaisari show more prominent short-term fluctuations on a
microscale level, representing higher fluctuations in the re-
spective lake levels.

5.2.2 Late Helladic to Archaic (3650–2429 cal BP)

The Middle Helladic to mid-Late Helladic cultural period
(ca. 4050–3300 cal BP) appears as a relatively stable phase
at all four sites, which is supported by reconstructions from
Lake Lerna (Katrantsiotis et al., 2019) and Agios Floros
(Norström et al., 2018), although they have a much lower
resolution. Following this more stable phase, several Pelo-
ponnesian records provide evidence for an aridification trend
starting around 3300 cal BP. Changes in the geochemical
proxies occur gradually; the most significant shift occurs
in Pheneos and Kaisari around 3300–3200 cal BP. The in-
put of terrigenous elements (e.g. Ti, Zr, K) decreases, while
carbonate content increases (Figs. 4, 5). Although elements
in siliciclastic material decrease in concentration, the accu-
mulation rate indicates an increase which may derive from
more intensified carbonate precipitation during drier condi-
tions. This is supported by the bright yellowish brown colour
of the sequences and reddish oxidized patches in the sedi-
ment, suggesting episodic desiccation. Climatologically, this
can be interpreted as warmer summers leading to more evap-
oration and carbonate precipitation and lower input of al-
lochthonous sediment due to less intense precipitation. While
Pheneos and Kaisari depict rather continuous shifts that peak
in 3000 cal BP, Asea and Stymphalia show two minor dry
spells around 3200 and 2900 cal BP while the conditions in
between seem wetter (Fig. 8a–d). This pattern looks similar
to the records from Gialova and Lerna (Fig. 8e, f; Katrantsio-
tis et al., 2018; Norström et al., 2018). The differences in the

reaction may be explained by age uncertainties, a diverging
resilience in the respective ecosystems, or differing sedimen-
tation processes. The considerable drying trend observed in
Pheneos and Kaisari is generally in line with the Agios Floros
record, Mavri Trypa, and Closani Cave, Romania (Fig. 8g,
h, j; Finné et al., 2017; Katrantsiotis et al., 2015; Warken et
al., 2018). Nevertheless, as the radiocarbon dates in Pheneos
show age reversals for this period, it cannot be excluded that
the material here has been reworked by relocation and trans-
port and that the geochemical proxies do not depict a climatic
signal for the respective time period.

The rapid climate change interval, as defined by Mayewski
et al. (2004) for 3500–2500 cal BP, is characterized by pro-
nounced but heterogeneous climatic shifts in many regions
across the Mediterranean and Europe. Scaling up to the
meso-level, some authors see a significant climate event at
3200 cal BP (3.2 kyr event) and relate it to cultural changes
at the end of the Late Helladic period (Table S3), also un-
derstood as the end of the Greek Bronze Age (Drake, 2012;
Finné et al., 2017; Kaniewski et al., 2013; Weiberg et al.,
2016). Other studies find more evidence of a climatic shift
around 2800 cal BP (2.8 kyr event; Neugebauer et al., 2015;
van Geel et al., 2014), temporally related to the onset of the
Greek Early Iron Age. The temporal and spatial diversity in
the results of various studies shows that climatic changes pro-
claimed on a macroscale could be regionally very different
and reveal very heterogeneous (local) conditions. This seems
to be particularly the case during this time interval, while
studies for other Holocene climate events, such as the 8.2 kyr
or the 4.2 kyr events, reveal more homogeneous manifesta-
tions on the different scales (Bini et al., 2019; Isola et al.,
2019; Zanchetta et al., 2016).

Several proxies confirm a drying trend in Greece at the
end of the Late Helladic period (Emmanouilidis et al., 2018;
Finné et al., 2017; Katrantsiotis et al., 2018, 2019; Warken
et al., 2018). While other studies indicate an overall drying
trend for ca. 3000–2000 cal BP, with a short break of one
wetter phase or two separate dry phases, as observed for ex-
ample at Agios Floros or Thassos Cave, Skala Marion, NE
Greek island (Norström et al., 2018; Psomiadis et al., 2018).
The juxtaposition of climate records shows that the end of
the Late Helladic period was a period of high climatic insta-
bility, during which the majority of the records for southern
Greece indicate a shift towards generally drier conditions,
but with high intra-regional variability (Finné et al., 2011).
We reason that based on the heterogeneous data, even on a
mesoscale, one needs to examine studies critically that draw
a direct causal link between climate fluctuations and cultural
decline. In the records presented here, we mostly see gradual
changes in the environmental proxies for the last 5000 years
and suggest that climatic fluctuations in the NE Peloponnese
have not been as rapid or drastic to cause a societal down-
turn. However, this may also partly be an effect of how the
climatic signal is stored in the sediment; as these lakes did
not produce varves or laminated sediments, we need to con-
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Figure 8. Comparison of the PC1 proxies (a–d, this study) with other regional records for the last 5000 years. (e) Gialova PC1 (Katrantsiotis
et al., 2018). (f) Lerna δD23 (reversed; Norström et al., 2018). (g) Agios Floros δD23 (reversed; Norström et al., 2018). (h) Mavri Trypa δ18O
(reversed; Finné et al., 2017). (i) Thassos Cave δ18O, Skala Marion (reversed, Psomiadis et al., 2018). (j) Closani Cave, Romania, autumn–
winter precipitation (Warken et al., 2018). (k) Regional mean and uncertainty range of the Balkan model based on 10, notably sedimentary,
archives from the Balkan region (Finné et al., 2019). Horizontal dotted lines depict the respective mean values for each dataset. Vertical
reddish shaded bars indicate periods with potentially drier or warmer climatic conditions (RWP: Roman Warm Period; MWP: Medieval
Warm Period).

sider the possibility that proxy signals have been smoothed
out over a few years. Nevertheless, as we detect no severe cli-
matic events in any of our records, we assume that climatic
changes may have been only one factor in a multi-causal re-
lationship influencing cultural transformations.

Human-induced vegetation clearing also increases erosion
and may cause similar signals in the sediment like an increase
in precipitation and surface run-off. Thus, the shifts observed
in Pheneos and Kaisari around 3300–3200 cal BP could like-
wise be explained by anthropogenic forcing. Late Helladic
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activity is attested for the Stymphalia Polje only by some pot-
tery sherds (Williams, 2013). In the Kaisari Polje, Late Hel-
ladic settlement activity is attested by pottery at the northern
fringe of the plain, and later there is some evidence of hu-
man activity in Archaic and Classical times (Lolos, 2011).
For Asea, we know about human activity due to an archae-
ological survey (Forsén and Forsén, 2003), but we do not
have any clear evidence from excavations to distinguish hu-
man and climate influences in the record (Unkel et al., 2014).
In the Pheneos Polje, pottery from the Late Helladic period
to Early Iron Age (ca. 3150–2650 BP) was found in archae-
ological surveys, but without clear stratigraphical informa-
tion (Erath, 1999; Howell, 1970; Tausend, 1999). Accord-
ing to Knauss (1990), there should be a Late Helladic arti-
ficial channel crossing the Pheneos Polje in order to control
the Aroanius River and prevent it from flooding the south-
ern and eastern plain. He hypothesizes extensive Mycenaean
hydro-engineering constructions according to which our cor-
ing spot would be located in a polder area that was subject to
controlled flooding and could otherwise be used for agricul-
tural purposes, as it is used today. However, such construc-
tions have never been proven by archaeological excavations,
and we do not see any clear evidence for such extensive hu-
man activity in our sediment record. A human influence on
the shift in the geochemical proxies (PC1, Ca/Ti, Fe, C/N)
around 3300 cal BP in Pheneos cannot be confirmed, as ar-
chaeological evidence is lacking. As the proxy signal is con-
temporaneous to changes in Kaisari and other records from
the region, we conclude that it more likely reflects a climatic
drying event around 3200 cal BP. However, due to the imma-
nent age uncertainties, we are not able to contribute to the
debate on narrowing down when exactly that period started.

5.2.3 Classical–Hellenistic to Medieval period
(2429–490 cal BP)

Climate reconstruction for the last 2400 years is challenging
in the four archives, as we see strong human impact and des-
iccation processes that additionally affect the geochemical
proxies (Seguin et al., 2019; Unkel et al., 2014).

Overall, increasingly dry conditions seem to prevail in the
area. During the last 2800 years, the sediment structure of
PHE1 looks more similar to KES2; carbonate nodules are
absent and high TOC/TN values of 21.6 around 2700 cal BP
(150 cm) show that the eastern Pheneos Bay received more
terrestrial influence. We assume that for several centuries
the eastern Pheneos Bay was shaped by relatively dry con-
ditions and was not covered by a considerably deep lake,
but most likely regularly fell dry periodically. This is further
supported by stronger oxidizing conditions and high varia-
tion in Ca content, notably in unit 7, reflecting the alterna-
tion between well-waterlogged and relatively dry environ-
mental conditions. An alternative explanation for the vari-
ability in carbonates could be the agricultural use of the area
during the Classical–Hellenistic and Roman periods (2429–

1650 cal BP), but clear archaeological evidence for that is
lacking. This pattern can be interpreted as a lasting transfor-
mation in the valley ecosystem starting around 3000 cal BP.
The Ca peaks hereby suggest dry phases with strong authi-
genic carbonate precipitation, but due to age uncertainties
and potential reworking of the material in this period, we
cannot link the peaks to any specific drought periods.

During the Classical–Hellenistic periods around
2200 cal BP, the Asea record starts to be influenced by
pedogenic processes and the occurrence of carbonate nod-
ules, which may indicate desiccation (Unkel et al., 2014).
At the same time, Lake Lerna experiences its driest phase
(Katrantsiotis et al., 2019). Stymphalia and Kaisari show
more stable conditions during this phase. For Kaisari, the
PC1 proxy indicates slightly wetter conditions between
2200–1700 cal BP, a phase often referred to as part of the
Roman Warm Period (RWP; Luterbacher et al., 2012), which
is in agreement with other proxies from the region (Boyd,
2015; Finné et al., 2014; Weiberg et al., 2016).

In the eastern Mediterranean, these trends are also re-
flected in the modelling approach by Finné et al. (2019)
and the records used therein (Fig. 8k). The Dark Ages Cold
Period or Late Antique Little Ice Age period (ca. 1550–
1200 BP; Büntgen et al., 2016; Helama et al., 2017), promi-
nent in the Stymphalia record around 1200 cal BP by high
variation in water availability (Seguin et al., 2019), is hardly
visible in Pheneos and Kaisari. Pheneos and Kaisari, how-
ever, show a short phase with moderately wetter conditions
from 1050 to 850 cal BP, which is in agreement with Gialova
Lagoon (Fig. 8e; Katrantsiotis et al., 2018) and Closani Cave
(Fig. 8j; Warken et al., 2018).

Historical sources report the existence of a large lake in
Pheneos in 1895 CE, which was completely dried up by
1901 CE (Knauss, 1990). These strong changes cannot be
observed in the sediment sequence, as the poljes have been
completely drained and used for agricultural purposes since
the 1930s CE. Hence, the uppermost 46–50 cm in the Phe-
neos and Kaisari cores shows signs of ploughing (Figs. 3, 4,
Tables S1, S2), and the palaeoenvironmental signals for the
last ca. 700 years have been destroyed.

The rocky, barren beach and palaeoshorelines (Fig. 2b) on
the flanks in the southern part of the Pheneos basin point to-
wards higher lake level stands at some point in the recent
past. Their exact age is unknown, but in combination with
the historically reported high stand in 1821–1834 CE, due
to the destruction of all katavothre by the retreating Turk-
ish troops (Knauss, 1990), the absence of rock coatings on
the boulders, and the sparse vegetation around them, we may
assume that they were formed during that short period. Yet,
Pausanias, travelling through Greece in the 2nd century CE,
already mentioned the existence of “mountains marks up to
which, it is said, the water rose” (Paus. 8.14.1), which sug-
gests that the existence of shorelines could also be older than
expected. A closer investigation of these features is needed
to give more precise information on their formation.
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Research to better understand soil development and ero-
sion processes in the research area is crucial to understand
landscape development with respect to the increasing an-
thropogenic land use. Decreasing the age uncertainties in
the chronologies, e.g. by finding datable organic macro-
remains or independent age markers, would facilitate the
study of socio-environmental interactions. Further studies on
the transformation of the landscape and land-use activities
would additionally call for pollen analysis, although pollen
preservation is extremely low (Walsh et al., 2017) or some-
times non-existent as the authors’ own (unpublished) test
samples from Stymphalia have shown.

6 Conclusions

Our comparative analysis of PC1 proxy responses between
neighbouring lakes improved the palaeoclimatic interpreta-
tion compared to single-site studies such as Stymphalia and
Asea. Based on the geochemical analysis of the four study
sites, we identified different phases when permanent lake
water bodies existed at all sites (ca. 5000–3600 cal BP), as
well as phases when the lakes episodically or at least sea-
sonally dried out (around 3200 cal BP or during the last
1000 years), contributing to closing a gap in the understand-
ing of water availability in the northern and central Pelo-
ponnese during culturally important periods. Our analyses
show that Kaisari has never been a deep permanent lake
over the last 5000 years, but regularly dried out. Due to its
small size and the comparatively homogeneous catchment, it
seems not very suitable as a high-resolution palaeoenviron-
mental archive. In Pheneos, phases with a more permanent
lake water body were identified for the Mid-Holocene (5100–
3600 cal BP), while the Late Holocene was likewise charac-
terized by regular desiccation. There is an indication of a shift
towards drier conditions around 3000 cal BP in the Pheneos
and Kaisari records; however, due to dating uncertainties, es-
pecially in the Pheneos record, there is a high uncertainty
in the exact timing of this dry period. On the other hand,
according to the Stymphalia record, the main drying trend
started after 2800 cal BP, culminating at around 2200 cal BP,
which is in accordance with other records from the Pelo-
ponnese (Fig. 8a, e, f). Human impact cannot be excluded
as an alternative explanation, as this falls into the time of
the Late Helladic period with intensifying human activity,
but this requires more archaeological evidence in combina-
tion with palaeoenvironmental investigations. We did not see
any dramatic shift in the proxies, which would hint towards
rapid climatic changes with a severe impact on the human
population, but we rather noticed gradual variations. We thus
suggest that climatic changes may have been only one factor
in a multi-causal interaction network that contributed to but
did not cause social transformations, contrasting the hypoth-
esis of a climate-induced Late Bronze Age collapse (Drake,
2012).

Another plausible hypothesis would be that these basins
integrate the climate signal over the catchment and thus may
be less useful to pick up short-term variation in the way they
are recorded in speleothems (Finné et al., 2014, 2017).

Interpreting proxy records on different spatial scales is
promising to identify different, nested signals, which allows
a more holistic understanding of landscape changes. Our
study shows that geoarchives in mesoscale proximity to each
other show similar trends and respond generally in a similar
way to climate variations on the next larger scale. However,
the mountainous landscape and the specific karst morphol-
ogy of the Peloponnese cause a significant modulation in the
response of the archives to climate, environmental, and hu-
man forcing on a local valley scale. The uncertainty ranges of
the radiocarbon-based chronologies of more than 100 years,
both in most geoarchives and in the archaeological record of
the Peloponnese, as well as the difficulties of the assumption
of an appropriate reservoir effect, inherent to the dating of
bulk sediment samples, limit the extent to which conclusions
on cause and effect within the interaction between humans
and their environment can be drawn.
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Abstract: The finding of a partially preserved elk skeleton from the Bavarian Alps is reported. Remnants of an
adult male were found, together with skeletal elements of juvenile moose calves, at the base of a talus
cone in the pit cave Stiefelschacht, next to Lenggries (southern Germany). The adult’s bones exhibited
anthropogenic traces like cut marks and were radiocarbon-dated to the Late Iron Age. A projectile hole
in the left shoulder blade and cut marks on the bones are indicative of hunting and meat usage. The
elk remains were associated with several wild and domestic species such as ungulates and hare but
were not, however, accompanied by archaeological artefacts. Other archaeological sites of the Late
Iron Age are so far not known within a distance of less than 30 km to the Stiefelschacht. While the
presence of elk during prehistoric times in the Alps has already been known before, the finds and the
location are unique in that they are the first evidence of elk hunting during the Late Iron Age in the
northern Alps.

Kurzfassung: Der Fund eines Elch-Teilskeletts aus den Bayerischen Alpen wird beschrieben. Neben diesem adul-
ten männlichen Tier wurden Skelettelemente von Elchkälbern am Fuß eines Schuttkegels in der
Schachthöhle Stiefelschacht bei Lenggries (Süddeutschland) entdeckt. Eine Radiokarbondatierung
lässt eine Alterseinstufung des Elchs in die späte Eisenzeit zu. Ein durch ein Projektil verur-
sachtes Loch im linken Schulterblatt und zahlreiche Schnittspuren auf den Knochen verweisen zu-
dem auf einen anthropogenen Zusammenhang. Weitere Knochenfunde in der Höhle umfassten einige
wildlebende und domestizierte Tierarten, jedoch waren keine archäologischen Funde mit den Knochen
assoziiert. Die bisher bekannten eisenzeitlichen Siedlungen befinden sich in einer Entfernung von
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mehr als 30 Kilometern zu der Schachthöhle. Sowohl die Fundsituation als auch die Fundlage sind
bisher einmalig, da sie erstmals Elchjagd in der späten Eisenzeit in den nördlichen Alpen belegen.

1 Introduction

Bone findings suggest that elk (Alces alces) were present at
least since the Late Glacial in the northern Alps, but osteo-
logical evidence ends in medieval times (Schmölcke and Za-
chos, 2005; beginning of the early medieval period approx.
5th century–approx. 15th/16th century CE; Sommer, 2006).
In southern Germany, the latest reports of skeletal remains
south of the river Danube are from the Iron Age (Schmöl-
cke and Zachos, 2005; Iron Age approx. eighth–first century
BCE; Sommer, 2006). In Roman times (approx. first cen-
tury BCE–fifth century CE, Sommer, 2006), elk apparently
were still present in the Alps, as documented by the historian
Strabo citing Polybius (Woodburn Hyde, 1918). Although re-
ports of sightings during the last decades prove that elk still
appear occasionally in north-eastern Bavaria (LWF, 2011)
and extra-Alpine Austria (Steiner, 1995), they remain extinct
in the Alps since medieval times (Schmölcke and Zachos,
2005). However, the regional distribution of elk in Bavaria
and timing and causes of their extinction are still largely un-
clear. Recently, new findings of elk bones were made in or
close to the Bavarian Alps. They were found at two different
localities, a pit cave named Stiefelschacht and a rivulet bed
deposit. In particular, the findings of skeletal parts in the pit
cave close to Lenggries are remarkable as they show traces of
human hunting and butchering. These findings could provide
new insights into potential causes of elk extinction in south-
ern Bavaria and could contribute to the question of whether
the Holocene elk population decline was triggered by hu-
mans. Here, we present osteological investigations on the elk
bones including a detailed study of hunting and butchering
traces as well as the stratigraphic context of the elk remains.
The accompanying fauna and the pollen composition in the
cave sediments were also studied. In addition, radiocarbon
investigations allow a precise dating of the finds.

Based on these results we aim to elucidate (1) the habitat
and palaeoecology of elk in the Bavarian Alps, (2) contribute
to the distribution record of elk in the region, and (3) provide
a better understanding of possible human hunting pressure
causing an elk decline during prehistoric times.

2 Sites and findings

Elk bones were found recently at two different localities in or
close to the Bavarian Alps and only about 20 km apart from
each other (Fig. 1): (1) the finding of an antler by playing
children in a rivulet bed near Heubach, ca. 1.5 km north of
the village Bad Heilbrunn in the Bavarian Alpine foreland
(Fig. 2), and (2) a partial skeleton found together with other

bone remains by a private person in a pit cave in the Bavarian
Alps, ca. 9 km south-south-east of Lenggries. While the first
location did not provide a stratigraphic context, the findings
at the second site come from cave sediments that were, how-
ever, partly disturbed previously. During a rescue excavation
in October 2018, the remaining profile could be documented,
and all animal bones were secured for further studies. The
cave findings are meanwhile curated at the federal agency
Landesamt für Denkmalpflege (BLFD), and the antler from
Heubach is curated at the local museum in Bad Tölz (Heimat-
museum).

3 Material and methods

3.1 Cave location

Stiefelschacht is a small cave of 10 m overall length, com-
prising a 6 m deep vertical entrance pit and a 4m× 2 m
wide chamber below (Fig. 3a, b, c). This cave is listed in
the Bavarian Speleological Register under catalogue num-
ber 1276/7. The pit entrance is located at 1136 m a.s.l. at
47◦37′18′′ N, 011◦38′35′′ E (WGS 84), ca. 100 m south of the
saddle (1180 m a.s.l.), between the mountains Breitenkopf
(1341 m a.s.l.) and Saurüsselkopf (1364 m a.s.l.), at the be-
ginning of the Imbhäuselgraben ravine that drains south to-
wards the village Glashütte. The entrance is marked on the
Geological Map 1 : 25000 of sheet 8335 Lenggries (Doben,
1991), within folded Upper Triassic units of Norian age. The
roughly west–east-extending mountain range corresponds to
the strike of the folding and is built by massive dolomitic
rocks (Hauptdolomit unit) overlain by bedded carbonates of
the Plattenkalk unit. The cave is developed within thick-
bedded layers of the Plattenkalk unit.

An up to 170 cm high stratigraphic profile in the undis-
turbed remaining part of the debris cone was documented and
sampled in 10 cm slices. These samples were split for geo-
chemical and pollen analyses as well as for micro-vertebrate
extraction.

3.2 Geochemical analyses

Samples from the profile were freeze-dried and thereafter
sieved with 250 µm mesh width. The fine fraction was used
for geochemical analyses. Total carbon (TC) and total nitro-
gen (TN) were analysed with an elemental analyser (vario EL
cube, Elementar) at the Institute of Geography, University of
Erlangen-Nürnberg. For TOC determinations, sediment sam-
ples were weighed into crucibles and thereafter heated for 4 h
at 550 ◦C (Heiri et al., 2001). After heating, the weight loss
was determined and the organic-free samples were used to
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Figure 1. Map of the mentioned sites in the Bavarian Alps in southern Germany. Elk (Alces alces) bones were found at 25 m water depth in
Lake Walchensee at 780 m a.s.l., in the pit cave 1276/7 Stiefelschacht at 1136 m a.s.l., and in the foreland in a small riverbed at Heubach at
660 m a.s.l. The pollen record of the Stiefelschacht cave is compared to the Late Holocene pollen record of Rotmoos at 1040 m a.s.l. The base
map has been made with https://maps-for-free.com/ (last access: 1 May 2020); shaded reliefs are based on the Shuttle Radar Topography
Mission satellite digital elevation model (DEM), released under Creative Commons CC0.

Figure 2. Fragment of elk antler from Bad Heilbrunn, Germany.

determine total inorganic carbon (TIC) with the device men-
tioned above. The difference between TC and TIC represents
the total organic carbon content (TOC). All TOC/TN ratios
are given as atomic ratios.

3.3 Pollen analyses

A total of 2 mL of fine material was taken with syringes of
each 10 cm sample and stored cool (4 ◦C) until further pro-
cessing. A total of 10 samples for pollen analyses were pre-
pared at the University of Cologne following standard pa-
lynological techniques (Faegri and Iversen, 1989). Pollen
grains were identified under 400× and 1000× magnifica-
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Figure 3. Simplified (a) plan view and (b, c) vertical cross sections of the cave 1276/7 Stiefelschacht, with the extent of the excavation and
position of the stratigraphic section. The cave has been mapped by Elke (†) and Adolf Triller on 9 July 2000; Adolf Triller kindly provided
the unpublished survey, which has been simplified and redrawn for publication with his permission. (d) The sedimentological section of the
excavation carried out in October 2018. Unit 1: basal layer with small angular cobbles (beige); Unit 2: fine clay- and silt-rich cobble layer
containing the elk bones (dark blue); Unit 3: coarse and loose block layer (orange-brown); Unit 4: finer surficial block layer with increased
humus content (dark brown). Bedrock cave wall (dark grey) is present at the SE margin of the talus cone. All units contain bedrock-derived
boulders of varying sizes (light grey). Boxes (red) mark the positions of sediment samples and geochemical samples, and black circles mark
pollen samples taken within the 170 cm stratigraphic section. (e) Geochemical composition of the talus cone sediment samples with TOC
(%), TN (%), and C/N compositions.

tion using the reference collection at the Institute of Ge-
ography in Augsburg and the pollen key of Beug (2004).
Pollen sums were calculated on the basis of the terrestrial
pollen grains excluding Cyperaceae, spores, and indetermi-
nata. Pollen nomenclature follows Beug (2004); spores are
named according to Reille (1998). Due to the low pollen con-
centrations, three entire slides were counted except of the up-
permost sample, in which a pollen sum of> 400 was reached
after one slide.

3.4 Radiocarbon dating

At least 1 g of bone material was sent to the radiocarbon labs
in Poznań and Belfast for radiocarbon dating of the extracted
bone collagen, which is routinely quality-checked by C/N

determination. Radiocarbon ages (14C years BP) were cali-
brated with the software Calib REV7.1.0 using the IntCal 13
calibration dataset (Reimer et al., 2013). Dates are reported
as calibrated ages (cal BCE or CE) with their 2σ probability
ranges and median probability.

3.5 Osteoarchaeological methods

After the excavation of the complete cave filling, the osteo-
logical material was taxonomically identified. Every single
fragment was recorded in the computer program OssoBook
(Kaltenthaler et al., 2018). Bones and teeth were measured
with a digital calliper following the instructions by von den
Driesch (1976). Traces of manipulation by humans were as-
sessed macroscopically and documented photographically by
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using a Nikon D5100 in combination with an AF-S Micro
NIKKOR 40 mm adapter. At the University of Hildesheim,
a reflected-light microscope was used to assess the shape of
the cuts. At the University of Erlangen-Nürnberg (GZN) the
cut marks have been photographed with a SmartZoom 5 au-
tomated digital microscope with a PlanApo D 1.6× objec-
tive (36 mm, 0.1 mm fixed working distance, FWD). Photo
stacks were acquired with 15 µm step size with up to 170
images and then processed with the ZEISS SmartZoom 5
software to stitch extended-depth-of-field (EDF) images into
high-resolution mosaics.

The coarse fraction (> 250 µm) of all sediment samples
from the 170 cm stratigraphic section was also screened for
micro-vertebrates to complement the environmental recon-
struction from pollen data and geochemical analyses.

4 Results

4.1 Stratigraphy

The single concealed cave room has a flat floor of fine rock
debris with a silty matrix. This sediment also forms the basal
Unit 1 encountered in the excavated sediment stack. Dur-
ing the excavation in October 2018, a 310 cm wide section
could be prepared within the sediment cone exhibiting the
internal stratigraphy with a maximum thickness of 170 cm
(Fig. 3d). Above the flat-lying basal Unit 1 (170 to 130 cm
below cave surface in the sampled profile) consisting pre-
dominantly of angular cobbles, a thin layer follows made of
finer rock debris with a silt- and clay-rich matrix (Unit 2,
130 to 125 cm), which, according to the finder, corresponds
to the stratigraphic level of the elk bones and is likewise sub-
horizontal. Unit 3 (125 to 30 cm) comprises a layer form-
ing a talus consisting of coarse angular to subangular blocks,
which were loosely packed in a humic, silty matrix. The up-
per boundary of this layer is around 20◦ declining toward the
north-west (Fig. 3d). The youngest unit, Unit 4 (30 to 0 cm),
is also part of the talus but comprises smaller blocks and a
more humic-rich matrix, and its surface is also inclined 20◦

away from the entrance pit. This most recent layer contains
glass shards, pieces of plastic and rusty metal, wood logs,
and leaf litter.

Skeletal parts of smaller animals (hare) in anatomical or-
der and a few disarticulated bones of larger animals were
found during the excavation in stratigraphic Units 2, 3, and 4.
The majority of larger mammal bones were found prior to our
excavation and could thus not be attributed to stratigraphic
units. An exception are the remains of the adult elk. Accord-
ing to the finder, these were found at the base of the talus, as-
signing them to Unit 2. From a top view, the elk bones were
located not in the centre of the talus cone but at its eastern
margin (Fig. 3a), explaining why they were covered, accord-
ing to the finder, by only thin talus sediments compared to the
thick layer in the excavated section directly below the shaft
entrance.

4.2 Geochemical analyses

TOC (%), TN (%), and C/N data show a steady decrease
from the humic surficial layers to the more carbonate-
dominated basal sediments (Fig. 3e). TOC decreases from
more than 20 % in surficial Unit 4 to 7 % in basal Unit 1.
TN content decreases from 1.4 % at the surface to 0.4 % at
the base of the section, whereas C/N ratios slightly decrease
from 18.3 to 15.2.

4.3 Pollen analyses

In the lowermost two samples (Unit 1 in Fig. 3), arbo-
real pollen taxa (AP) occur with abundances around 60 %
(Fig. 4). The four samples between 125 and 65 cm (Unit 2
and lower part of Unit 3) are characterized by poor pollen
preservation. Cichorioideae and Polypodiaceae are both pa-
lynomorphs that are highly resistant to corrosion (e.g. Bot-
tema, 1975; Groner, 2004), and they are enriched and accom-
panied by higher frequencies of deteriorated pollen counts,
which were not further identifiable. As a consequence, AP
decrease. From ca. 45 cm onwards (upper part of Units 3
and 4), pollen preservation is comparatively well indicated
by lower values of Cichorioideae and Polypodiaceae. In turn,
AP reach higher values (mainly Fagus sylvatica, Picea abies,
and Alnus glutinosa-type). Cultural indicators, such as Se-
cale cereale, Plantago lanceolata, and Chenopodium, are
registered from 150 cm upwards, pointing to human activ-
ity, while they are missing in the lowermost sample (170–
160 cm).

4.4 Radiocarbon dating

The dating result of the adult elk from the pit cave is shown
in Table 1. The vertebra cervicalis dated from the elk par-
tial skeleton found in the pit cave Stiefelschacht has a Late
Holocene median age of 287 cal BCE, dating it to the pre-
Roman Iron Age, the La Tène period (approx. 450–1 BCE).
Additionally, the antler from the rivulet bed close to Bad
Heilbrunn was dated and has a Late Holocene median age of
997 cal BCE, corresponding to the Late Bronze Age (approx.
1300–800 BCE; Sommer, 2006).

4.5 Macro-mammals

The osteological material contained 690 bones (number of
identified specimens, NISP) with a total weight of 21 kg (Ta-
ble 2). The preservation of the bones was in most cases ex-
cellent. Two domestic and four wild mammalian species have
been identified.

Among the wild ungulates and beside the elk (Alces al-
ces) studied herein, red deer (Cervus elaphus) and roe deer
(Capreolus capreolus) were present.

Hare remains were quite numerous. Two possible hare
species, the European hare (Lepus europaeus) and Alpine
hare (L. timidus), are difficult to distinguish by their skele-
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Figure 4. Late Holocene pollen record of the sedimentological section in the pit cave 1276/7 Stiefelschacht; numbers in the lithological
column refer to units in Fig. 3d.

Table 1. Radiocarbon-dated elk finds from the Bavarian Alps mentioned in the paper.

Sample Locality Coordinates, Lab code Radiocarbon C/N Calendar age Median
Altitude age ratio ranges (2σ )a probability
(m a.s.l.) (14C yr BP) (cal BCE) age (cal BCE)

Elk, Stiefelschacht (pit cave), 47◦37’16′′ N, Poz-49753 2195± 30 3.5 363–183 287
vertebra ca. 9 km south-south-east of Lenggries; 11◦38’34′′ E; (1.000)
cervicalis in cave sediments 1136 m

Elk, Heubach, Bad Heilbrunn; 47◦45’40′′ N, UBA-40211 2840± 32 3.3 1109–1098 997
antler rivulet bed 11◦28’12′′ E; (0.021),

660 m 1091–916
(0.979)

Elk, skull Hirschhörndl Peninsula, 47◦36’19′′ N, Poz-37430 9780± 50 4.6 9318–9172 9260
fragmentb Walchensee; on a rock in 11◦21’50′′ E; (0.998),

ca. 20–25 m water depth 780 m 9163–9160
(0.002)

a Calibration software: Calib REV7.1.0, calibration dataset: Intcal 13 (Reimer et al., 2013), probabilities of respective age ranges given in brackets.
b Data from Rößner and Mayr (2011).

tal elements and were hence specified as Lepus sp. (see
Sect. 5.3). Among the domestic species, two ungulates have
been identified: the cattle (Bos taurus) and the sheep (Ovis
aries). Due to difficulties in the distinction of sheep and goat

bones, the presence of goat (Capra hircus) cannot be ex-
cluded.

A calculation of the minimum number of individuals
(MNI) for each large mammal species was also carried out
(Table 2). The calculation was based on the most frequent
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Table 2. Species list of the macro-mammals of the pit cave Stiefelschacht close to Lenggries, Bavaria.

Species NISP Weight (g) MNI

Bos taurus (cattle) 122 6154.4 3
Bos taurus/Cervus elaphus 2 13.9
Bos taurus/Cervus elaphus/Ovis aries/Capra hircus 6 46.6
Ovis aries (sheep) 10 321.6 4
Alces alces (elk) 73 11 518.6a 4
Cervus elaphus ?b (red deer) 13 182.8 1
Capreolus capreolus (roe deer) 231 2469.4 10
Indet., Mammalia, large size (size of cattle) 2 4.4
Lepus sp.b (hare) 231 376.6 8

Total 690 21 088.3 30

a The cranium weight is included with an estimated 4 kg. b Species classification; see discussion in Sects. 4.5
and 5.3. NISP: number of individual specimens; MNI: minimum number of individuals.

skeletal element and in consideration of the side, age, and
sex. The MNI of roe deer attested 10 individuals, consisting
of three adult males, two adult females, three juveniles, and
two infants. The number of hare present in the pit cave was
calculated to a minimum of eight individuals.

The red deer bones displayed a partial skeleton of proba-
bly only one deer individual, which was very young, maybe
newborn. Although determined by using a comparative col-
lection, Dama dama and Alces alces cannot be excluded with
certainty due to the young age of the calf.

Elk were represented by a partial skeleton of an old bull
(Table 3, Figs. 5, 6) and a few bones of very young calves
(Fig. 6). Three pieces of right mandibulae of calves with
identical age indicate the presence of three young animals.
However, only small parts of the skeletons of these calves
were found (about 12 bones). The skeleton of a large male
elk is more complete, but the lower front legs, the lumbar
part of the vertebrae, and both hind legs are missing (Fig. 7).
Two additional elk bones (right scapula and right humerus)
of the adult bull were not available at the time of determina-
tion.

Cattle were present, with remains of at least three indi-
viduals: one adult and two infants. The MNI of sheep was
calculated to be four: two adults, one juvenile, and one in-
fantile individual. All together an MNI of 7 domestic and 23
wild individuals could be attested.

Numerous skeletal elements exhibited cut marks. Cut
marks were particularly frequent on the bones of the large elk
bull. Cut marks could also be assessed on one elk calf bone,
one cattle skeleton, one hare, and several roe deer bones. The
left shoulder blade of the adult elk exhibited a hole, which
was probably caused by a projectile (Fig. 8e).

4.6 Micro-vertebrates

Sediment samples across the 170 cm stratigraphic section,
analysed for their pollen content and geochemical compo-
sition, also provided few bones of micro-vertebrates at all

levels. Moreover, micro-vertebrates were also present in the
bone collection that was not relatable to stratigraphic levels.
Preliminary determinations show the presence of amphib-
ians, rodents, insectivores, and further undetermined micro-
mammals. The amphibians comprise frogs (Ranidae) and
toads (Bufonidae). Insectivores are represented by the hedge-
hog (Erinaceus sp.), the mole (Talpa europaea), and the
shrew (Sorex araneus) as the most common representatives.
Rodents comprise murids and arvicolids.

5 Discussion

5.1 Stratigraphy and geochemical analyses

Stratigraphy and internal geometry of the sediments (Fig. 3)
indicate a fast deposition of the talus deposits during the late
Holocene, in line with the Holocene faunal content (Table 2)
and pollen records. The decrease in TOC and TN from the
cone surface (Unit 4) towards the basal layer of the cone
(Unit 3) likely documents the effect of progressive degrada-
tion of organic matter. The decreasing C/N ratios support this
interpretation, which may indicate a rather young age of the
talus cone (Enríquez et al., 1993). In contrast, the TOC, TN,
and C/N values of the lowest unit, Unit 1, are rather uniform
and point to a different sedimentation mechanism. The large
number of decimetre-sized angular to subangular blocks in-
side the talus cone and the wood logs originally covering it
were very likely deposited by human action, owing to the di-
rect proximity to the forest road. The absence of blocks in
the direct vicinity of the cave entrance, but not further apart,
suggests that the blocks were collected and thrown by hu-
mans into the cave probably over a longer time period. The
observations support the view that the talus was formed quite
recently with the aid of humans present in the area. The dat-
ing of the elk at the base of the cone allows the age of the
cone formation since the Late Iron Age to be narrowed down.
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Figure 5. Elk (Alces alces) antlers found in the pit cave 1276/7 Stiefelschacht, belong to an adult male and a cervical vertebrate element of
this individual has been radiocarbon dated to 2195± 30 14C years BP, corresponding to the La Tène period. (Photo taken by the authors.)

Figure 6. Overview on mandibular bones of elk (Alces alces) found in the pit cave 1276/7 Stiefelschacht. The mandibulae belong to one
adult male and three juvenile individuals. All juveniles show the same ontogenetic stage with the same dentition where their first molar tooth
is about to emerge. (Photo taken by the authors.)

5.2 Pollen record

Bludau and Görres (1993) investigated a pollen profile from
the Rotmoos bog (Fig. 3) at 1040 m a.s.l., situated approx.
25 km north-west of the pit cave Stiefelschacht. There,
mixed-montane beech forests with admixtures of Abies alba,
Picea abies, and Acer pseudoplatanus have been prominent
in the area since the Iron Age, confirmed by radiocarbon dat-
ing yielding an age of 399 BCE to 125 CE (recalibrated with
IntCal13). Possibly due to differential preservation of paly-

nomorphs, Fagus sylvatica is less frequent in the cave sedi-
ments than in the bog deposits. This taxon is more suscepti-
ble to corrosion than, for instance, Ulmus, which, in turn, is
more sensitive than Betula and Alnus (Havinga, 1967). The
palynological record provides further indications to constrain
the age of the cave filling. The pollen interpretation is based
on the assumption that infiltration of pollen through the talus
sediment can largely be neglected. According to radiocar-
bon datings from the Ammergebirge (Bludau, 1985), Carpi-
nus betulus was established at lower altitudes of the moun-

E&G Quaternary Sci. J., 69, 187–200, 2020 https://doi.org/10.5194/egqsj-69-187-2020



K. Pasda et al.: Iron Age Elk Hunting in the Alps 195

Figure 7. Skeletal elements of the elk (Alces alces) bull which have been found in the pit cave 1276/7 Stiefelschacht marked in dark grey,
separated by left-side (a) and right-side (b) elements with the position of cut marks indicated. The right scapula and humerus, which were
excavated but not available for this analysis, are marked in light grey. The position and body side of the ribs are not precise. The “Élan”
template is based on Coutureau (2013).

tain range during the Iron Age. Carpinus pollen is present
in the entire cave section in small amounts. First single find-
ings of Secale cereale occurred during the pre-Roman Iron
Age (Bludau, 1985; Bludau and Görres, 1993) in the north-
ern Calcareous Alps. Since the Middle Ages, this crop has
continuously registered with low values (< 1 %; e.g. Bludau
and Görres, 1993). Since Secale is present in small amounts
in all but the lowest samples in the cave pollen record, the
talus deposition started no earlier than the Iron Age.

5.3 Faunal inventory

All mammals found are common regional species throughout
the Holocene. Only the adult elk can confidently be dated di-
rectly to the Late Iron Age based on the 14C dating of one of
its vertebrae. The only partly decomposed limbs of a roe deer
(C. capreolus) found on top of the talus deposits in combina-
tion with modern waste material (glass, plastic) suggest that
the cave was used as a dump by hunters until recent times.
Roe deer has been a common species in the region since the
Preboreal (Sommer et al., 2009).

As mentioned above (Sect. 4.5), the hare skeletal ele-
ments were determined as Lepus sp. In southern Germany,
L. timidus was widely distributed only during glacial and
early postglacial periods and occurs today only in high
Alpine regions above 1300 m altitude (Thulin and Flux,
2003). Since the debris cone and the whole bone material
therein were accumulated during the late Holocene, it is
likely that the hare bones represent L. europaeus.

Among the micro-vertebrates, the insectivores (Eri-
naceus sp., Talpa europaea, Sorex sp.), the rodents (Muridae,
Arvicolidae), and the amphibians, all constitute faunal com-
ponents of the Holocene environment surrounding the cave.
According to the pollen record, the vegetation was a mixed-
montane beech forest throughout the whole profile, in which

Fagus sylvatica ranked among the most frequent dominant
arboreal plants. Land snails were present but not identified in
detail.

5.4 Temporal and spatial context of the elk findings

The new elk finding shall be briefly contextualized with other
findings in the region in this chapter. Elk had occurred in
central Europe and the northern Alps since Pleistocene times
(Baales et al., 2002; Breda and Raufuss, 2016; Rosendahl
et al., 2007; Spötl et al., 2013). A. alces was colonizing
the central European lowlands during the Preboreal warm-
ing (Schmölcke and Zachos, 2005). In our study area, an elk
skull fragment found at the lake bottom of Walchensee at a
water depth of 20–25 m (780 m a.s.l., Fig. 1) was dated to
the early Preboreal, although the rather high C/N ratio of
the dated collagen may challenge the validity of this age (Ta-
ble 1; Rößner and Mayr, 2011). The finding from Walchensee
indicates that elk occupied the Bavarian Alps already during
the earliest stage of the Holocene.

Several findings of elk bones from caves and pit caves
in the Austrian Alps were collected over decades. One
of the most complete skeletons comes from the pit cave
Vorderkarhöhle in the Karwendel region (Austria), around
20 km to the south of our cave site. It was excavated by lo-
cals in 1951 CE at an altitude of 1848 m a.s.l. (Niederwolfs-
gruber, 1962). Other Alpine findings of elk in Austria orig-
inate from the Kammergebirge (Dachstein range), in which
10 pit caves at altitudes between 1560 m and 1805 m a.s.l.
provided bones from prehistoric elk (Graf, 2014). Radiocar-
bon dating of bones from two of these sites provided median
calibrated ages of ca. 1200 cal BCE (2980± 30 14C yr BP;
Schönluegschacht) and ca. 1800 cal BCE (3470± 30 14C yr
BP; Elchhöhle, Neubergsee; Graf, 2014).
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Table 3. Measurements in millimetres of the adult elk (Alces alces)
skeletal elements (right side). Abbreviations after von den Driesch
(1976) and OssoBook (Kaltenthaler et al., 2018).

Skeletal element Measurement

Maxilla dentes

LMR (Alv) 76.48
LPR P4-P2 (Alv) 61.51
LM1 25.35
BM1 23.74
LM2 24.86
BM2 27.97
LM3 29.52
BM3 28.04

Mandibula/mandibula dentes

LChR M3-P2 (Alv) 149.21
LM1 24.76
BM1 17.51
BM2 18.56

Atlas

GB 145.09
BFcr 168.85
BFcd 169.96

Scapula

SLC 54.23
GLP 73.89
LG 55.90
BG 49.41
HS 388.00

Humerus

Bd 76.06
BT 67.94
SD 39.93
Bp 91.26
Dp 111.09
LC 245.00
GL 374.00

Ulna

DPA 68.49
SDO 65.76
BPC 36.51

Pelvis/coxa

GL 426.00
LA 56.62

The antler recovered near Bad Heilbrunn (660 m a.s.l.;
Fig. 2) in the Alpine foreland dates to around 997 cal BCE.
It supports the presence of elk also in the Late Bronze Age
in the study area. More remarkably, the age from the pit cave
Stiefelschacht at 1136 m a.s.l., at around 287 cal BCE, indi-

cates that during the Late Iron Age elk remained present also
in mountainous areas, for which we had hitherto no dated
records from the Bavarian Alps.

The reasons for extinction of Alces alces in central Europe
are a matter of debate. Reduction and fragmentation of habi-
tats, husbandry, and an increasing human population were
regarded as possible reasons for a progressive disappearance
of the elk population in west-central Europe, while hunting
may have accelerated its extinction (Schmölcke and Zachos,
2005). While our findings cannot contribute to the complex
question of why elk finally became extinct in central Europe,
they demonstrate that elk hunting took place not only in the
lowlands but also in the northern Alps already during the La
Tène period. Thus, hunting pressure since prehistoric times
cannot be neglected as a possible factor contributing to the
extinction of elk in the Alps.

5.5 Historical and archaeological classification

The pit cave Stiefelschacht is located close to a trade
route, which was in use at least since the high medieval
time (11th/12th century CE) until recently (Beumann and
Schröder, 1987). Today, this mountain pass is known as Imb-
häuselgraben and labelled as Ackner-Steig in an old land reg-
ister which was in use in the first half of the 19th century. The
path proceeds from the village Glashütte (900 m a.s.l.) in the
south along a switchback through to a mountain saddle in the
north. The village Glashütte in the valley of the river Weißen-
bach was historically known as the gateway of a wood drift to
the village of Wildbad Kreuth in the eastern direction. Only
some kilometres west of the village Glashütte, the Achen-
pass to Austria trends towards the opposite direction. Hence,
the Stiefelschacht is located at the crossroad area of several
Alpine routes, which were in use in the medieval and early
modern times (Maier, 1995) and probably already in prehis-
toric periods (Lang, 2002).

Relatively little is known concerning the La Tène period
in this area (Irlinger, 2002). Archaeological sites are located
only at a larger distance to the Stiefelschacht. The nearest site
is a settlement close to Weyern (district of Miesbach), about
30 km north of the cave. This is followed by a settlement at
Nußdorf am Inn (district of Rosenheim), which is situated
40 km to the north-east. In the north-west direction hereafter,
the settlement Hohenfurch (district of Weilheim-Schongau)
follows, with about 60 km distance to the cave. The archae-
ological traces of the Stiefelschacht provide new evidence of
human activities and represent hitherto the only evidence of
elk hunting for the La Tène period in this mountainous area.

5.6 Iron Age elk hunting

Due to the fact that the cave is several metres deep and that
its walls are steep, it is a natural trap for animals acciden-
tally falling down. Additionally, the finder of the elk remains,
Josef Wasensteiner from Lenggries, reported that hunters in
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the recent past occasionally disposed their hunting waste into
the cave. The presence of cut marks on the excavated prehis-
toric bones indicates that at least those bones with traces of
human activity were deposed by humans into the pit cave.
Carnivore gnawing was hardly present, suggesting a fast de-
position of the bones into the pit cave after the animal’s
killing. However, most bones were complete, and an inten-
tional smashing, as is common for archaeological material,
did not exist.

Although the cave was completely excavated, no archae-
ological artefacts were found. Only some obviously recent
findings were excavated such as the abovementioned pieces
of glass, rusty metal, and plastic material in the upper por-
tions of the talus cone.

Despite the small cave size and the meticulous search for
the bones of the adult elk, the skeleton remained incomplete.
The incompleteness of many of the other skeletons proves
that only parts of these animals reached the cave. A projec-
tile impact hole in the left shoulder blade, cut marks, and
scraping traces on the elk bones are clear evidence for human
activity and are interpreted as evidence for local elk hunt-
ing during the Late Iron Age. The other bones with anthro-
pogenic traces are not radiocarbon dated yet and can there-
fore also be of Iron Age origin but may also be younger, up
to recent age.

Although the traces, which were identified as cuts and
scraping marks, correlate to the anatomical places where
meat is abundant and are quite common for similar ar-
chaeological material (Pasda, 2009; Moubarak-Nahara et
al., 2014), a detailed investigation seemed to be appropri-
ate to be sure that the lesions were caused by humans and
not by animal activities or were lesions caused by the envi-
ronment. Therefore, the traces were investigated by magni-
fication using several methods. In the following, some cuts
are described in detail. The triangular shape of a cut mark
(Fig. 8f) at the shoulder blade (Fig. 8e) exhibits the lacking
of bone material laterally. The edges are running obliquely
to the centre of the depression. This indicates the use of a
sharp-edged tool. A sharp line is visible in the centre, which
is caused by the cutting edge of the tool. At the bone surface
beside the depression, an increase in bony material is visible,
which was caused by the extrusion of the material. This hap-
pened while the bone was still fresh and soft, probably soon
after the death of the animal. Concentrations of adjacent cut
marks are located at several areas at the hip bone (Fig. 8a).
This was caused by a repeated exertion of force by a prob-
ably dull tool. Similar parallel cuts are visible at the lateral
side of the maxilla (Fig. 8c, d). One cut mark exhibits sharp
and vertical rims on both sides of the cut and a rather flat
centre, which was caused by a tool with a broad cutting edge
(Fig. 8b).

Likewise, the incompleteness of the skeleton provides fur-
ther evidence for manipulation prior to the deposition of the
remains into the cave. No indication for skinning can be seen
(see Moubarak-Nahara et al., 2014), and there are no traces

of separation of skeletal elements (see Pasda, 2009). How-
ever, the cut and scraping marks are predominantly on sec-
tions with a lot of meat. This leads to the assumption that the
meat was removed from the bones prior to deposition. Some
bones were missing, such as those of the lower back and the
hind legs. Considering that all layers of the cave were exca-
vated completely, these bones did not reach into the cave. In
summary, it can be concluded that only some bone material
was discarded after the meat was removed.

5.7 Season of hunt

Two species, the elk and the red deer, can give indications of
a hunting season. The presence of newborn elk further facil-
itates a determination of the hunting season during the sum-
mer. Usually elks give birth to one or two calves and rarely
up to three or four individuals (Nygrén, 1986). Based on the
equal ontogenetic stage of all three juvenile individuals, it is
possible that they were from the same litter. The array of de-
ciduous teeth is typically complete at birth, and the M1 (first
permanent molar) is emerging briefly thereafter. Considering
that the M1 tips are breaking through the mandibular surface,
and the M2 is still hidden inside the lower jawbone, they also
make an assignment to the season possible. The emergence
of M2 (second permanent molar) in the mandible does oc-
cur after 6 months in age. The calves were either newborns
or just a few weeks old when they were killed. Since the elk
mating season is typically between September and Novem-
ber, and the duration of pregnancy ranges between 226 and
246 d (Nygrén, 1986), the season of killing can hence be nar-
rowed down to between early July and mid-August.

Most calves of red deer are born in May and June in Eu-
rope, and only a small portion is born in July (Bützler, 1986).
As the bones of the red deer were from a very young individ-
ual, probably not much older than newborn, it is likely that
hunting of both species, elk and red deer, occurred during
summer months.

5.8 How and why did the Iron Age elk bones get into the
pit cave?

The next questions to answer are how and why the bones got
into the pit cave. Pasture economy has been proven to ex-
ist since the Bronze Age in many areas of the Alps (Graf,
2014), and it is conceivable that large predators generally
would have been a threat for the grazing livestock and do-
mestic animals. Predators, like wolves, are potentially at-
tracted by the smell of the hunting leftovers, and to pre-
vent this, a fast disposal of the elk remains after the hunt
and the butchering would be reasonable. As a natural cleft
was in the surroundings of the hunting place, it was proba-
bly quite effective to use it as a rubbish chute. The fact that
only parts of the hunted adult elk were disposed into the pit
cave can be explained with logistic actions. The bigger an
animal is, the more difficult it is to transport. The smaller a
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Figure 8. Documentation of characteristic cut marks on the elk bones (Alces alces) from the pit cave 1276/7 Stiefelschacht, showing
(a, b) pelvic bone, (c, d) maxilla bone fragment, and (e, f) shoulder blade. The white circles on the bone overviews on the left side (a, c, e)
mark the position of magnified areas (b, d, f) of cutting traces attributed to Late Iron Age elk hunting. The arrow (e) at the scapula blade
illustrates the position of a shot hole. (Photos taken by the authors.)

prey is, the larger the probability is that the complete hunted
animal was transported into the residential area, which was,
as previous research suggests, actually several tens of kilo-
metres away. A large elk was simply too big and too heavy
to be carried as a complete animal to the residential place.
Therefore, it was important to carry as much meat as pos-
sible and that it was practically portable. In the case of the

elk from the Stiefelschacht, some skeleton parts, such as the
lower back and the hind legs, were absent. The lower back
and the upper parts of the legs contain a lot of meat. The
lower parts with the metapodials do not have a lot of meat
but are quite functional for carrying the complete detached
and heavy legs. This mode of transportation could be seen in
Greenland, where the hunters carried the legs of the hunted
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caribou in that way to transport the meat to their camp sites
(Pasda, 2009). The cut marks at the meat-rich bones indicate
that only there the meat was detached and taken along with
the purpose of reducing the weight for the transport. The re-
mains which were left over were discarded into the cave.

6 Conclusions

The results presented here allow us to draw the following
conclusions:

1. New findings are evidence that Alces alces was present
in the northern Alps of Bavaria at least from Preboreal
times to the La Tène period.

2. The incomplete skeleton of an adult and possibly also
the remains of three calves found in the Stiefelschacht
cave near Lenggries (Germany) suggest an intentional
deposition by humans.

3. The bones of the adult elk show traces of butchering in
the form of cut marks, providing the first evidence for
elk hunting during the La Tène period in the northern
Alps.

4. Despite missing direct archaeological evidence in a ra-
dius of less than 30 km, the finding proves that the area
around the cave has been frequented by humans since
the La Tène period. Already at that time humans had an
interest in removing hunting remains for unknown rea-
sons.

5. Hunting pressure since prehistoric times has to be con-
sidered as a potential factor for elk extinction in the
northern Alps.
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Abstract: We propose a new concept of the Weichselian ice dynamics in the south-western sector of the Baltic
Sea depression. The review of existing geochronological data from Germany, Denmark and south-
ernmost Sweden in combination with new optically stimulated luminescence (OSL) data from the
German Oder Lobe area is the basis for a reassessment and an improvement of previous ice dynamic
models. Factors like the pre-existing topography, glaciotectonic features and the occurrence of till
beds and inter-till deposits of varying origin are also taken into consideration for our process-based
reconstruction of the sedimentary environments close to the ice margin and hence the ice dynamics of
the Scandinavian Ice Sheet (SIS). During the early MIS 3 (marine isotope stage), the late MIS 3 and
MIS 2, the SIS advanced into present-day terrestrial areas around the south-western Baltic Sea Basin.

The first ice advance during the warming phase in early MIS 3 is poorly documented as the Ellund–
Warnow Advance in Germany but may be correlated with the numerically dated Ristinge Advance in
Denmark and Sweden.

The late MIS 3 advance in contrast is reliably documented. It shaped the landforms of the Bran-
denburg Advance and the maximum Weichselian ice extent in the Oder Lobe area in north-eastern
Germany and occurred contemporaneously with the Klintholm Advance in southern Sweden and Den-
mark. The lack of a corresponding till in various cliff profiles along the Baltic Sea coastline between
southern Schleswig-Holstein and the island of Rügen can be explained by the distinct lobate structure
of this ice advance, which was strongly guided by the pre-existing low-lying topography. We propose
the horst of Bornholm, Denmark, acting as an ice divide, with ice-dammed lakes existing on the lee
side between two glacier lobes. This lobate structure had not been considered in previous conceptual
models, which led to seemingly conflicting chronological and stratigraphical interpretations. Our in-
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troduction of the lobate structure for the first time resolves these contradictions and integrates the data
in a coherent model.

The dynamics of the MIS 2 readvance to the Last Glacial Maximum (LGM) extent were clearly
different to the previous advance and were most likely characterized by a more uniformly advancing
ice front with a less lobate structure which also overrode the horst of Bornholm and the island of
Rügen. This advance reached the maximum Weichselian ice extent in some parts of the south-western
SIS, but, in the Oder Lobe area, it is proven to have terminated at a lesser extent than the early MIS 3
advance, but it did shape the most prominent morphological landform record of the last glacial cycle.

In order to advance the reconstruction of Weichselian ice dynamics in the future, we strongly
suggest using both an MIS-based terminology and a process-based approach in the interpretation
of geochronological data to live up to the dynamic nature of continental ice sheets.

Kurzfassung: Es wird ein neues Konzept für die weichselzeitliche Eisdynamik im südwestlichen Sektor der
Ostseesenke vorgestellt. Eine Zusammenstellung der vorliegenden geochronologischen Daten aus
Deutschland, Dänemark und dem südlichsten Schweden in Verbindung mit neuen OSL Daten aus
dem deutschen Gebiet des Oder-Lobus bildet die Basis für eine Neubewertung und einer daraus re-
sultierenden Verbesserung vorangegangener Modelle zur Eisdynamik. Berücksichtigt werden dabei
auch Faktoren wie die großräumige Topographie, glazitektonische Störungen, sowie Tills und faziell
unterschiedliche Ablagerungen zwischen Tills. Letztere werden für die prozessbasierte Rekonstruk-
tion der Sedimente nahe des Eisrandes herangezogen und geben ebenfalls Informationen über die
Dynamik des skandinavischen Inlandeises. Während des frühen MIS 3, des späten MIS 3 und im MIS
2 überfuhr das Inlandeis um die südwestliche Ostseesenke gelegene, heutige terrestrische Bereiche.

Der erste Vorstoß während der Erwärmung im frühen MIS 3 ist nur lückenhaft als Ellund-Warnow
Vorstoß in Deutschland nachgewiesen, aber er ist möglicherweise mit dem datierten Ristinge-Vorstoß
in Dänemark und Schweden zu korrelieren.

Hingegen ist der späte MIS 3 Vorstoß gut dokumentiert. Er formte die Landschaft des Branden-
burger Stadiums, der maximalen Eisausdehnung, im Gebiet des Oder-Lobus in Nordostdeutschland
und ist zeitlich mit dem Klintholm-Vorstoß in Südschweden und Dänemark zu parallelisieren. Das
Fehlen des entsprechenden Tills in Kliffprofilen der Ostseeküste zwischen dem südlichen Schleswig-
Holstein und Rügen kann durch die deutliche, lobenförmige Ausbildung des Eisrandes, der sich stark
der Topographie anpasste, erklärt werden. Wir gehen davon aus, dass Bornholm als ein Eisstrompfeiler
diente und sich an der Leeseite zwischen den Eisloben Eisstauseen bildeten. Diese Ausbildung von
deutlichen Eisloben wurde bisher nicht in konzeptionellen Modellen berücksichtig, was zu Wider-
sprüchen zwischen chronologischen und stratigraphischen Interpretationen führte. Die Einführung
des Modells von Eisloben löst erstmalig diese Widersprüche auf und führt alle Daten in einem schlüs-
sigen Modell zusammen.

Die Dynamik des erneuten Vorstoßes im MIS 2 zum LGM (Last Glacial Maximum) unterschied
sich deutlich von dem vorangegangenen Eisvorstoß. Die Eisfront war geschlossener und überfuhr
sowohl Bornholm als auch Rügen. Dieser Eisvorstoß repräsentiert in einigen Teilen der südwest-
lichen Ostsee die maximale weichselzeitliche Eisausdehnung, hingegen blieb die Eisausdehnung im
Gebiet des Oder-Lobus hinter der des späten MIS 3 zurück. Der Oder-Lobus formte hier jedoch die
deutlichsten morphologischen Geländeformen des Weichselglazials.

Für zukünftige Rekonstruktionen der weichselzeitlichen Eisdynamik empfehlen wir, unbedingt
einer MIS-basierten Terminologie zu folgen und prozessorientierte Ansätze in die Interpretation der
geochronologischen Daten mit einzubeziehen, um der lebhaften Dynamik kontinentaler Eisschilde
gerecht zu werden.
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1 Introduction

Throughout the last decade, significant progress was made
concerning the dating of sediments related to the last glacial
cycle in the area of the Scandinavian Ice Sheet (SIS) (sum-
marized in, for example, Hughes et al., 2016). The new
ages, adding chronological information over the years, have
changed the view on the SIS, with Böse et al. (2012) already
in 2012 stressing the time transgressive nature of geomor-
phological ice-marginal positions. The increasing amount of
age data now not only enables a review of the chronology of
different sectors of the SIS but also the reconstruction of ice
dynamics at different time slices throughout the last glacial
cycle. Insight into ice dynamics can especially be gained
when taking into account not only the bare ages but also the
different processes these ages represent in the advance, sta-
bility and decay of ice streams and ice lobes forming the SIS
(Lüthgens and Böse, 2011, 2012). Figure 1 shows a graph-
ical summary of this concept. Being aware that information
is still lacking to gain a complete reinterpretation of ice dy-
namics of the SIS for multiple time slices covering the whole
temporal and spatial range of the last glacial cycle of the SIS,
this study focuses on the south-western sector of the SIS be-
cause here a critical amount of geochronological data is now
available for a thorough re-evaluation of existing ice dynamic
models. Aiming at the reconstruction of the changing ice dy-
namics and ice configurations in this area, already published
chronological data were reviewed, and new ages based on op-
tically stimulated luminescence (OSL) dating are presented
for the area of the maximum ice extent of the SIS in north-
eastern Germany.

Available ages are primarily based on OSL dating tech-
niques applied to glaciofluvial and glaciolacustrine sedi-
ments, as well as cosmogenic nuclide exposure ages ap-
plied to glacial boulders (Heine et al., 2009; Lüthgens et
al., 2010a, b, 2011; Lüthgens and Böse, 2011; Houmark-
Nielsen et al., 2012; Kenzler et al., 2015, 2016; Hardt and
Böse, 2016; Hardt et al., 2016). With more ages becom-
ing available, a discussion has evolved – or rather intensi-
fied – concerning the question of the occurrence of a late
MIS 3 (marine isotope stage) ice advance reaching beyond
the south-western border of the Baltic Sea depression to east-
ern Denmark and north-eastern Germany. In this paper, we
aim to show that seemingly contradictory dating results from
different key locations may be explained by using a process-
based interpretation of numerical ages in the context of large-
scale ice dynamic processes and topography. Consequently,
this new interpretation provides the foundation for the intro-
duction of a new conceptual model of the glacial advances of
the SIS into the western and central part of the North Eu-
ropean Plain during the last glacial cycle. In addition, we
suggest refraining from the use of (traditional) local termi-
nologies for correlation purposes in favour of an objective
MIS-related nomenclature based on the chronostratigraphic
interpretation of available data.

2 Geology and topography of the south-western
Baltic Sea depression

The large majority of morphological, stratigraphical, petro-
graphical and chronological data available for the area under
investigation was derived from terrestrial records with a very
limited number of results available for records from today’s
Baltic Sea depression (Kriegers Flak in Anjar et al., 2014,
and Adlergrund in Obst et al., 2016). However, geomorpho-
logical and geological properties of the Baltic Sea floor must
have had a significant influence on the dynamics and routing
of the inland ice, especially the Baltic Ice Stream.

The morphology of the south-western Baltic Sea is partly
determined by tectonic units which were reshaped by glacial
erosional processes during the repeated Quaternary glacia-
tions (Fig. 2). The south-east–north-west stretching tec-
tonic Tornquist–Teisseyre zone splits south of Bornholm
into the northern branch, the Sorgenfrei–Tornquist zone and
the southern Trans-European Fault (Schack Pedersen and
Gravesen, 2010). The island of Bornholm is a horst with
Proterozoic crystalline bedrock (Uścinowicz, 2014), mainly
granite and gneiss (Jakobsen, 2012), forming the northern
half of the island and Palaeozoic sedimentary rocks, mainly
sandstone and shale (Jakobsen, 2012), in the south (Schack
Pedersen and Gravesen, 2010). The south-western edge of
Bornholm and the submarine Rønne Banke, morphologically
a south-west stretching prolongation of the island of Born-
holm, consist of small areas of Jurassic but mainly of Creta-
ceous limestone with a thin cover of Quaternary sediments
(Schack Pedersen and Gravesen, 2010). This offshore shoal
has less than 20 m water depth. At its south-western end, it
becomes even shallower in the Adlergrund area, which was
intensely investigated as a wind farm construction site (Obst
et al., 2016). Farther to the south-west, the offshore shoal
forms transitions to the coastal areas of the island of Rügen.
North-west of the Rønne Banke, the Arkona Basin is located
which is defined by the 40 m water depth contour line and
which has a maximum depth of 48 m. At the western flank
of the Arkona Basin, another very shallow area is located,
Kriegers Flak, which is also the location of a wind park and
which was investigated by Anjar et al. (2014).

3 Ice dynamics of the SIS throughout the last glacial
cycle

3.1 SIS ice dynamics up to early MIS 3

Available chronological data for the Early and Middle We-
ichselian are scarce to non-existent. When Houmark-Nielsen
(1987) and Lagerlund et al. (1995) published the papers of
the ice advances at the south-western sector of the SIS, the
dating of glacial deposits was not yet common. These papers
are based on structural and lithological analyses such as mea-
surements of clast orientation and gravel composition. The
striking results were the reconstruction of a westerly ice flow

https://doi.org/10.5194/egqsj-69-201-2020 E&G Quaternary Sci. J., 69, 201–223, 2020



204 C. Lüthgens et al.: A new conceptual model for the dynamics of the SW sector of the SIS

Figure 1. Conceptual model from a static but time transgressive image of the Weichselian SIS extent towards a geochronologically based
dynamic interpretation of ice-marginal positions. (a) The base map shows the entire static maximum ice extent of the SIS (data available from
Ehlers et al., 2011), which has frequently been shown to be time transgressive. Major ice streams are adapted from Stokes and Clark (2001).
(b) Image of a theoretical time slice inferred from geochronological data at ice-marginal positions. A process-based interpretation of these
data allows for the identification of sectors characterized by stability (blue), advance (green) and decay (red) of the ice margin. (c) Dynamics
of the ice sheet valid for the theoretical time slice and inferred from geochronological information. Red sectors and arrows indicate retreat
of the ice front, green sectors and arrows indicate advance of the ice front, and blue sectors indicate stability of the ice front. The thickness
of the blue arrows indicates the activity of the individual ice streams inferred from the behaviour at the ice front, with bold arrows implying
high activity (resulting in a positive mass balance), medium arrows implying medium activity (stable mass balance) and thin arrows implying
low activity (negative mass balance).

direction on the north-western Polish coast and the identifica-
tion of even a southerly flow component on the eastern coast
of Rügen (Lagerlund et al., 1995; Gehrmann and Harding,
2018; Gehrmann and Harding, 2019). Based on these find-
ings, Lagerlund et al. (1995) proposed marginal ice domes at
the fringe of the SIS developing their own flow patterns.

In 2010, Houmark-Nielsen presented the so-called Old
Baltic Advance in Denmark, now designated as the Ristinge
Advance at about 55–50 ka and thus dating to the early
MIS 3. The age determination is based on OSL data from
quartz and supported by accelerator mass spectrometry
(AMS) radiocarbon data of macrofossils in diamicts.

This advance was the maximum Weichselian ice ad-
vance in the central part of the Jutland peninsula (Denmark)
(Fig. 3). Based on the stratigraphical position, it can be
discussed whether this ice advance corresponds to the El-
lund Advance in Schleswig-Holstein (Stephan, 2014) and
possibly to the Warnow Advance in western Mecklenburg-
Western Pomerania (Mecklenburg-Vorpommern) (Müller,
2004, 2006). However, there are no numerical ages avail-
able for these advances, and they have mainly been recon-
structed based on borehole stratigraphy. Neither geomorpho-
logical evidence nor correlated sediments could be identified
in the coastal profiles at Klütz-Höved (Kenzler et al., 2018),
on the German island of Rügen (Kenzler et al., 2016), or in
stratigraphical and geomorphological records further south
in Brandenburg. In contrast, evidence for correlated sedi-
ments of an early MIS 3 advance was found at Kriegers
Flak and in the Alnarp Valley in southern Sweden. Anjar et

al. (2014, p. 609) consider Kriegers Flak a “potential key site
for correlating the glacial stratigraphy of Sweden, Denmark
and Germany”. At least three till beds have been identified
(Anjar et al., 2014), with the lower Weichselian till bed be-
ing characterized as a Baltic till, indicating a long distance
transport of clasts. This till is attributed to the Ristinge Ad-
vance in Denmark. The chronology is based on OSL data
(including single grain measurements) of glaciofluvial sand
and radiocarbon ages (Anjar et al., 2010, 2012, 2014).

In the southern part of the Swedish Alnarp Valley located
in the terrestrial area north of the Arkona Basin, two tills
have been identified. The lower till bed is correlated with the
Ristinge Till at an age older than 50 ka (Anjar et al., 2014).
Möller et al. (2020) recently published numerical data based
on quartz OSL and radiocarbon ages from glaciofluvial and
glaciolacustrine deposits associated with the deglaciation
from the Ristinge Advance. These ages all post-date the pre-
sumed age of the Ristinge Advance, thus indirectly confirm-
ing it. At the Adlergrund site, Obst et al. (2016) investi-
gated the sedimentary record primarily using lithostratigra-
phy based on fine gravel analyses. Geochronological data are
lacking, but, based on their results, the authors do not present
evidence for an early MIS 3 ice advance at the Adlergrund
site. Despite the lack of geochronological control, Fig. 3
clearly shows that evidence for an early MIS 3 ice advance of
the SIS is only present to the north-west of an idealized line
from Bornholm, following the Rønne Banke to the Adler-
grund site and the western part of the island of Rügen. To the
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Figure 2. Simplified geological map of the south-western Baltic Sea including major fault zones. Geology based on the International
Geological Map of Europe (Asch, 2005). Base map: land surface based on 250 m Shuttle Radar Topography Mission (SRTM) data (Jarvis et
al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO2 (Seifert et al., 2001).

east of that line, no evidence for an early MIS 3 ice advance
of the SIS has yet been found.

3.2 SIS ice dynamics from late MIS 3 to MIS 2

Compared to the earlier stages of the Weichselian Glaciation,
the time constraints and age control starting with late MIS 3
are much better owing to the higher number and better spatial
coverage of available data. Table 1 provides a compilation of
key studies referred to in this paper, including geochronolog-
ical, geographical and methodological metadata.

During the late MIS 3, the Klintholm Advance is docu-
mented on the island of Møn, Denmark, and is dated to about
30 ka by OSL data from material below and above the till,

as well as radiocarbon data of plant macrofossils (Houmark-
Nielsen, 2010; Houmark-Nielsen et al., 2016). At Kriegers
Flak, the lowermost till associated with the Ristinge Ad-
vance is overlain by three units of shallow marine brackish
sediments in the lower part, followed by terrestrial wetland
and lake deposits. The uppermost part of those sediments is
formed by a glaciolacustrine clayey deposit. The overlying
diamicton can be subdivided into two layers with intercalated
sand and gravel.

The lower part could be of the same age as the Klintholm
Advance according to the age of underlying organic sedi-
ments, whereas the upper layer is only slightly younger and
“within the wider range suggested for the Klintholm Till”
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Figure 3. Extents of Middle Weichselian ice advances (Müller, 2004; Houmark-Nielsen, 2010) and Weichselian morphological maximum
extent, compiled based on Liedtke (1981) and Marks (2012). Base map: land surface based on 250 m Shuttle Radar Topography Mission
(SRTM) data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO2 (Seifert et al., 2001).

(Anjar et al., 2014:624). In the Alnarp Valley, a till which
is restricted to the southern part of the valley and is mainly
deposited by a glacier tongue from a south-easterly direc-
tion can be found. According to radiocarbon data of under-
lying sediments, it is younger than 35 ka cal BP (Anjar et
al., 2014). It cannot be excluded that the Klintholm Till and
the Allarp Till are related to the same ice advance. Möller
et al. (2020) recently dated glaciofluvial and glaciolacustrine
deposits from different sites in the Alnarp Valley bracketing
that till using quartz OSL and radiocarbon dating, establish-

ing a time frame for the ice advance and subsequent deglacia-
tion of between 34 and 30 ka.

In contrast, in Schleswig-Holstein and western
Mecklenburg-Western Pomerania, as well as on Rügen
Island and at the Adlergrund site, the available data do not
give any evidence of a contemporaneous ice cover during
late MIS 3 (Stephan, 2014; Kenzler et al., 2016; Pisarska-
Jamroży et al., 2018, 2019). Widespread glaciolacustrine
deposits in parts of the southern Baltic Sea (Steinich, 1992;
Panzig, 1997; Anjar et al., 2012) characterize the late MIS 3
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deposits. Anjar et al. (2012) postulate that the Kattegat
Advance in northern Denmark dammed the Baltic Sea Basin
in the time after the Klintholm Advance. Livingstone et
al. (2015) have published studies about pro- and subglacial
lake sediments in the Dänisch Wohld area in Schleswig-
Holstein. From the statistical evaluation of quartz OSL data
measured as a single aliquot and single grain protocol, the
authors deduce an ice advance at about 23 ka.

On the island of Rügen, Kenzler et al. (2015, 2016) and
Pisarska-Jamroży et al. (2018) have studied and dated out-
crops by quartz OSL with large aliquots from the Jasmund
peninsula. The materials dated are glaciofluvial sands below
the only Weichselian till. All profiles show a till younger
than 22 ka underlain by lacustrine deposits, including some
sandy meltwater layers. This till is interpreted as the LGM
till in the sense of the global LGM. Like at Kriegers Flak,
an equivalent to the Klintholm Till has not been found (Ken-
zler et al., 2016, Fig. 12 therein). Hiatuses found at Kriegers
Flak (Anjar et al., 2012), as well as in the Rügen profiles,
are discussed as being synchronous with the Klintholm Ad-
vance in Denmark (Kenzler et al., 2016). They are related
to cool climate conditions. Kenzler et al. (2015:47/48) state
“this ice advance did not reach the Jasmund area”. The maps
in Hughes et al. (2016, Fig. 6 Band D therein) are therefore
not verified. The cliff outcrop at Klein Klütz-Höved on the
western flank of Wismar Bay also shows only one Weich-
selian till (Kenzler et al., 2018). Above Eemian deposits at
the base of the section, an unconformity comprises the Early
to Middle Weichselian. Deposition of fluvial to glaciofluvial
sands starts at about 26 ka, and the sands directly underlying
the Weichselian till are dated to 21–18 ka. All data are based
on quartz OSL measurements on large aliquots. These ages
are in good agreement with the timing of the Young Baltic ice
advance documented by the stratigraphically youngest tills
found at Kriegers Flak and in the Alnarp Valley and dated
to about 20 ka at Kriegers Flak (Anjar et al., 2014; Möller
et al., 2020). The stratigraphical record at Adlergrund is less
clear. Obst et al. (2016) discuss multiple Late Weichselian
ice advances reworking an older till, which is now only rep-
resented by reworked clasts. This ice advance is attributed to
the global LGM, but the lack of a geochronological control
is hindering a coherent interpretation.

The mainland of north-eastern Germany was primarily
shaped by a south-westerly branch of the Baltic Ice Stream
(Fig. 1) known as the Oder Lobe (with respect to ice dy-
namics). Because there is no specific name describing the
area formed by this lobe, this will subsequently be called the
Oder Lobe area (referring to the geographic area in north-
eastern Germany, especially the Brandenburg and Berlin ar-
eas). Here, geochronological evidence is contrasted with the
results from the German Baltic Sea coast. Multiple ages
in the age range determined for the Klintholm Advance in
Denmark and southern Sweden were reported. Lüthgens et
al. (2010a, b) and Lüthgens and Böse (2011) provide ages
for proglacial outwash sediments attributed to the maximum
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extent of the Weichselian Glaciation, here called the Bran-
denburg Stage, between younger than 34 and 30 ka, as deter-
mined by optically stimulated luminescence (OSL) dating of
quartz single grains and small aliquots (quasi-single grains).
Brauer et al. (2005) report that OSL ages from Stolzenhagen
using single aliquots of quartz from outwash sediments as-
sociated with the advance of the SIS to its maximum ex-
tent at ∼ 33± 2 ka (Lüthgens et al., 2010a; Lüthgens and
Böse, 2011; Hardt et al., 2016; Hardt, 2017) provide sim-
ilar ages from correlate outwash sediments at the Ladeburg
site of∼ 34±5 ka based on small aliquot (quasi-single-grain)
quartz OSL. These ages are in good agreement with surface
exposure ages (recalculated using the global 10Be produc-
tion rate of Heyman, 2014) for erratic boulders, indicating
the initial down melting of the ice in the area north of the
maximum position of the Weichselian Glaciation in north-
eastern Germany at about 24–21 ka based on Rinterknecht et
al. (2006), Heine et al. (2009), and Hardt and Böse (2016).
Hardt et al. (2016) have shown that the area traditionally
interpreted as the Frankfurt ice-marginal position in north-
eastern Germany does not represent a stationary ice margin
but rather a succession of ice-marginal fans that were formed
at ∼ 26.3±3.7 ka during the retreat of the ice from the max-
imum position it had reached during late MIS 3.

The ice advance, synchronous with the global LGM,
is also well dated in north-eastern Germany. Lüthgens et
al. (2011) present multiple single-grain OSL data from out-
wash sediments associated with the Pomeranian ice-marginal
position (Althüttendorf and Eberswalde sites) dating to ∼
20 ka. Within error, these ages are in agreement with sur-
face exposure ages of erratic boulders from the top of the
Pomeranian moraine crest in the area (initially published by
Heine et al., 2009; ages recalculated using an updated 10Be
production rate by Hardt and Böse, 2016). The initial decay
of the LGM ice is also well constrained by multiple sur-
face exposure ages indicating that the downwasting started
as early as 20–17 ka and lasted in the hinterland until about
15 ka (Rinterknecht et al., 2014; Heine et al., 2009; ages re-
calculated using an updated 10Be production rate by Hardt
and Böse, 2016). This process-based interpretation of the
chronology of the LGM ice advance is also in good agree-
ment with the previously summarized results from the Baltic
Sea region in north-eastern Germany, Denmark and south-
ern Sweden. In addition, it clearly is in contrast to the dis-
cussion in Rinterknecht et al. (2014) which strictly follows
the concept that the Brandenburg Advance is related to the
LGM at about 22 ka and the Pomeranian Advance is younger
at about 15 ka, which was based on the traditional morphos-
tratigraphic model of a more static and synchronous SIS and
on the premature interpretation of 10Be exposure ages of er-
ratic boulders.

Recently, Tylmann et al. (2019) published new cosmo-
genic nuclide data (10Be) of erratics in the young morainic
area of Poland. The interpretation of the results is also strictly
linked to the traditional ice-marginal positions of the Leszno

(Brandenburg), Poznań (Frankfurt) and Pomeranian stages,
and the data are documented and presented as belts from west
to east.

The data give evidence of boulders with ages that do not
represent the Weichselian Glaciation and a wide scatter of
data of the mid-Weichselian, mainly of MIS 4 and 3 and a
maximum in MIS 2 (Tylmann et al., 2019, Fig. 3 therein).
The OSL data, as well as the radiocarbon ages cited by Tyl-
mann et al. (Tylmann et al., 2019), are related to the Vistula
lobe area in northern central Poland, which does not give age
constraints to the Oder Lobe area and its immediate vicinity
to the east.

Summing up the state of the art, the geochronological
control of the dynamics of the Oder Lobe in north-eastern
Germany is exceptionally coherent, based on reliable, state-
of-the-art numerical dating techniques and encompassing a
broad time window. Taking a process-based interpretation
of the available numerical ages into account, especially the
Brandenburg area, allows us to constrain the late MIS 3 ice
advance as follows: it reached the area at ∼ 34 ka, stabilized
at its maximum position shortly after that, most probably at
∼ 30 ka, and finally wasted down from 26 ka onwards (Hardt
et al., 2016). The ice advance correlated to the global LGM
stabilized at ∼ 20 ka and started downwasting shortly after
that. To corroborate this chronology further, especially the
late MIS 3 advance to the area, we have investigated new sec-
tions at the opencast lignite mine of Jänschwalde and in the
Müncheberg area which will be presented in the subsequent
sections.

4 Ice dynamics and chronology of the Oder Lobe

4.1 Regional setting

Recent studies confirm that the inland ice consisted of vari-
ous ice streams reacting in a different way and with their own
dynamic behaviour (Hughes et al., 2016). Concepts about a
time transgressive formation of the outer margin and a di-
versified flow pattern of the British and Scandinavian inland
ice started with the elaboration of dating methods of minero-
genic deposits (Böse et al., 2012; Clark et al., 2012; Hughes
et al., 2013).

The area of the maximum ice advance in Brandenburg is
located within the so-called Oder Lobe area where the ice
moved relatively far south. The sharp edge at its western bor-
der – the Weichselian Glaciation did not reach the Elbe River
– implies different ice dynamics at the Oder Lobe and in the
areas farther west (Fig. 4).

This south-west stretching Oder Lobe area is a low-lying
area in the prolongation of the southern axis of the Baltic
Sea Basin east of Bornholm. The morphology therefore fa-
cilitates an ice overflow out of the basin to the south. The
landscape that was overridden by this maximum ice advance,
called the Brandenburg Phase, is characterized by a till which
is often patchy and less than 10 m thick (Juschus et al., 2011;
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Figure 4. Configuration of the SIS during late MIS 3. Please note the lobate structure of the ice sheet, with the Oder Lobe reaching
the maximum ice extent in late MIS 3 in north-eastern Germany. The island of Bornholm and the high-lying areas of the Rønne Banke
separate the ice streams in the western Baltic Sea Basin. The area between Bornholm and Rügen remains ice free and is characterized by
the deposition of glaciofluvial and glaciolacustrine sediments. Base map: land surface based on 250 m Shuttle Radar Topography Mission
(SRTM) data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO2 (Seifert et al., 2001).

Lippstreu et al., 2015). Glaciofluvial sand is a widespread fa-
cies. Farther towards the outer margin, even more glacioflu-
vial landforms such as kames and sandurs dominate the land-
scape. End moraines are widely missing, and the ice mar-
gin is represented by outwash material sometimes even at-
tached to landforms from the penultimate glacial cycle (Lüth-
gens et al., 2010a). Most of the elevations consist of layered
sediments, interpreted as kames deposited between dead ice
blocks (Weisse, 1977; Böse, 2005). In total, the ice obvi-

ously was not very vigorous to transform the pre-existing
landscape but mainly disguised it by meltwater sediments or
subglacial meltwater features like channels (Böse, 2005). It
can be hypothesized that the landscape surface was not or
not deeply frozen at the end of the MIS 3 so that processes
prevailed analogous to those described by MacAyeal (1993,
p. 775) for the Hudson Bay area in North America where

free oscillations in the flow of the Laurentide Ice
Sheet arose because the floor of Hudson Bay and
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Hudson Strait is covered with soft, unconsolidated
sediment that forms a slippery lubricant when
thawed. The growth phase occurs when the sedi-
ment is frozen [. . .]. The volume of the LIS [Lau-
rentide Ice Sheet] slowly grows during this phase
at a rate dictated by snow accumulation. The purge
phase occurs when the basal sediment thaws and
a basally lubricated discharge pathway (i.e. an ice
stream such as those which occur in West Antarc-
tica today) develops [. . .].

The stratigraphical correlation from the Baltic Sea to the
maximum Weichselian ice extent in the Oder Lobe area is
still a matter of discussion. The geomorphological character-
istics of the area north and south of the end moraines of the
Pomeranian Advance show clear differences. The Pomera-
nian ice-marginal position itself is characterized by a dis-
tinct and boulder-rich end moraine complex. In the hinter-
land, till plains widely form the landscape, whereas meltwa-
ter deposits are restricted to meltwater channels. It is notable
that drumlins have been mapped in Mecklenburg-Western
Pomerania only north of the Pomeranian ice-marginal posi-
tion (Liedtke, 1981), whereas in the southern Oder Lobe area,
formed during the Brandenburg Phase, drumlins are missing.
This spatial distribution indicates differences in the dynam-
ics of the ice and the conditions of the subglacial material –
frozen or unfrozen – when it was overridden and the relief
was reshaped (Hermanowski et al., 2019). While the mor-
phostratigraphical and geochronological record of the Oder
Lobe area clearly shows the presence of a late MIS 3 ice
advance, no evidence for such an advance was found in the
above-described coastal sections. So far, the data were pre-
dominantly based on lithostratigraphical studies mainly in-
vestigating till facies at the coastal cliffs (Strahl, 2004a, b).
The statistical and stratigraphical interpretations of the tills
of the Stoltera cliff close to Warnemünde by Böse (1989)
gave similar results as the interpretation of Müller and Strahl
(Strahl, 2004b, Table 4.5.4-1 therein). The strong glaciotec-
tonic disturbances at the Stoltera cliff nevertheless compli-
cate the stratigraphical interpretation of the dislocated mate-
rial, and the statistical evaluation only shows a distinct differ-
ence between the oldest till and the four younger ones, which
show very similar characteristics (Böse, 1989, 80f., Figs. 40–
48).

Recently, profiles at the Baltic Sea coast, namely Klein
Klütz-Höved, Kluckow, Glowe and Dwasieden, have been
dated by means of OSL (Kenzler et al., 2015, 2016, 2018;
Pisarska-Jamroży et al., 2018). Klein Klütz-Höved is located
to the west of Wismar at the prominent coastal part between
Wismar Bay and Lübeck Bay; the Kluckow and Glowe sec-
tions are at the north-western cliff of Jasmund, Rügen. All
dated profiles comprise a hiatus in the Middle Weichselian.
In general, the fact that unambiguous sediments of Middle
Weichselian interstadials are missing in all the profiles has to
be taken into consideration.

In the Kluckow section, the lowermost till is attributed to
the Saalian Glaciation based on lithostratigraphic interpreta-
tion. Last interglacial deposits, as well as the Early Weich-
selian, are not present. However, Kenzler et al. (2015, Fig. 2
and p. 252 therein) interpret one of the stratigraphic units
(Unit A in Kenzler et al., 2015) as a possible glaciofluvial
sediment. This implies the presence of glacial ice in close
proximity to the site older than about 62 ka. Based on the age,
this could tentatively be correlated to the Ellund–Warnow ice
advance. A glaciolacustrine sequence dated older than 27 to
22 ka implies the presence of a dammed area required for the
lake formation. In contrast, the underlying sandy fluvial se-
quence, which is older than 40 ka, shows a distinct ice wedge
cast indicating a strong periglacial influence on a terrestrial
surface. The first Weichselian till in this outcrop post-dates
the lake deposits based on its stratigraphic position. However,
when compared to the reference profile that Panzig (1995)
described for north-eastern Rügen, the section exposed in the
outcrop is likely incomplete because a second Weichselian
till is missing. Similar interpretations are valid for the out-
crop of Glowe and Dwasieden.

In the Klein Klütz-Höved profile, Krbetschek (1995; re-
drawn in Kenzler et al., 2018) described a Saalian till sepa-
rated from the upper part of the section by Eemian deposits.
According to the reference profile (Kenzler et al., 2018,
Fig. 3 therein), four tills have been identified above the
Eemian. However, the dated profile in the study of Ken-
zler et al. (2018, Fig. 4 therein) shows only one till above
the interglacial deposits, and this till is attributed to the
Late Weichselian (MIS 2), here associated with the Bran-
denburg/Frankfurt stages. OSL ages using large aliquots of
quartz obtained from sandy water-lain deposits just below
this till gave ages between about 29 and 17 ka. The units of
sandy sediments overlying the till gave ages of about 23 to
15 ka. The hiatus between the Eemian and the dated lacus-
trine to (glacio-)fluvial and (glacio-)lacustrine sands is about
90 kyr long. The onset of the fluvial to glaciofluvial sedimen-
tation in Glowe starts roughly at the time of the Ristinge Ad-
vance in Denmark.

4.2 The Jänschwalde and Müncheberg sites

Given the lack of the presence of an early MIS 3 advance
in the cliff sections along the Baltic Sea coast, an additional
site was investigated in southern Brandenburg to further en-
hance the geochronological control of that ice advance. Jän-
schwalde is located in the area of the southernmost ice extent
of the Weichselian Glaciation. Access to proglacial outwash
sediments is possible because of active opencast lignite min-
ing at Jänschwalde (Fig. 4).

The site is situated on the so-called Taubendorfer sandur.
The exposed sedimentary sequence comprises complex Neo-
gene and Quaternary deposits. During the last decades, sev-
eral stratigraphical and geochronological investigations were
carried out which focused on the presumed Saalian sediments
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exposed in the open cast mine (Cepek et al., 1994; Küh-
ner, 2003; Lippstreu and Stackebrandt, 2003; Nowel, 2003;
Degering and Krbetschek, 2007; Kühner, 2013; Zöller and
Schmidt, 2016). The Quaternary Saalian deposits are partly
overlain by silt gyttja which was classified as Eemian (MIS
5e) by palynological analyses (Kühner et al., 2008). OSL
analyses of Saalian glaciofluvial sediments beneath the gyt-
tja confirmed its Eemian origin (Zöller and Schmidt, 2016).
Towards the top, the sediment succession is completed by
glaciofluvial sands attributed to the sandur deposition of the
maximum ice advance of the Oder Lobe. The second site,
Müncheberg, is situated in the area formerly ascribed to the
Frankfurt ice-marginal position (Fig. 4). In a gravel pit, sandy
sediments are exposed which coarsen into coarse sand to-
wards the top of the section (uppermost ∼ 1.5 m) and are
overlain by a thin layer (max. ∼ 50 cm) of coarse gravel,
stones and small blocks on top of the section. The cover-
ing layer is interpreted as a residual till eroded by meltwater
activity, with the coarse sands deposited directly at the ice
front or even subglacially. In contrast, the sandy base of the
section can be interpreted as proglacial outwash sediments
attributed to the ice advancing to the Brandenburg Stage of
the Weichselian Glaciation. This sedimentological evidence
is supported by geomorphological evidence in the surround-
ing area, namely the occurrence of eskers (Nitzsche, 2015).
Stratigraphic logs of both sites are provided in the Supple-
ment. We analysed nine samples from these presumed We-
ichselian glaciofluvial sand layers by means of quartz OSL
at the Vienna Laboratory for Luminescence Dating (VLL). In
addition to the basic information provided here, all method-
ological details concerning sample preparation, experimental
setup, statistical data evaluation and age calculation are pro-
vided in the Supplement. The sample preparation was per-
formed according to the descriptions in Hardt et al. (2016)
and Lüthgens et al. (2017). We measured quartz grains in the
grain size fraction of 170–250 µm (Jänschwalde) and 220–
250 µm (Müncheberg). The aliquot size was 1 mm for the
Jänschwalde samples and 2 mm for the Müncheberg sam-
ples, which results in an average of 15–25 grains per disc.
In previous tests on Weichselian glaciofluvial material on
single grains, we observed that only 3 %–5 % of the quartz
grains emit a significant luminescence signal (Lüthgens et
al., 2010b; Hardt et al., 2016). Thus, the measurements were
done on a quasi-single-grain level, which is an important
prerequisite when working on poorly bleached (glacioflu-
vial) material (Thrasher et al., 2009). Of the nine samples,
seven were suitable for age calculation (see Hardt, 2017, and
Nitzsche, 2015, for a full sample report). Owing to the ob-
served incomplete bleaching, we applied the three-parameter
Minimum Age Model (MAM; Galbraith et al., 1999) and ob-
tained a mean age of 30± 4 ka (n= 3) for the Weichselian
formation of the Taubendorfer sandur in Jänschwalde and a
mean age of 31±4 ka (n= 4) for the proglacial outwash sedi-
ments ascribed to the advancing ice in Müncheberg (Table S1

in the Supplement). Figures S3 to S4 in the Supplement show
the ages in their sedimentary and stratigraphic contexts.

Summing up the previously published data and the new
results confirming the late MIS 3 ice advance in the Oder
Lobe area, this suggests a somehow scattered, incomplete
and at first sight even incoherent image of the dynamics at
the south-western flank of the SIS during late MIS 3 and
MIS 2. Therefore, more details of the situation with respect
to ice dynamics, climatic conditions and the topography of
the south-western Baltic Sea area have to be discussed.

5 Discussion

In multiple profiles at the Baltic Sea coast in Mecklenburg-
Western Pomerania, up to four Weichselian tills have been
identified (Stoltera, Rügen) and distinguished by lithostrati-
graphical studies, but the variety between the tills, as well
as the subdivision into different layers within each till, is
partly of poor statistical relevance (Böse, 1989). The interca-
lations between the tills are of fluvial, brackish, lacustrine or
glaciofluvial origin. The differentiation between fluvial and
glaciofluvial sediments is difficult as the reworked sands are
similar in lithological and mineralogical composition. Nev-
ertheless, the attribution to one of these sedimentary pro-
cesses is crucial for the interpretation in relation to the SIS
as glaciofluvial transport and deposition imply a nearby ice
margin. The occurrence of ice wedge casts in those sediments
implies an at least temporarily terrestrial surface during or af-
ter the deposition.

The growth and extent of the SIS is controlled by three
factors.

1. The moisture supply by snow precipitation controls the
growth of the SIS. The main tracks of the precipita-
tion providing cyclones have changed during the We-
ichselian glacial period, and therefore the snow supply
on the whole SIS was regionally changing over time.
A strong regional supply has favoured the ice extent at
the respective sectors. A shift of the precipitation centre
from the east to the west is generally accepted for the
last glacial cycle (Patton et al., 2016).

2. Ice advances are influenced by the conditions of the
glacier base related to the lithology and the temperature.
Warm-based glaciers on a slippery, soft, water-saturated
sediment advance fast by means of basal sliding (Men-
zies, 1995; Hindmarsh, 2018). Meltwater even acceler-
ates the basal slip, resulting in regionally thinning ice.

3 The topography controls the ice flow in the outer parts
of the SIS (Mangerud, 2004; Roberts et al., 2018). The
initial ice advance is guided by the relief. Ice flow pri-
marily follows low-lying areas of the relief like the
Baltic Sea Basin or the southerly low-lying areas of
the lower Vistula and the lower Oder. Such depressions
are likely to have directed the ice flow (Hermanowski,
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2015). Subsequent ice advances did not necessarily have
to follow the relief because either active ice of the SIS
or dead ice from previous advances remaining in de-
pressions likely camouflaged the original relief. Con-
sequently, a readvance was likely guided into different
directions than the initial advance. Increasing ice thick-
ness may also provoke ice transgressions to elevated ar-
eas.

Mangerud (2004, Fig. 3 therein) shows how the Baltic Sea
depression as a huge catchment area influenced the ice flow
during MIS 4 and 3. The early maximum ice advance in
north-west Norway is probably related to a not yet maxi-
mum extent of the sea ice in the North Atlantic, thus still
providing a source of moisture for the south-western part of
the SIS. The Ristinge Advance was obviously strongly in-
fluenced by the relief filling the north-western basin of the
Baltic Sea. According to Fig. 9 in Kenzler et al. (2018), the
Ristinge and probably Ellund–Warnow ice advances, which
are not yet precisely dated, rather took place during a warm-
ing phase at the beginning of MIS 3 than during a cold phase
of MIS 4 (Mangerud 2004, Fig. 2). In this case, the ice ac-
cumulated during MIS 4 and started a faster dispersion by
increased flow velocities with the onset of warmer climate
conditions and meltwater production. This has to be regarded
in combination with the ice pressure and the geothermal in-
fluence below a growing ice mass increasing the basal tem-
perature at the outer part of the ice sheet. This would conse-
quently imply a thinning ice at the outer parts of the SIS. The
processes controlling ice velocity in relation to temperature
have recently been summarized by Patton et al. (2016). The
processes driving ice dynamics at the southern flank of the
SIS in early MIS 3 could be explained as a similar situation
as described by Patton et al. (2016, p. 109) for the Late We-
ichselian maximum ice advance at the eastern fringe of the
SIS, which they consider to be the result of “overstretching
of the outlet glaciers” driven by ice dynamic factors.

The recent geomorphological study of Gehrmann and
Harding (2018) on the glaciotectonic structures of Jasmund
(Rügen) give evidence of two to three different ice pres-
sure directions (termed “glaciotectonic complexes” by the
authors) on Rügen Island. The stratigraphical interpretation
follows the nomenclature used so far; therefore, they con-
sider the whole development belonging to the MIS 2 Weich-
selian ice advances. However, apart from the data of Ken-
zler et al. (2018), no precise time constraints are available.
Therefore, we propose a chronological reinterpretation of the
findings of Gehrmann and Harding (2018). The oldest ice ad-
vance forming the northern glaciotectonic complex reached
Rügen from a north-easterly direction. This flow direction
may well be related to the early MIS 3 (Ristinge–Ellund) ice
advance, which probably did not override the whole island of
Rügen but just ran into its northern part (Fig. 3).

The southern glaciotectonic complex, which is interpreted
to be younger than the northern one, was likely formed by the

late MIS 3 ice advance which is well documented as the max-
imum Weichselian ice advance (Brandenburg Stage) within
the Oder Lobe area. This is in accordance with the struc-
tural measurements of Lagerlund et al. (1995) who found an
ice flow from a south-easterly direction on Rügen and pres-
sure from north-west on Wolin Island. We interpret the avail-
able data as a strong indication of the presence of two outlet
glaciers in late MIS 3 (Fig. 4) synchronously advancing but
separated by the natural ice divide of the high-lying areas of
Bornholm.

Figure 5a and c illustrate the differences in ice dynam-
ics of the late MIS 3 advance and the early MIS 3 advance.
In the stream shadow of the erosion resistant granites and
gneisses, the elevated area of the Rønne Banke to the south-
west of Bornholm supported the division of the ice lobes,
separating the late MIS 3 ice advance through the western
Baltic Sea Basin into a north-western and a southern branch.
This is in excellent agreement with the geochronological ev-
idence proving the synchronous ice advance into Denmark
and southern Sweden (Klintholm Advance) and to north-
ern Germany through the Oder depression (Brandenburg Ad-
vance). According to the dating results in the Oder Lobe
area, the Oder Lobe advanced relatively quickly southward to
reach the maximum Weichselian ice extent in Brandenburg,
probably aided by the presence of high amounts of meltwater
(Fig. 5c, d). Thus the Brandenburg ice-marginal position is,
in the geochronological sense, equivalent to the occurrence
of the Klintholm Till at Kriegers Flak. At the Adlergrund
site, the respective till is missing probably due to erosion.
The fact that the late MIS 3 ice advance did not, or at least
not completely, cover the Rønne Banke and Rügen also ex-
plains the seemingly contradictory results from the cliff pro-
files at the Baltic Sea coast and the geochronological find-
ings of Kenzler et al. (2018). In the Kluckow section (Ken-
zler et al., 2015), as well as in Klein Klütz-Höved, the late
MIS 3 is represented by a hiatus in the sedimentary succes-
sion, encompassed mainly by lacustrine sediments. Given the
ice configuration shown in Figs. 4 and 5d, this hiatus and/or
deposition of glaciofluvial and glacio-lacustrine sediments is
highly plausible. Recently, Roberts et al. (2018) presented
results from the glacial environment of the today submarine
Dogger Bank in the North Sea, indicating that it has been
diverting ice streams from the British–Irish Ice Sheet (BIIS)
during MIS 2. In addition, evidence like the occurrence of
glaciolacustrine sediments indicating the existence of glacial
lakes proves that also during previous ice advances, the Dog-
ger Bank has been influencing ice flow directions. Similar
to the late MIS 3 scenario in the south-western Baltic Sea
area, the Dogger Bank situation proves that higher parts of
the relief can direct ice flow at the outer parts of an inland ice
sheet.

For the interpretation of the surface exposure data of er-
ratics in Poland, Tylmann et al. (2019) do not take a lobate
structure of the ice margin into consideration; the maximum
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Figure 5.

ice advance in the Vistula lobe area is referred to the Poznań
Phase.

In western Poland, the data offer nevertheless aspects for
a different interpretation (Tylmann et al., 2019) propose a
LLGM (local last glacial maximum) in western Poland be-
tween 25 and 21 ka. This is based on ages of six erratic boul-
ders, representing the down melting of an ice advance, which
gave ages within 19.3± 2.1 to 25.1± 2.1 ka. The latter date
has been excluded as too old from the interpretation by Tyl-
mann et al. (2019). Nevertheless, a closer look at the map
in Tylmann et al. (2019, Fig. 4) clearly shows that the data
attributed to the Leszno and Poznań phases are older in the
very Oder Lobe area than further to the east. They are slightly
younger than the data calculated by Hardt and Böse (2016)
west of the Oder river but are comparable to those originally
calculated by Heine et al. (2009). Therefore, the data in west-
ern Poland support the idea of a late MIS 3 ice advance of
the Oder Lobe and a different ice dynamic than in central
Poland. The critical remark of Tylmann et al. (2019) that the
OSL ages in Hardt et al. (2016) could be due to incomplete
bleaching can be denied so far as the samples were measured
on a quasi-single-grain level, which reliably allowed for the
detection and correction of the data to avoid age overestima-

tion. Therefore, the geochronological situation to the west of
the Oder Lobe area and the relation to the ice dynamic in the
Vistula lobe area have to be studied in more detail and with
comparable methods.

The ice advance equivalent to the global LGM likely
followed different dynamics (Fig. 5g). The till on top of
the glaciotectonic complexes in Rügen as described by
Gehrmann and Harding (2018) implies a frozen ground pre-
ceding the last ice advance, overriding the whole island. Ken-
zler et al. (2018) dated the occurrence of the first Weichselian
till in the Kluckow section, as well as in Klein Klütz-Höved
to ∼ 20 ka. This is time equivalent to the occurrence of the
Late Baltic till beds in Denmark and southern Sweden, as
documented at Kriegers Flak and in the Alnarp Valley (Anjar
et al., 2014). According to the geochronological data of Lüth-
gens et al. (2011) and Lüthgens (2011) these tills chronolog-
ically fit with the age of the Pomeranian Advance in north-
ern Brandenburg (Althüttendorf and Eberswalde sites) and
represent the time of the climatic LGM in MIS 2. Correla-
tion of the Pomeranian ice-marginal position with the global
climatic LGM is supported by the pronounced glacial mor-
phology with less meltwater influence of the Pomeranian ice-
marginal position in the Oder Lobe area (as summarized in
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Figure 5. This figure provides a summary of the dynamics of the south-western sector of the SIS during MIS 3 and MIS 2. Please keep
in mind that this figure is not meant to provide exact locations of the ice margin at any given time but is meant to illustrate the dynamics
discussed in Sect. 5. For details and labels of key sites and major cities, please see Figs. 3, 4, and 6 and references cited therein. The
explanation of symbols (see also Fig. 1) is as follows. Process-based interpretation of available data allows for the identification of dynamics
of the ice sheet (light blue) indicated by the following: red sectors and arrows – retreat of the ice front; green sectors and arrows – advance
of the ice front; and blue sectors – stability of the ice front. Whenever the location of an ice margin at a given time remains uncertain, this
is indicated by dashed lines. The thickness of the blue arrows indicates the activity of the individual ice lobes inferred from the behaviour
at the ice front. Detailed description: (a) the earliest ice advance of the SIS into the depicted area reached a stable ice-marginal position at
∼ 50 ka. This advance is called the Ristinge Advance in Denmark and the Ellund–Warnow Advance in northern Germany. Please also see
Sect. 3.1 and Fig. 3 for details. Chronological control is still scarce and, although very likely, the contemporaneity of Ristinge, Ellund and
Warnow remains to be proven. Evidence for an early MIS 3 ice advance of the SIS is only present to the north-west of an idealized line from
Bornholm following the Rønne Banke to the Adlergrund site and the western part of the island of Rügen. (b) Decay of the SIS after the
early MIS 3 advance after 50 ka, dated, for example, by Anjar et al. (2014) and Möller et al. (2020) in south-western Sweden. Deglaciation
reached the depicted area most likely very shortly after 50 ka; however, uncertainties in the data do not currently allow for a more precise
dating. (c) Early MIS 3 advance of the Baltic Ice Stream of the SIS split into two lobes by the horst of Bornholm. The advance to the west is
known as the Klintholm Advance, dated in the Alnarp Valley by Anjar et al. (2014) and Möller et al. (2020) and at Kriegers Flak by Anjar
et al. (2014). The advance of the south-western Oder Lobe into northern Germany is known as the Brandenburg Advance and was dated in
multiple studies. Sediments associated with the advancing ice were dated by Brauer et al. (2005) and in this study (Sect. 4.1, Müncheberg
site). For details, please see Fig. 4. (d) The two ice lobes reached a stable ice-marginal position at ∼ 34–30 ka. Ice of the Klintholm Advance
(extent sensu Houmark-Nielsen, 2010) deposited a till at the Kriegers Flak site (Anjar et al., 2014), and the Brandenburg Advance reached
as far south as the Jänschwalde site, newly dated in this study (Sect. 4.2), corroborating the dating results from previous studies. Ice-free
conditions prevailed along an idealized line from Bornholm following the Rønne Banke to the Adlergrund site and the island of Rügen
(here dated by Kenzler et al., 2015, 2018). For details on the chronology of these advances and the configuration of the ice lobes, please see
Sects. 3.2 (Klintholm Advance) and 4.1 (Brandenburg Advance of the Oder Lobe). (e) Ice decay from the late MIS 3 maximum into early
MIS 2. The exact timing of the retreat of the ice front is only known from a few sites, including, for example, the Alnarp Valley (Möller et
al., 2020) and the Ladeburg site in north-eastern Germany (dated by Hardt et al., 2016) with a contemporaneous advance of the Kattegat Ice
Stream into northern Denmark (Houmark-Nielsen, 2011). (f) The initial readvance of the SIS again approaching the Baltic Sea Basin after
downwasting in the early MIS 2 is documented in southern Sweden (for details, see Sect. 3.2). (g) The SIS reached a stationary ice-marginal
position at about 22–20 ka. This LGM maximum extent was reached rather synchronously in the south-western sector of the SIS, and the ice
advance was not split into individual lobes like during the early MIS 3 advance but was rather represented by a more uniform ice front. For
details, see Sect. 3.2 and Fig. 6. The continuation towards the east in Poland remains to be discussed, with first results potentially indicating
that a reinterpretation of the classical (morpho-)stratigraphy based on geochronological findings may be possible (for details, see Sect. 5).
(h) Ice decay from the LGM maximum extent was initiated shortly after 20 ka, as, for example, documented in northern Germany by multiple
ages of erratic boulders (recently recalculated by Hardt and Böse, 2016) which stabilized at the landscape surface after the down melting
of glacial ice and cessation of intense periglacial activity. Ice-free conditions are also documented in the Jutland Peninsula (summarized in
Houmark-Nielsen, 2011) and the Dänischer Wohld area (Livingstone et al., 2015). (i) The final ice advance of the SIS across the Baltic Sea
Basin occurred at ∼ 18 ka. In north-eastern Germany, chronological control is still missing to reliably correlate the Young Baltic Advance in
Denmark (summarized by Houmark-Nielsen, 2011) with, for example, the W3 extent (details see Fig. 6).
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Lüthgens, 2011, and Lüthgens and Böse, 2011). During the
previous down melting from the late MIS 3 maximum posi-
tion (Fig. 5e), the active ice margin formed a succession of
recessional ice-marginal features to the north in the Berlin
area and in the areas formerly attributed to the Frankfurt
ice margin, where distinct ice-marginal fan structures devel-
oped (Ladeburg site; Hardt et al., 2015). This down wast-
ing of the Oder Lobe is likely related to the final intersta-
dial phases in MIS 3. At the same time, in northern Denmark
the Kattegat Advance (Fig. 5e) started to block the fluvial
system from the Baltic Sea Basin to the Norwegian channel
(Houmark-Nielsen, 2011). During the coldest phase of MIS 2
the ground was freezing under severe periglacial conditions.
The MIS 2 LGM ice advance happened when the tempera-
tures rose again. Nevertheless, according to the topography
and the formation of the distinct terminal moraines, the exa-
ration features of the glacial tongue basins and the intense
glacial (as opposed to glaciofluvial) sediment transport in-
cluding erratic boulders give the impression of a different,
more vigorous ice dynamic than in the late MIS 3 ice ad-
vance in the Oder Lobe area. The MIS 2 LGM ice advance
can morphologically also be traced to the areas west of the
Oder Lobe area (Fig. 5g), although geochronological data are
still rare.

The LGM extent in Denmark is dated to 22–20 ka by
means of various methods including OSL (cf. Houmark-
Nielsen et al., 2012) and could be correlated with the
Pomeranian Advance in north-eastern Germany (Fig. 5g). Ice
decay after the LGM maximum was rapid, as indicated by ex-
posure ages from erratic boulders which stabilized at the land
surface after the down melting of glacial ice and cessation of
intense periglacial activity (Fig. 5h).

To the east, the data of Tylmann et al. (2019) allow a cor-
relation in the part of the Oder Lobe area sensu stricto, but
further to the east the dates from the data north of the Poznań
line are younger, on average less than 20 ka, and therefore the
eastward connection of the∼ 20 ka ice advance (Pomeranian
in Germany) is not clear (Figs. 5g, 6).

The final ice advance of the SIS across the Baltic Sea
Basin most likely occurred at ∼ 18 ka. In north-eastern Ger-
many, chronological control is still missing to reliably corre-
late the Young Baltic Advance in Denmark (summarized by
Houmark-Nielsen, 2011) with, for example, the W3 extent
(Fig. 5i).

6 Conclusions

Lithostratigraphical criteria have frequently been shown to
be used with extreme care when it comes to deciphering
different Weichselian ice advances. A good example is the
lithostratigraphy of the Baltic Sea cliffs. In the sections of
Kluckow and Klein Klütz-Höved, the hiatus at different lev-
els are obvious by the dating results. The lithostratigraphi-
cal analyses of the Stoltera cliff, comprising more till layers,

shows differentiations but only a limited statistical relevance,
which means that in total all Weichselian tills are quite simi-
lar.

The increasing amount of numerical data gives new in-
sight into the timing of various glaciogenic, glaciofluvial
and glaciolacustrine processes. In Germany, and similarly in
other countries, the traditional names of glacial ice advances
like Brandenburg/Frankfurt, Pomeranian and the younger
ones like the Mecklenburg Advance (Fig. 6) pretend to have
a synchronous formation of ice-marginal positions over long
distances, not taking into consideration the differences in ice
dynamics at the distal part of the SIS. A process-based in-
terpretation of available age data can provide a much deeper
insight into the great differences in ice dynamics and geo-
morphological processes occurring in different parts of the
SIS at the same time (Figs. 1, 5). The sedimentary records
at areas close to a stationary ice margin and in the areas of
advancing or decaying ice are different for the same time
slice. Therefore, authors should carefully reconsider the ap-
plication of the traditional, usually morphostratigraphically
defined names of ice advances.

Regional precipitation and temperature, as well as the pre-
existing relief, have influenced the ice dynamics in the south-
western part of the SIS. Regional fast ice advances were the
result of “outlet glaciers” (Patton et al., 2016, p. 106). Pat-
ton et al. (2016) developed a climatic model for the nour-
ishment of the SIS by varying precipitation and the Atlantic
sea circulation. Reduced precipitation in general but also a
time-spatial differentiation in the climatic deterioration and
precipitation influenced the ice extent. For MIS 3, they sup-
pose a restricted and still onshore ice margin in the western
Norwegian part, whereas a shift in the main ice divide to the
east was also changing the flow dynamic of the whole SIS.

The geochronological control compared against the back-
ground of global climatic records implies that the fast-paced
ice advances are not synchronous with the coldest climate
phases but happened during the onset of climate amelioration
in the sense of interstadials. The Ellund–Warnow Advance
during the warming of early MIS 3, following the cold stage
of MIS 4, was, according to present knowledge, the first We-
ichselian ice advance into the south-western Baltic Sea area
(Fig. 5a).

During late MIS 3, the SIS expanded through the south-
western Baltic area in a lobate fashion (Fig. 5c–e) with a
westerly lobe known as the Klintholm Advance in Den-
mark and a southerly lobe known as the Brandenburg Ad-
vance in north-eastern Germany. The ice attained its maxi-
mum extent within the Oder Lobe area. There is no evidence
that Bornholm, the Rønne Banke or Rügen were overrid-
den by the ice. Ice-free conditions resulted in the deposition
of glaciofluvial deposits, and the occurrence of ice-dammed
lakes resulted in the accumulation of glaciolacustrine sedi-
ments. This also explains the absence of an MIS 3 till in the
coastal cliff sections. Large parts of northern Germany and
Poland were ice free throughout MIS 3 (Fig. 4) (cf. Hughes
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Figure 6. Different scenarios for the configuration of the SIS during the MIS 2 global LGM. Because of the time transgressive nature of
morphological ice-marginal positions, the correlation between eastern Germany and western Poland remains challenging. Geochronological
control to the west of the Oder Lobe and towards northern Germany (Schleswig-Holstein) remains poor. The Mecklenburg extent is based on
the geological map of Mecklenburg-Western Pomerania 1 : 500000 (Bremer and Schulz, 1994). Weichselian morphological maximum extent
compiled based on Liedtke (1981) and Marks (2012). Base map: land surface based on 250 m Shuttle Radar Topography Mission (SRTM)
data (Jarvis et al., 2008) and bathymetry based on IOWTOPO1 and IOWTOPO2 (Seifert et al., 2001).

et al., 2016). Therefore, various sedimentary environments
existed in close proximity. The morphology of the late MIS 3
maximum in the Oder Lobe area is mainly formed by melt-
water sediments and erosional channels, which is in accor-
dance with the assumption of a fast-flowing ice. “Subglacial
erosion processes are strongly associated with zones of fast-

flowing, warm-based ice, amplified by the presence of sub-
glacial meltwater” (Patton et al., 2016, pp. 114/115).

According to our dynamic classification, the MIS 2 LGM
ice advance is represented by the Late Baltic Ice Advance in
the western Baltic Sea Basin, by the Pomeranian Advance
in the Oder Lobe areas and directly east of the river Oder
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within the “Odra Ice Stream” (Tylmann et al., 2019; Fig. 4)
in Poland. In contrast to the previous Weichselian ice ad-
vances, the dynamics of the LGM advance were character-
ized not by fast-running lobate outlet glaciers but by colder
and slower-moving ice probably forming a more uniform ice
front (Fig. 5g) and shaping a more distinct glacial morphol-
ogy. With the growing knowledge and increasing temporal
and spatial availability of geochronological data of the last
glacial cycle of the SIS, we strongly propose a process-based
interpretation of geochronological data and a time-based def-
inition of ice-marginal dynamics and extent as opposed to the
morphostratigraphical classification expressed in the tradi-
tional terminology of the ice advances. Using the traditional
terms limits the comparability of studies from different areas
and neglects the increasing knowledge about the time trans-
gressiveness of morphological ice-marginal positions. There-
fore, a terminology according to the MIS stages or only indi-
cating dating-method-based ages is strongly recommended.
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Abstract: The contribution highlights the use of Landsat spectral-temporal metrics (STMs) for the detection
of surface anomalies that are potentially related to buried near-surface paleogeomorphological de-
posits in the Nile Delta (Egypt), in particular for a buried river branch close to Buto. The processing
was completed in the Google Earth Engine (GEE) for the entire Nile Delta and for selected seasons
of the year (summer/winter) using Landsat data from 1985 to 2019. We derived the STMs of the
tasseled cap transformation (TC), the Normalized Difference Wetness Index (NDWI), and the Nor-
malized Difference Vegetation Index (NDVI). These features were compared to historical topographic
maps of the Survey of Egypt, CORONA imagery, the digital elevation model of the TanDEM-X mis-
sion, and modern high-resolution satellite imagery. The results suggest that the extent of channels is
best revealed when differencing the median NDWI between summer (July/August) and winter (Jan-
uary/February) seasons (1NDWI). The observed difference is likely due to lower soil/plant moisture
during summer, which is potentially caused by coarser-grained deposits and the morphology of the
former levee. Similar anomalies were found in the immediate surroundings of several Pleistocene sand
hills (“geziras”) and settlement mounds (“tells”) of the eastern delta, which allowed some mapping
of the potential near-surface continuation. Such anomalies were not observed for the surroundings of
tells of the western Nile Delta. Additional linear and meandering 1NDWI anomalies were found in
the eastern Nile Delta in the immediate surroundings of the ancient site of Bubastis (Tell Basta), as
well as several kilometers north of Zagazig. These anomalies might indicate former courses of Nile
river branches. However, the 1NDWI does not provide an unambiguous delineation.

Kurzfassung: Die Rekonstruktion der Paläotopographie und -hydrographie des Nildeltas spielt für landschaft-
sarchäologische Fragestellungen eine zentrale Rolle, da die antike Siedlungsaktivität stark von der
Dynamik des antiken Flussnetzes beeinflusst war. Für viele Bereiche des Deltas ist die Lage antiker
Flussarme jedoch unbekannt, da diese im Laufe der Zeit verlandet und heute nicht mehr eindeutig
im Landschaftsbild erkennbar sind. In diesem Kontext erlauben moderne Fernerkundungsdaten eine
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flächendeckende Untersuchung und ermöglichen Anomalien der Landbedeckung und Diskontinu-
itäten der Oberflächenmorphologie zu identifizieren, wodurch wertvolle Hinweise zur paläogeomor-
phologischen Situation gewonnen werden können. Zur Detektion solcher Anomalien wird in diesem
Beitrag das Landsat Archiv genutzt, wobei verschiedene spektrale und zeitlich-räumliche Metriken für
das gesamte Nildelta (Ägypten) für den Zeitraum 1985 bis 2019 in der Google Earth Engine berech-
net wurden. Die Merkmale der Merkmale der Tasseled Cap Transformation (TC), des Normalized
Difference Wetness Index (NDWI) und des Normalized Difference Vegetation Index (NDVI) wur-
den analysiert und mit historischen topographischen Karten des Survey of Egypt, CORONA-Bildern,
dem digitalen Höhenmodell der TanDEM-X-Mission und modernen Satellitenbildern verglichen. Die
Ergebnisse der Zeitserienanalyse zeigen die Lage eines verlandeten Flussarms in der Nähe von Buto,
der durch den Vergleich der Medianwerte des NDWI zwischen Sommer- (Juli/August) und Wintersai-
son (Januar/Februar) (1NDWI) deutlich zu erkennen ist. Der beobachtete Unterschied ist wahrschein-
lich auf eine geringere Boden- und/oder Pflanzenfeuchtigkeit während des Sommers zurückzuführen,
welche möglicherweise durch grobkörnige Ablagerungen im Untergrund bedingt wird. Ähnliche
Anomalien wurden in der unmittelbaren Umgebung mehrerer pleistozäner Sandhügel (Geziras) und
Siedlungshügel (Tells) des östlichen Nildeltas gefunden, was die Kartierungen der potentiellen ober-
flächennahen Fortsetzung ermöglichte. Weitere lineare und mäandrierende 1NDWI Anomalien wur-
den im östlichen Nildelta in der unmittelbaren Umgebung der antiken Stätte von Bubastis (Tell Basta)
sowie einige Kilometer nördlich der Stadt Zagazig gefunden. Diese Anomalien weisen vermutlich auf
frühere Verläufe von Flussarmen des Nils in diesem Bereich des Deltas hin.

1 Introduction

The reconstruction of the paleo-topography and paleo-
hydrography of the Nile Delta plays a central role in
landscape-focused archeological investigations. Historical
settlement activity was strongly linked to and influenced by
the presence and dynamics of the ancient river network of
the delta. The great importance of the river network for early
settlements is underlined by the fact that larger cities were
only found in the immediate vicinity of larger Nile branches,
which were of outstanding importance for traffic and trade
and met the basic need of water for agriculture and food se-
curity (Bietak, 1975). The earliest textual sources that allow,
to a certain degree, the reconstruction of the branches of the
Nile mainly date from the 5th century BCE to the 4th century
CE and come from various Greek and Roman authors (in-
cluding Herodotus, Diodorus, Strabo, and Ptolemy). These
sources named and described the estuaries of the Nile and
the landscape/riverscape of the delta in more or less detail;
however, they generally do not allow clear localization in to-
day’s topographic context. Most records indicate seven main
branches of the Nile, which were either named after the cities
at their mouths or after an important city located on the re-
spective arm (Bietak, 1975; Ginau et al., 2019).

Today’s situation differs greatly, as only two main Nile
branches still exist: the western Rosetta and the eastern
Damietta arms. The fluvial landscape of the Nile Delta has,
therefore, changed tremendously, indicating that the delta
was a highly dynamic environment. The same is true for
the time before the classical historiographers. In the time
of ancient Egyptian culture, settlement patterns and overall

economic, cultural, and religious processes were greatly im-
pacted by changes to the hydrographic system of the alluvial
plain (Butzer, 1976). Especially in recent decades, the im-
portance of understanding the paleo-topographies and paleo-
hydrographies of the Nile Delta at different times has been
recognized, and several research projects have explored the
topic. Geophysical and geoarcheological investigations have
been carried out in different regions of the delta at various
scales. Most of these surveys relied principally on the sed-
imentological analysis of core drillings (e.g., Sewuster and
van Wesemael, 1987; Andres and Wunderlich, 1991; Wun-
derlich 1988, 1989; Stanley and Warne, 1993a, b; Stanley
et al., 1996; Flaux et al., 2012; Marriner et al., 2012; Ginau
et al., 2019) and/or geophysical measurements (El-Gamili et
al., 1994; El Gamili et al., 2001; El-Mahmoudi and Gabr,
2009; Pennington and Thomas, 2016).

Additionally, remote sensing data, as well as topographic
and historical maps, have been widely used as they allow
area-wide investigation and sometimes even provide records
on the past topographic situation that might not be visible
today. Bietak (1975), for instance, reconstructed the course
of some of the Nile branches of the delta based on the anal-
ysis of topographic maps and the location of ancient settle-
ments. He mapped linear structures, which presumably rep-
resent natural embankments of former rivers (levees). Since
the end of the 1980s, satellite images (e.g., Landsat, SPOT,
Corona, RapidEye) have been increasingly used to detect
old river courses in the Nile Delta (e.g., Wunderlich, 1989;
Marcolongo, 1992; Moshier and El-Kalani, 2008; Wilson
and Grigoropoulos, 2009; Trampier et al., 2013; Ginau et
al., 2017). Along with this, digital elevation models (DEMs)
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from the Shuttle Radar Topography Mission (SRTM; Stan-
ley and Jorstad, 2006), as well as high-resolution data ac-
quired by the TanDEM-X mission, have been used (Ginau et
al., 2019). Lately, Elfadaly et al. (2020) showed the use of
various remote sensing sources (including Landsat) to iden-
tify potential former settlement areas in the northern delta.

The above-listed studies all use geospatial data to indicate
features of the modern land surface (e.g., location and orien-
tation of field boundaries, anomalies of land cover, discon-
tinuities of surface morphology) that may be related to the
paleogeomorphological setting. Although these datasets do
not allow chronological information to be derived or remains
of the paleo-landscape to be detected without ambiguities,
they are very valuable to support geophysical research on the
ground as they help to narrow down the survey area, or in-
dicate new promising locations for fieldwork. However, this
requires buried features to have a distinct surficial expression
compared to their surroundings so they can be detected with
remotely sensed imagery.

In many of the studies listed above, results on the loca-
tion of former landform features were obtained using single
images or a few remote sensing datasets. With the opening
of the Landsat Archive in 2008, an extensive time series of
multispectral satellite data has become available to the pub-
lic, open and free of charge. This archive compiles all avail-
able Landsat data, beginning with the first acquisitions made
by Landsat 1 in the early 1970s. However, analysis of the en-
tire Landsat archive for a region of interest is difficult using
an individual processing strategy and standard infrastructure.
This is due to high storage and processing requirements that
– considering the huge amount of data – must be undertaken
automatically. New analysis methods can provide a solution
here, e.g., cloud-based infrastructure and automated process-
ing chains. Both are offered by the Google Earth Engine
(GEE) (Gorelick et al., 2017), a free cloud-based service that
grants access to the entire Landsat archive and offers com-
prehensive algorithms for data processing and feature deriva-
tion. This enables processing of the Landsat Archive for the
entire Nile Delta, and therefore offers a new and still unex-
ploited pool of remote sensing data that can indicate features
and anomalies related to the paleogeomorphological setting.
The high spatial resolution and the long temporal baseline
offered by the archive make it possible to visualize and inves-
tigate even small changes and subtle differences in reflection
properties

This contribution presents results on the analysis of the
Landsat Archive for the entire Nile Delta between 1985 and
2019 in order to detect buried paleogeographical features.
The focus of the research is on the detection of anomalies that
might indicate hints of a former, potentially ancient, geomor-
phological setting. Special emphasis is on the identification
of (partially) buried geziras and tells and on potential courses
of former or abandoned Nile branches. Anomalies detected
in the Landsat time series are compared to the TanDEM-X
DEM, historical topographic maps of the Survey of Egypt,

and to satellite imagery of the CORONA mission and recent
high-resolution imagery.

2 Study area

The Nile Delta (Fig. 1), an alluvial plain in the north of
Egypt, today covers an area of about 24 000 km2 and is
densely populated and intensively used for agriculture (Pen-
nington et al., 2017; Fig. 1). It is the youngest in a long series
of deltaic formations that probably date back to the Miocene
(Butzer, 1976; Said, 1981). The landscape dynamics of the
delta were controlled by natural factors such as tectonics and
climate and sea level fluctuations up to the Middle Holocene,
but human influences have played an increasingly important
role since the Late Holocene (Pennington et al., 2017).

In detail, the geological structure and history of the Nile
Delta are quite complex and show regional differences (cf.
Andres and Wunderlich, 1991; see also the delta-spanning
summary of Pennington et al., 2017). In simplified terms,
the geology can be described as follows. At the beginning
of the Holocene, the delta was largely covered by sandy to
sandy-gravel deposits of the Mit Ghamr and Geziracover for-
mations. The Mit Ghamr formation consists of numerous
smaller units of different genetic origin of Pleistocene age,
deposited during an earlier, interwoven Nile regime (Said,
1981). Up to ca. 8000 cal BP, the Nile arms eroded or rede-
posited this material. On some topographic heights known as
“turtlebacks” or “geziras”, an aeolian rearrangement of the
fluvial sands forming the Geziracover formation often oc-
curred (Wunderlich, 1989; Pennington et al., 2017). The for-
mation of the Holocene alluvial delta plain began in the Mid-
dle Holocene. From about 8000 cal BP onwards, hydrolog-
ical changes and increased sediment supply in the “African
humid period” led to high accumulation rates in the Nile
Delta and to the development of swampy wetlands.

The area was characterized by a widely ramified river net-
work with extensive flood plains. The bluish-black, organic-
rich, silty-clayey to clayey-silty deposits with intercalated
peat horizons of this phase belong to the Bilqas 2 formation,
which was deposited between ca. 8000 and 6000 cal BP in
large parts of the delta. The relief of the delta was slightly
hilly at this time, with topographic highs in many places, es-
pecially on the edges of the delta, extending several meters
above the flood plain. The coastline was further inland than
today, especially in the east (Goiran et al., 2005; Pennigton et
al., 2017). Between 6000 and 5500 cal BP, relative sea level
rise decreased and conditions became increasingly arid. The
accumulation rate in the delta therefore decreased strongly
and the river landscape changed noticeably. In the southern
and central part of the delta, the sediments of the Bilqas 1
formation (brown-gray in color, and less rich in organic ma-
terial) were already present at this time, deposited in a deltaic
landscape with much wider, well-drained flood plains and in-
dividual river courses (Pennigton et al., 2017). By around
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Figure 1. Study area and data availability: (a) TanDEM-X digital elevation model (DEM) with a resolution of 13 m by 13 m per pixel
and (b) Landsat-8 true-color composite (RGB) for median surface reflectance between 2015 and 2019 and number of cloud-free Landsat
observations between 1985 and 2019 for the months of (c) July and August and (d) January and February. Insets in (a, b) are centered on the
excavation site of Bubastis (south of the modern city of Zagazig) and show the full resolution of the datasets. Landsat imagery courtesy of
the US Geological Survey. TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).
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3500 cal BP, the sediments of the Bilqas 2 facies had al-
most completely disappeared and were spilled by sediments
of the Bilqas 1 facies during the Late Holocene. The geziras,
which were a typical landscape feature in the delta before
6000 cal BP, therefore gradually became rarer and smaller.
From the perspective of cultural history, this dynamic envi-
ronmental development played an important role in the for-
mation of the ancient Egyptian state around 5050 cal BP
(Pennigton et al., 2017).

3 Data and methods

The conceptual framework of the approach is illustrated in
Fig. 2. The following sections provide information on the
datasets, processing, and analysis.

3.1 Data

3.1.1 TanDEM-X digital elevation model

The DEM of the TanDEM-X mission was made available
by the German Aerospace Center (DLR) (see Acknowl-
edgments) for the entire Nile Delta (coverage of approx.
260km× 180km) (Fig. 1a). The elevation values are stored
with single precision (i.e., submeter accuracy), and the verti-
cal system refers to the height in meters above the WGS1984
ellipsoid. Note that the TanDEM-X DEM is a surface model.
It therefore does not show the actual height of the terrain
but the height of the land surface (including vegetation,
buildings, etc.). The DEM was resampled to a resolution of
13m× 13m.

3.1.2 Landsat archive

The Landsat Mission provides the longest remote sensing
archive of optical multispectral data with the earliest acqui-
sitions dating back to the early 1970s. In this study, we used
the imagery of Landsat-5, Landsat-7, and Landsat-8 obtained
between 1985 and 2019. The (passive) optical sensors ac-
quire multispectral information on the earth’s surface and
offer comparable temporal, spatial, and spectral resolutions
(Figs. 1b and 3).

3.1.3 Reference data

The TanDEM-X DEM and the features processed using the
Landsat archive (see below) were compared to historical to-
pographic maps of the Survey of Egypt (SoE). The maps
were surveyed between 1897 and 1911 and display the to-
pographic setting of the Nile Delta at a scale of 1 : 50000.
Besides the typical topographic elements (e.g., location of
roads, railways, canals), information on elevated areas inside
the delta is also provided by a unique cartographic signature.
From the maps, it becomes clear that this information is in
relation to mounts (such as, for example, tells and geziras).

However, a definition of this cartographic signature is miss-
ing.

Besides the SoE maps, CORONA imagery served as a ref-
erence. This high-resolution panchromatic satellite imagery
was recorded in the late 1960s and early 1970s. It is avail-
able for the entire Nile Delta via the “CORONA Atlas of the
Middle East” (Casana and Cothren, 2013). The datasets used
in this study were acquired in the year 1968.

Finally, the high-resolution base maps provided in the ge-
ographic information system (GIS) software ArcMap served
as a reference. These base maps are a compilation of recent
high-resolution satellite imagery, and information is shown
as true-color composites (i.e., RGB images). Most of the base
maps used were recorded by the WorldView satellites, and
images were acquired between 2017 and 2018 at a spatial
resolution of less than 1 m.

3.2 Methods

3.2.1 Reference data georeferencing

The CORONA and the SoE datasets were georeferenced
prior to the analysis using the Universal Transverse Mercator
(UTM) projection at Zone 36 North and the WGS1984 el-
lipsoid. This was done by selecting a sufficient number (10–
20) of ground control points (GCPs) for each sheet/image.
The GCPs were found by comparing the datasets to the Esri
base map and by identifying matching points. The root mean
square error (RMSE) for both datasets was below 30 m after
completing the georeferencing using an affine transformation
function. The RMSEs were, therefore, sufficiently small for
a comparison with the Landsat data. Finally, the georefer-
enced datasets were integrated into a GIS geodatabase along
with the TanDEM-X DEM and the features derived from the
Landsat time series.

3.2.2 Processing in the Google Earth Engine

In order to process the remotely sensed imagery, we made
use of the cloud computing capabilities of the Google Earth
Engine (GEE), which allows the processing and analyzing of
large geospatial datasets (Gorelick et al., 2017). Processing
the Landsat data and deriving the spectral-temporal metrics
(STMs) relied on a GEE processing chain developed in pre-
liminary work (Nill et al., 2019). This includes preprocessing
the surface reflectance products, such as masking clouds and
cloud shadows, and deriving STMs for specified features and
time intervals. STMs describe the pixelwise spectral variance
by reducing the temporal dimensionality into single statisti-
cal metrics such as the standard deviation. They enable the
continuous coverage of large spaces.

3.2.3 Investigated features and seasons

The analyses focused on five widely used multispectral fea-
tures: the Normalized Difference Vegetation Index (NDVI),
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Figure 2. Conceptual framework of the data processing, feature selection, and analyses. Note: NDVI signifies Normalized Difference Veg-
etation Index, NDWI signifies Normalized Difference Water Index, and TCB signifies brightness, TCG greenness, and TCW wetness of the
tasseled cap transformation.

Figure 3. Study area and the number of Landsat images used in the analyses: (a) climate graph of Cairo, (b) potential and actual evap-
otranspiration (EVT) from the Moderate Resolution Imaging Spectroradiometer (MODIS) for selected vegetated areas in the central delta
between 2011 and 2018 using the MODIS products MOD16A2-006, and (c) the number of Landsat images per year from 1985 to 2019 for
July/August (summer) and January/February (winter).
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the Normalized Difference Water Index (NDWI) (Eq. 1), and
the brightness (TCB), greenness (TCG), and wetness (TCW)
of the tasseled cap transformation (TC) (Kauth and Thomas,
1976).

NDWI= (NIR−SWIR1)
/

(NIR+SWIR1) (1)

The features were processed for July/August and Jan-
uary/February to represent the summer and winter seasons of
the year. Figure 3 shows the data availability per season and
year. The number of cloud-free images available per pixel
for the summer and winter seasons is shown in Fig. 1c and d,
respectively.

The split into winter and summer was intended to account
for different situations in terms of water supply and potential
water stress due to the large seasonal difference in poten-
tial and actual evapotranspiration (EVT) (Fig. 3b). EVT was
estimated from the time series of the Moderate Resolution
Imaging Spectroradiometer (MODIS) for selected vegetated
areas in the central delta between 2011 and 2018. The pro-
cessing of the MODIS products (MOD16A2-006) was car-
ried out via the cloud-based processing service AppEEARS
(Application for Extracting and Exploring Analysis Ready
Samples), which is provided by the United States Geologi-
cal Survey (USGS) and the National Aeronautics and Space
Administration (NASA), among others.

Water stress is partially caused by the grain size composi-
tion of the substrate, in which infiltration rates are higher for
coarser-grained deposits. Some of the features (e.g., NDWI,
TCW) are known to be sensitive to the soil/plant moisture
(e.g., Yan et al., 2014). As a result, locations with meaning-
fully different near-surface grain size compositions might be
revealed through the different behavior of the STMs in winter
and summer in the long run. Accordingly, the analyses and
the presented results focus on the long-term differences (1)
of the features for winter and summer, e.g., on the 1NDWI
(Eq. 2):

1NDWI= NDWISummer (JA)−NDWIWinter (JF). (2)

The long-term differences were investigated for the five
features listed above and for the following STMs: mini-
mum, 5 % percentile, 10 % percentile, median, and maxi-
mum. These were processed in the temporal dimension of
the stack for each feature (NDVI, NDWI, TCB, TCG, and
TCW) and season (winter and summer). Therefore, the anal-
ysis investigated and compared five STMs of five multispec-
tral features for two seasons for the entire Nile Delta using
Landsat imagery acquired between 1985 and 2019.

3.2.4 Detection of anomalies

The investigations started with a proof of concept. Process-
ing results of the GEE were compared to the results published
by Ginau et al. (2019) on a buried/abandoned Nile branch in
the northwestern delta close to the sites of Buto and Kom el-
Arab. By using the location of the abandoned channel as a

reference, all the processed Landsat features were analyzed.
If and how the buried channel is revealed in the Landsat time
series were then checked. This analysis aimed to select the
feature that best indicates the channel in order to simplify
and accelerate analysis on a delta-wide scale. Using the iden-
tified feature, anomalies (see below) were detected by visual
inspection and by comparing the feature to the TanDEM-X
DEM, the SoE maps, the CORONA imagery, and the Esri
base maps. For all features that display the difference be-
tween summer and winter index values, e.g., the 1NDWI,
anomalies were defined by the mean and the standard de-
viation. In this definition, a feature value was assigned as
anomalous if its value was significantly different from the
mean. This significant difference, in turn, was defined by the
range of 2 standard deviations centered on the mean value.
For example, for 1NDWI, the 2 standard deviation range is
from−1.1 to+1.1. This means that values outside this range
were defined as anomalies and were therefore of special in-
terest. To support the visual analysis, the different images
were displayed with a color bar from blue to white to red.
Pixels are thus only colored (i.e., not white) if their value
is outside the above-mentioned range (i.e., bluish colors for
values <−1.1 and reddish colors for values >+1.1 for the
1NDWI).

4 Results

4.1 Proof of concept

The processed Landsat features of both seasons are com-
pared to the known location of the abandoned Nile branch
proposed and described by Ginau et al. (2019). The branch is
located several kilometers north of Buto and appears visibly
in the TanDEM-X DEM as its levee is slightly higher than the
floodplain (approx. 2 m) (Fig. 4). Coming from the south, the
branch passes Kom el-Arab directly to the east and continues
northwards towards Kom Alawi. There is no indication of
this branch in the SoE maps, the CORONA imagery, or mod-
ern satellite imagery (i.e., it is just visible in the TanDEM-X
data due to the aforementioned difference in elevation). At
first glance, the median Landsat STMs (NDVI, NDWI, TCB,
TCG, TCW) for this location do not provide information on
the location of the channel. For TCB, TCG, and TCW, nei-
ther the summer nor the winter features display noticeable
anomalies on the known course of the channel.

However, the channel location is visible via lower in-
dex values in the 5 % quantile (Fig. 4d), the 10 % quantile
(Fig. 4e), and, to a lesser degree, in the median (Fig. 4f) of the
summer NDWI. The difference between summer (Fig. 4c–g)
and winter (Fig. 4h–l) NDWI features reveals that values of
1NDWI (Fig. 4m–q) are strongly negative (i.e., index values
are lower in summer) over the channel locations, showing
significant differences of <−0.2. Ambiguities exist (espe-
cially towards the east where the SoE maps indicate a former
inland water body), but the pattern of the 1NDWI anoma-
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Figure 4. Comparison of the Landsat time-series features to a known abandoned/buried river branch northeast of Buto (location according to
Ginau et al., 2019): (a) TanDEM-X digital elevation model (DEM), (b) Landsat-8 true-color composite (RGB) (see Fig. 1b), (c–g) minimum
(Min.), lower 5 % percentile, lower 10 % percentile, median (Med.), and maximum (Max.) of the summer NDWI values of the Landsat time
series (1985–2019), (h–l) Min., lower 5 % percentile, lower 10 % percentile, Med., and Max. of the winter NDWI values, (m–q) difference
(1) between summer and winter STM values, (r) NDWI values of the sample points P1, P2, and P3 for all Landsat images (n= 825),
(s) histograms of P1 and P2 for summer (n= 123), and (t) histograms of P1 and P2 for winter (n= 80); the 1NDWI values are P1=−0.19
and P2=−0.12 accordingly. TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).
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lies matches the proposed location and extent of the channel.
Among the differences between the respective summer and
winter NDWI STMs (Fig. 4m–q), the channel is best visible
as an anomaly in the difference between the NDWI medi-
ans of summer and winter (Fig. 4p). This feature provides
fewer ambiguities than the different images calculated using
the 5 % (Fig. 4d) or the 10 % (Fig. 4e) percentile features.

The complete time series of NDWI values is exemplarily
displayed in Fig. 4r for three selected sample points around
Kom el-Arab. Two points lie in agricultural fields over (P1)
and outside (P2) the proposed course of the abandoned Nile
branch and close to each other (Fig. 4q). The third point (P3)
is located in the center of Kom el-Arab. For this region, 825
Landsat acquisitions are available from between 1985 and
2019. The respective NDWI values are rather stable over time
for P3 but vary along with the vegetation phenology over the
agricultural fields (P1 and P2). The time series show that both
fields underwent a change in land use (e.g., in irrigation or
plantation) between 2012 and 2013 as the NDWI signature
changes.

A comparison of the histograms for P1 and P2 for the sum-
mer (Fig. 4s) and winter (Fig. 4t) seasons shows that, in the
long run, lower NDWI values (i.e., indicating lower soil/plant
moisture) are more frequently found over P1 than over P2 for
the summer season. For both P1 and P2, NDWI values are
similar for the winter season. The difference in the seasonal
NDWI median values results in 1NDWI vales of−0.19 (P1),
−0.12 (P2), and −0.05 (P3).

A similar situation is found approx. 15 km to the east close
to Kom el-Khawaled (Fig. 5). For this region, another levee
of a former river branch is visible in the TanDEM-X data
(Fig. 5a) connecting Kom el-Khawaled with Kom el-Garad
and Kom el-Nashwia (Fig. 5c).

The levee is slightly more elevated than the floodplain.
Again, median summer NDWI values (Fig. 5d) are found
to be lower over the levee than the winter NDWI (Fig. 5e)
values. This difference is displayed as 1NDWI in Fig. 5f.
Anomalies over the levee are significant with values of
−0.15.

The 1NDWI is further compared to the general ancient
(approx. 4000 BCE) delta landscape/riverscape proposed by
Butzer (1976). Figure 6 shows the 1NDWI along with a geo-
referenced and digitized version of Butzer’s map. The mis-
match in spatial resolution does not allow a comparison of
both datasets in detail. However, the upper central Nile Delta
(towards the apex) is indicated by strong negative anomalies
of the 1NDWI, which somewhat matches the proposed lo-
cation of “sands at or near the surface” in Butzer’s map, for
example, the locations between Tanta and Cairo, between the
modern course of the Rosetta and the Damietta branches, re-
spectively.

The border between strongly negative 1NDWI values and
values without significant difference (1NDWI around zero)
is, for some locations, remarkably sharp, for example, be-
tween Tanta and Zagazig, where the Damietta branch marks

a clear border in the 1NDWI values. Most of the significant
1NDWI anomalies are negative, indicating lower summer
NDWI index values. For the inner fringes of the delta and for
the desert, the 1NDWI values are close to zero (i.e., no dif-
ference in NDWI between summer and winter is observed).
Positive anomalies are found less frequently but exist, e.g.,
for larger patterns towards Lake Burullus and Lake Manzala.

4.2 Geziras and tells of the eastern Nile Delta

For the eastern delta, the region of interest lies between
Bubastis (south) and Tanis (north) and between the north-
eastern desert margin (east) and the Damietta branch (west).
Strongly negative local 1NDWI anomalies are found in the
direct vicinity of almost all larger tells and geziras in the east-
ern delta. This is exemplarily illustrated in detail for Geziret
Sineita in Fig. 7 and for other locations in Figs. 8 and 9.

The 1NDWI anomalies exhibit a clear and sharp bor-
der and differences between summer and winter NDWIs are
<−0.2. Comparisons to the SoE maps, the CORONA im-
agery, and the modern satellite imagery indicate that these
anomalies are not caused by differences in land cover (which
would be visible in the modern high-resolution satellite im-
agery). These anomalies are also not related to former tell
or gezira borders indicated in the SoE maps (i.e., almost all
anomalies are found at some distance from the borders indi-
cated in the SoE maps).

In addition, for almost all locations, the TanDEM-X DEM
shows that anomalies are not caused by remarkable differ-
ences in elevation, but the terrain between the borders of
the anomalies and the settlement, tell, or gezira borders is
rather flat. This is exemplarily displayed in the profile lines
in Fig. 7e for Geziret Sineita.

For Tell es-Sunayta (Fig. 8d), Geziret Umm Igrim, Tell
Ibrahim Awad (Fig. 8e), and Geziret Abu Qeih (Fig. 8f), the
1NDWI anomalies are asymmetric. Here anomalies are not
found on both sides of the tell or gezira (i.e., one side of the
tell is without a significant 1NDWI anomaly).

The 1NDWI anomalies are also found at smaller tells,
which are indicated in the SoE maps but seem to have van-
ished over time. Figure 9d and e show two examples of small
tells (diameters less than 250 m) in the eastern Nile Delta.
These tells are indicated in the SoE maps but are not, or
hardly, visible in the CORONA and the modern satellite im-
agery. They are, however, clearly displayed in the 1NDWI
by strong negative anomalies with values <−0.15.

The 1NDWI anomalies, in some cases, even encompass
two or more tells that the SoE maps indicate are separated.
This is, for example, the case for Geziret Ziwilin and Tell
Geziret Zuwelen (Fig. 9f) and also for Geziret Umm Igrim
and Tell Ibrahim Awad (Fig. 8e). For more southward loca-
tions (towards the desert margin), the patterns of the anoma-
lies are less clear, and generally fewer anomalies of smaller
extent are found. An example is the Gezira Samana (Fig. 9g).
Here the 1NDWI anomalies mostly follow the border indi-
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Figure 5. Comparison of the Landsat time-series features to a potential abandoned/buried river branch (location approx. 15 km east of Fig. 4)
connecting Kom el Khawaled, Kom el Garad, and Kom el Nashwia (names according to the SoE Map): (a) TanDEM-X digital elevation model
(DEM), (b) Landsat-8 true-color composite (RGB) (see Fig. 1b), (c) topographic map of the Survey of Egypt (SoE), (d) median (Med.) of the
summer NDWI values of the Landsat time series (1985–2019), (e) median (Med.) of the winter NDWI values, and (f) difference (1NDWI)
between summer and winter median NDWI values. TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).

Figure 6. Comparison of Landsat time-series features to the general ancient delta landscape: (a) difference (1) between median summer
Normalized Differences Water Index (NDWI) and median winter NDWI and (b) general landscape units of the Nile Delta around 4000 BCE
according to Butzer (1976). TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).
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Figure 7. Processing results for the eastern Nile Delta for the example of Geziret Sineita (Tell es-Sunayta – SCA Sharqiya register 13120050,
Sunaytah; EES 566 – but Geziret Bayud on SoE map – van den Brink, 1986, pp. 21, 24): (a) TanDEM-X digital elevation model (DEM),
(b) Esri base map (2017/18), (c) difference (1NDWI) between summer and winter median NDWI values, (d) topographic map of the Survey
of Egypt (SoE), and (e) values of summer and winter median NDWIs, 1NDWI, and elevation of the DEM along profile AB. TanDEM-X
DEM courtesy of the German Aerospace Center (© DLR).
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Figure 8. Processing results for the eastern Nile Delta: (a) TanDEM-X digital elevation model (DEM), (b) Landsat-8 true-color composite
(RGB) (see Fig. 1b) and extent of the anomalies, (d–g) 1NDWI (see Fig. 7) (1985–2019), (h–l) georeferenced maps of the Survey of Egypt
(SoE) (ca. 1906–1912), (h–l) CORONA imagery (1968), (p–s) Esri base map (2017/18), and (t–w) TanDEM-X DEM (2012). Dashed black
and yellow lines indicate the extent of 1NDWI anomalies. Locations are, from left to right and including references, (i) Geziret Sineita,
Tell es-Sunayta (SCA Sharqiya register 13120050, Sunaytah, EES 566) and Geziret Bayud on SoE map (van den Brink, 1986, pp. 21, 24),
(ii) Geziret Umm Igrim/Agram (EES 569) and just south lies Tell Ibrahim Awad (SCA Sharqiya register 13120027, EES 535) (van den Brink,
1986, pp. 22, 24; van Haarlem, 2000, pp. 13–16; van Haarlem, 2019), (iii) Geziret Abu Qeih, and (iv) Tell Gumayama/Tell Gumaiyima (SCA
Sharqiya register 13060032, EES 186) (Petrie, 1888, pp. 37–44; van den Brink, 1986, pp. 22, 24; Ashmawy, 2006, pp. 55–64). TanDEM-X
DEM courtesy of the German Aerospace Center (© DLR).
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Figure 9. Processing results for the eastern Nile Delta: (a) TanDEM-X digital elevation model (DEM), (b) Landsat-8 true-color composite
(RGB) (see Fig. 1b) and extent of the anomalies, (d–g) 1NDWI (see Fig. 7) (1985–2019), (h–l) georeferenced maps of the Survey of Egypt
(SoE) (ca. 1906–1912), (h–l) CORONA imagery (1968), (p–s) Esri base map (2017/18), and (t–w) TanDEM-X DEM (2012). Dashed black
and yellow lines indicate the extent of 1NDWI anomalies. Locations are, from left to right and including references, (i) no name, (ii) no
name, (iii) Geziret Ziwilin, 1 km south of Tell Geziret Zuwelen/Tell Zuwelen/Tell Sueilin (SCA Sharqiya register 13060041, EES 324)
(Petrie, 1885, pp. 29. Sect. 36; Griffith in Petrie, 1888, p. 46; Yoyotte, 1987, p. 107, n. 1; Favard-Meeks, 1999, p. 88, Fig. 1), and (iv) Gezira
Samana (Habachi, 1954, pp. 479–489; Franzmeier, 2010, pp. 29–32). TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).
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cated in the SoE map (Fig. 9k). There also seems to be a
relation to the topographic setting at this site (Fig. 9w) as the
border of the anomaly follows the terrain discontinuities.

4.3 Tells of the western Nile Delta

While 1NDWI anomalies appear in the immediate vicinity
of most of the tells and geziras of the eastern delta, this is
not the case for the tells of the western delta. In fact, no sig-
nificant 1NDWI anomalies are found for the tells indicated
in the SoE maps. The investigated region is located north
of Damanhur, several kilometers to the east and west of the
Rosetta Branch.

For example, Fig. 10 shows the 1NDWI along with the
reference data for Kom el-Ghoraf/Ghuraf (Fig. 10d), Kom el-
Sheikh Ismail/Kom Abu Ismail/Kom Ismail (Fig. 10e), Kom
el-Nisf (Fig. 10f), and Buto (Tell el-Fara’in) (Fig. 10g). No
1NDWI anomalies were found that are comparable in size
or shape to those of the eastern Nile Delta, although the tells
are comparable in size and shape.

4.4 Riverscape of the eastern delta

Focusing on potential former river courses, several linear and
meandering anomalies are found in the eastern Nile Delta
in closer proximity to Bubastis and Zagazig (Fig. 11). Local
1NDWI anomalies are present to the west of the modern set-
tlement of Dyarb Negm (Fig. 11c). The 1NDWI anomalies,
approx. <−0.12 and therefore of lesser magnitude than the
anomalies found near the geziras, indicate several meanders
that overall stretch from south-southwest to north-northeast
(Fig. 11b).

For this location, the orientation of the field boundaries
and the terrain (Fig. 11d) also give some evidence of a for-
mer branch of the Nile. A second linear 1NDWI anomaly is
found between Zagazig and Dyarb Negm, approx. 8 km west
of the modern settlement of Hihya. The anomaly stretches
from the southwest to the northeast (Fig. 11b), and anomalies
are strong with a magnitude of <−0.15. None of the refer-
ence data provide further information on how this anomaly
can be explained (i.e., neither the orientation of the field
boundaries nor the TanDEM-X data indicate the potential lo-
cation of the branch).

Finally, a third linear anomaly is found in the 1NDWI
data. It runs south of Zagazig, directly passing Bubastis,
stretches from the southwest to the northeast, and therefore
runs parallel to the lower reach of the more northern linear
1NDWI anomaly (Fig. 11b). The 1NDWI values are mostly
significant, but they are of a lower magnitude with val-
ues <−0.12. From the visual interpretation, it seems clear
that there is a linear anomaly. However, the connectivity of
abnormal pixels is lower compared to the other two exam-
ples, and the course of the anomaly is, therefore, more am-
biguous/speculative.

5 Discussion

5.1 Detection of anomalies via Landsat time series

The detection of anomalies relied on the analysis of the
1NDWI calculated as the difference between the long-term
median summer and median winter NDWI. In the analysis
the features of the tasseled cap transformation (TCB, TCG,
TCW) and their differences between winter and summer sea-
sons were also investigated. However, these features were
less suited to indicate the former location of the river chan-
nels. This may result from the fact that seasonal differences
between tasseled cap features primarily display differences
in the surface reflection caused by different lighting condi-
tions (i.e., reflection in winter is generally reduced as the
sun elevation is lower). In contrast, NDWI is a normalized
(dimensionless) index. It is therefore not sensitive to dif-
ferences caused by seasonally different lighting conditions,
which makes the index comparable in all the seasons.

The differencing of winter and summer features in turn
aims to investigate seasonal differences. It is therefore suited
to cancel out land-cover classes with temporally stable in-
dex properties, e.g., such as permanent water bodies, (dry)
desert surfaces, and urban areas. This limits the analysis to
land-cover classes showing seasonal dynamics due to, for ex-
ample, the phenological development of vegetation or to dif-
fering moisture conditions of the plants and/or the soil. Fur-
ther, the interpretation of the seasonal differences must take
into account the actual land cover and its spatial variability
as some land-cover types inherently cause large seasonal dif-
ferences in the NDWI (see below). The approach is therefore
most promising/feasible over areas displaying the same cov-
erage.

Anomalies were identified if 1NDWI values were out-
side the 2 standard deviation range centered on the mean.
Strong and connected 1NDWI anomalies were found over
the known location of the abandoned Nile branch proposed
by Ginau et al. (2019). It is therefore likely that Landsat fea-
tures are suitable for identifying surface anomalies (over veg-
etated areas of the same coverage) that may be related to sub-
surface anomalies. In this context, the assessment indicated
that 1NDWI anomalies result, in the long run, from lower
summer NDWI values. This was revealed by comparing the
NDWI signatures of locations over and beside the proposed
channel location. This observation is most likely caused by
lower soil/plant moisture. NDWI is sensitive to these param-
eters (Yan et al., 2014), and summer months are character-
ized by the highest evapotranspiration rates, which in turn
make situations with water stress or reduced water supply
more likely.

Following this line of argument, and considering that
anomalies are not related to field boundaries or obvious dif-
ferences in land cover, they must be caused by differences
in the near-surface deposits and/or in the local morphology.
These are likely, as the former levee offers better drainage
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Figure 10. Processing results for the western Nile Delta: (a) TanDEM-X digital elevation model (DEM), (b) Landsat-8 true-color composite
(RGB) (see Fig. 1b), (d–g) 1NDWI (see Fig. 7) (1985–2019), (h–l) georeferenced maps of the Survey of Egypt (SoE) (ca. 1897–1912),
(h–l) CORONA imagery (1968), (p–s) Esri base map (2017/18), (t–w) TanDEM-X DEM (2012). Locations are, from left to right and
including references, (i) Kom el-Ghoraf/Ghuraf (SCA Beheira register 100164, EES 229) (Lanna, 2005, pp. 339–363; Sist, 2006, pp. 243–
249; Wilson and Grigoropoulos, 2009, pp. 173–175; Kenawi, 2014, pp. 97–99), (ii) Kom el-Sheikh Ismail/Kom Abu Ismail/Kom Ismail
(SCA Kafr es-Sheikh register 090168, as Kom Ismail, EES 251) (Ballet and von der Way, 1993, pp. 12–13; Wilson and Grigoropoulos, 2009,
215–218, no. 57; Ginau et al., 2019, Fig. 5), (iii) Kom el-Nisf (EES 2), and (iv) Buto (Tell el-Fara’in, SCA Kafr es-Sheikh register 090134,
EES 4), adjacent in the north to Kom el-Dahab (SCA Kafr es-Sheikh register 090171) (Hartung et al., 2009, pp. 172–188; Ballet et al., 2011;
Seton-Williams, 1969, pp. 5–22). TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).
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Figure 11. Processing results for the eastern Nile Delta: (a) TanDEM-X digital elevation model (DEM), (b) Landsat-8 true-color composite
(RGB) (see Fig. 1b) and extent of the anomalies, (c, e, g) 1NDWI (see Fig. 7), and (d, f, h) TanDEM-X DEM. Dashed black and yellow
lines indicate the extent of 1NDWI anomalies. TanDEM-X DEM courtesy of the German Aerospace Center (© DLR).

due to its slightly higher elevation than the floodplain. Fur-
ther, the deposits are dependent on the flow velocity. They
may therefore be coarser near the middle of the channel,
while finer-grained deposits are expected in a more lateral
position to the main channel (i.e., the surrounding floodplain)
(Brown, 1997).

It is important to note that the observed seasonal differ-
ences in NDWI only become visible by investigating long
timescales. A situation with reduced water supply or water
stress is rather seldom for the (outer) delta also due to the
irrigation. A long observation period and many acquisitions
are therefore necessary to capture rather small differences in

the NDWI between the two seasons. Thus, the course of the
whole channel is not visible in a single image (i.e., a sin-
gle NDWI), but it appears when all scenes of the time series
are investigated and if summer and winter NDWIs are differ-
enced.

However, comparisons of the 1NDWI with the modern
high-resolution satellite imagery of the Esri base map reveal
that not all of the 1NDWI anomalies can be explained by the
model outlined above. There are several typical sources of
ambiguities and their interpretation. Thus, 1NDWI anoma-
lies are frequently observed near small linear structures (e.g.,
roads, railroads, field boundaries) and at borders between dif-
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ferent land-cover or land-use units (e.g., at the borders of
cities). Such differences are believed to be caused by the
spatial resolution of the Landsat system causing pixels with
mixed coverage and by slightly different locations of the
pixel footprints as the grid cells of the Landsat acquisitions
are not necessarily congruent throughout the time series. Fur-
thermore, some land-cover types and crop management prac-
tices will inherently cause large seasonal differences in the
NDWI. This can be seen for plantations with broad-leaved
woody vegetation, as far as this is detectable in the modern
high-resolution imagery.

5.2 Anomalies of tells and geziras

Despite the limitations listed above, strong 1NDWI anoma-
lies were found in the surroundings of the tells and geziras of
the eastern delta. The comparison to the Esri base map made
clear that these are not caused by differences in the land cover
as no obvious difference in coverage or usage was detected
for these locations.

Considering the proposed evolution of the eastern Nile
Delta (Andres and Wunderlich, 1991) it seems likely that
these anomalies are related to the shallow subsurface contin-
uation of the geziras and/or to the displaced tell and gezira
material (e.g., investigated by Ginau et al., 2017, for the
western delta also using Landsat imagery). Therefore, it is
more likely that coarser-grained deposits are present near
the surface, leading to better drainage and, on average, to
lower NDWI index values in summer, as manifested by neg-
ative 1NDWI anomalies. This is further supported as simi-
lar 1NDWI anomalies are found over small tells that have
vanished but were mapped in the SoE maps. These locations
indicate that the 1NDWI is, to some degree, sensitive to dif-
ferences in the surficial substrate (Kalayci et al., 2019).

It was further observed that the 1NDWI anomalies over
the geziras in the eastern delta were asymmetric, which
matches the general concept of their morphology and gen-
esis, e.g., as demonstrated by El Beialy et al. (2001) (for
Tell Tukh el-Qaramus), Andres and Wunderlich (1991)
(schematic cross section for the western and eastern delta),
and van Wesemael and Dirksz (1988) (for a schematic cross
section of the eastern delta). This interpretation is also sup-
ported by the fact that no anomalies were found in the west-
ern delta that were similar in shape and magnitude. The tells
of the western delta mostly have a different genesis and mor-
phological setting (Andres and Wunderlich, 1991; Trampier,
2014). There are usually no large sandy bodies (i.e., gezi-
ras) or coarser-grained deposits, at least near the surface. In
this context, Andres and Wunderlich (1991, p. 128) point out
that fine-grained deposits in the eastern delta are embedded
in a “[...] Pleistocene sand relief”, while for the western delta
“[...] Pleistocene sand is not found at the surface.” While this
conceptual model holds for the sites investigated by Andreas
and Wunderlich (1991), later research by Wunderlich and
Ginau (2016) indicated larger near-surface sand deposits at

the site of Buto even though the authors note that these for-
mations were covered by younger deposits.

Still, it is to be expected that tell material was displaced
over time during the active periods (Ginau et al., 2017).
Therefore, the absence/presence of 1NDWI anomalies
might finally be explained by the absence/presence of
coarser-grained deposits at or near the surface whether the
anomalies are due to rearranged tell material or an under-
ground continuation of the landform.

Notwithstanding the above, the location and shape of the
1NDWI anomalies provide interesting results for some of
the tells. For example, the results suggest a linkage between
Geziret Umm Igrim/Agram (EES 569) and the southern Tell
Ibrahim Awad. Further, anomalies indicate a potential link-
age between Geziret Ziwilin and Tell Geziret Zuwelen/Tell
Zuwelen/Tell Sueilin. Favard-Meeks (1999) described the re-
lationship of the two adjacent sites as a “double tell” with
functional differences. There is a smaller settlement area in
the north at Tell Geziret Zuwelen/Tell Zuwelen/Tell Sueilin
and a very large cemetery area in the south at Geziret Ziwilin.
The new results suggest that the two areas were connected.
The northern site is much larger than previously thought,
making both areas (settlement and funerary) roughly the
same size. It has been observed for gezira sites that cemetery
areas are located on the higher parts of geziras, while settle-
ments are placed on lower sections (van den Brink, 1986).
Possibly this is the case here, with large parts of the gezira
sloping down towards the north. This may explain the re-
duced size in the north, which is either due to the easier lev-
eling of this lower area or the lower parts continuing under
the modern surface.

In this context, it is also interesting to note that 1NDWI
anomalies are of a smaller extent and magnitude for Gezira
Samana. As indicated by Franzmeier (2010), this gezira is
likely of different origin (e.g., compared to Geziret Sineita,
Geziret Umm Igrim/Agram, or Geziret Abu Qeih). Surficial
deposits are characterized by thin, shallower sandy deposits
but more fine-grained material.

5.3 Anomalies of potential former river courses

For the western delta, the 1NDWI anomalies were found
over two abandoned river channels in the vicinity of Buto
and Kom el-Khawaled. Both anomalies followed the courses
of former levees. These courses were delineated using the
TanDEM-X DEM as the levees are slightly more elevated
than the floodplains. The observed 1NDWI anomalies were
caused by lower NDWI index values in summer, which in-
dicate lower soil and/or plant moisture on average. This in-
terpretation is supported, as the levees offer better drainage
and are likely composed of coarser-grained deposits (Brown,
1997). Both sites display area-wide homogeneous land cover
(as far as this is identifiable in modern high-resolution satel-
lite imagery), which is an ideal setting for the detection of
anomalies using the proposed approach.

https://doi.org/10.5194/egqsj-69-225-2020 E&G Quaternary Sci. J., 69, 225–245, 2020



242 T. Ullmann et al.: Paleogeographical features of the Nile Delta

The interpretation of the 1NDWI anomalies suggests a
connection between Kom el-Khawaled, Kom el-Garad, and
Kom el-Nashwia and supports the proposed connection of
Kom el-Arab and Kom-Alawi by a former river branch.

Similar linear, stretched 1NDWI anomalies were found
in the eastern Nile Delta in the direct vicinity of the ancient
site of Bubastis and also north of Zagazig. These were inter-
preted as former branches of the Nile for this region, poten-
tially of the Pelusiac or Tanitic Nile (Bietak, 1975; Tronchère
et al., 2012). Compared to the anomalies found over the gezi-
ras, these were, however, less distinct (i.e., 1NDWI anoma-
lies were of lower magnitude), and no indication of for-
mer levees was found in the TanDEM-X DEM. The results
of these anomalies therefore require more careful interpre-
tation. They might indicate former branches of the Nile;
however, the Landsat data do not allow further classifica-
tion. Nevertheless, taking the information of the SoE maps
into account, the potential channels have been abandoned
for at least 100 years. The anomalies might indicate promis-
ing locations for future ground-based investigations, e.g.,
for drillings and electric resistivity surveying, which have
been successfully applied to detect near-surface fluvial de-
posits across the delta on varying spatial scales (e.g., Andres
and Wunderlich, 1991; El Gamili et al., 2001; El-Qady et
al., 2011; Lange-Athinodorou et al., 2019).

6 Summary and conclusion

The paper investigated spatial-temporal metrics (STMs) of
the Landsat system using remote sensing time-series data be-
tween 1985 and 2019 acquired over the Nile Delta. Com-
parisons to a formerly verified abandoned river branch in
the northwestern delta close to Buto made clear that sig-
nificant anomalies are present for some STMs over the pro-
posed location of the former channel. The extent and location
of this channel were best revealed by differencing the me-
dian NDWI values of the summer (July/August) and winter
(January/February) seasons (1NDWI). The observed differ-
ence is likely due to lower soil/plant moisture during sum-
mer (i.e., months with high evapotranspiration). This may
be caused by coarser-grained deposits and/or the morphol-
ogy of the former levee. Further analyses of the 1NDWI
over the eastern Nile Delta showed similar anomalies (i.e.,
significantly lower summer NDWI values) in the immedi-
ate surroundings of several geziras and tells. This allowed,
at least to some extent, the identification and mapping of the
potential near-surface continuation of these landforms. Such
anomalies were not observed for the surroundings of tells of
the western Nile Delta. Additional, linear and meandering
1NDWI anomalies were found in the eastern Nile Delta in
the immediate surroundings of Bubastis, as well as several
kilometers north of Zagazig. These anomalies might indi-
cate former courses of Nile river branches (i.e., most likely of
the Pelusiac and/or the Tanitic Nile). However, the 1NDWI

does not allow an unambiguous interpretation. The analyses
have shown that the Landsat archive is promising for (geo-
)archeological questions, especially in the context of land-
scape archeology. A transfer of the methodology to simi-
lar environments seems feasible considering the relatively
simple approach, the global availability of the Landsat data,
and the benefits that arise from the cloud processing in the
Google Earth Engine. Future research will continue analyz-
ing the 1NDWI for the entire delta but will also investigate
other spatiotemporal metrics that can be deduced from the
Landsat time series (cf. Ginau et al., 2017). Furthermore, the
benefit of including additional imagery from passive (e.g.,
MODIS, Sentinel-2) or active (e.g., Sentinel-1) remote sens-
ing sensors will be assessed.

Data availability. The digital elevation model of the TanDEM-X
mission is shown with the permission of the German Aerospace
Center (DLR), Germany, © DLR 2015–2020. The data were re-
quested via the proposal DEM_HYDR1426 (principal investiga-
tors: Andreas Ginau, Robert Schiestl, Jürgen Wunderlich, Eva
Lange-Athinodorou, and Tobias Ullmann). A free version of the
TanDEM-X digital elevation model with decreased spatial resolu-
tion is available via EOC Geoservice (https://download.geoservice.
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logical Survey (USGS) via Earth Explorer (https://earthexplorer.
usgs.gov, last access: 30 November 2020, USGS, 2020). Land-
sat data were accessed via the Google Earth Engine (https://
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Abstract: During the last decades, rivers and their deposits in different regions were intensively studied to better
understand the late-Quaternary landscape evolution and former human activities. One proxy for pa-
leoecological and paleoclimatic reconstructions is the analysis of gastropods (snails) from carbonatic
river sediments. In the scope of this study, we investigated gastropod assemblages from a Holocene
fluvial sediment–paleosol sequence at the upper Alazani River in the southeastern Caucasus. On the
one hand, we aimed to derive reliable independent information about possible long-lasting human
activity since the late Neolithic–Chalcolithic in the upper Alazani floodplain. This was formerly sug-
gested by n-alkane biomarker vegetation reconstructions from the fluvial sediments. However, the
reliability of that method is still debated. On the other hand, we aimed to obtain reliable information
about a formerly suggested, possibly tectonic-driven, large-scale shift of the river course during the
Late Holocene. In agreement with the n-alkane biomarkers, our results demonstrate that the studied
site was free of the natural forests during the Early and Middle Holocene until ca. 4.5 cal kyr BP. Since
this contrasts with a pollen-based vegetation reconstruction from a neighboring floodplain that was
covered with forests during that time, the open vegetation in the upper Alazani valley was probably
caused by continuous settlement activity as is also indicated by archeological finds in the sequence.
Therefore, using our paleoecological proxies it is possible that we identified a settlement center in the
upper Alazani floodplain that was populated from the late Neolithic–Chalcolithic. This center was not
known thus far, since the settlement remains are covered by thick floodloam today that hindered their
detection during archeological surface surveys. Therefore, our findings suggest that the area in the
southern Caucasus region that was settled during the late-Neolithic–Chalcolithic period should have
been larger than was known thus far. Furthermore, increasing contributions of wetland gastropods
since ca. 4 cal kyr BP confirm a local shift of the river course towards the investigated site during
the Late Holocene, possibly linked with ongoing tectonic activity. However, in contrast to former
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suggestions our gastropod assemblages indicate a slow rather than abrupt process. Our study demon-
strates the high value of gastropod assemblages for geoarcheological and geomorphological research
in floodplains with carbonatic river sediments at both a regional and local spatial scale.

Kurzfassung: Für ein besseres Verständnis der spätquartären Landschaftsentwicklung und früherer menschlicher
Aktivitäten wurden während der letzten Dekaden in verschiedenen Regionen Flüsse und deren
Ablagerungen intensiv untersucht. Einen Proxy für paläoklimatische und paläoökologische Rekon-
struktionen stellen Analysen von Gastropoden (Schnecken) aus karbonatischen Flusssedimenten dar.
Während dieser Studie wurde die Artenzusammensetzung von Gastropodengemeinschaften einer
holozänen Sediment-Paläobodensequenz am oberen Alazani im südöstlichen Kaukasus untersucht.
Zum einen wollten wir fundierte unabhängige Informationen über mögliche landandauernde men-
schliche Aktivitäten in der Aue des oberen Alazani seit dem Spätneolithikum/Chalcolithikum erhal-
ten. Eine solche Besiedlung legte bereits eine frühere auf n-Alkan-Biomarkern basierende Vegetation-
srekonstruktion aus den fluvialen Sedimenten nahe, jedoch ist die Verlässlichkeit jener Methode bis
heute umstritten. Zum anderen wollten wir fundierte Informationen über eine vermutete tektonisch
verursachte großmaßstäbige Flusslaufverlagerung im Spätholozän erhalten. In Übereinstimmung mit
der früheren Biomarkerstudie zeigte sich, dass der Untersuchungsstandort bis ca. 4.5 cal. ka BP nicht
die natürlicherweise vorkommende Waldvegetation aufwies. Im Gegensatz dazu zeigen Pollenunter-
suchungen einer benachbarten Flussaue das gleichzeitige Vorherrschen von Wald. Dieser Unterschied
lässt sich vermutlich durch kontinuierliche Siedlungsaktivität am oberen Alazani erklären, was auch
durch archäologische Funde aus der fluvialen Sequenz selbst gestützt wird. Somit konnten wir mittels
unserer paläoökologischen Untersuchungen vermutlich ein seit dem Spätneolithikum/Chalcolithikum
bestehendes Siedlungszentrum am oberen Alazani identifizieren. Dieses war bisher unbekannt, da
die Siedlungsreste heute durch mächtigen Auenlehm überdeckt sind und somit während archäol-
ogischer Oberflächenbegehungen nicht entdeckt werden können. Somit ist es möglich, dass das
während des Spätneolithikums/Chalkolithikums im südlichen Kaukasus besiedelte Gebiet größer war
als bisher bekannt. Außerdem zeigen zunehmende Anteile feuchtigkeitsliebender Gastropoden seit ca.
4 cal. ka BP eine lokale Verlagerung des Flusslaufs in Richtung des Untersuchungsstandorts während
des Spätholozäns an, was vermutlich durch andauernde tektonische Aktivität am Südrand des Großen
Kaukasus verursacht wurde. Im Unterschied zu früheren Annahmen zeigen die Gastropen aber eine
langsame und keine schnelle Verlagerung. Unsere Studie demonstriert den hohen Wert der Anal-
yse von Gastropodenverteilungen in Flussauen mit kalkreichen Flusssedimenten für geomorphologis-
che und geoarchäologische Fragestellungen sowohl auf einer regionalen als auch lokalen räumlichen
Skala.

1 Introduction

River systems react sensitively towards different external in-
fluences such as tectonics, base level fluctuations, climate
changes and anthropogenic activities. Therefore, rivers and
their deposits were intensively studied in different regions
during the last decades to decipher the late-Quaternary land-
scape evolution (Bridgland and Westaway, 2008; Schulte et
al., 2015; Faust and Wolf, 2017; von Suchodoletz et al., 2015,
2018a, b; Avsin et al., 2019; Lauer et al., 2020). In addition,
floodplains were preferred areas of former human activities
due to easy access to water resources, fertile loamy soils and
a generally flat topography. Therefore, during the last years
they were also intensively studied in the context of geoarche-
ological research (Hassan, 1997; Morozova, 2005; Giosan et
al., 2012; von Suchodoletz and Faust, 2018).

Geomorphological and geoarcheological research of
floodplains and their sediments is generally carried out by
(i) field-based geophysical and geomorphological analyses
partly supported by digital elevation or multispectral remote
sensing data (Bakker et al., 2007; Mlekuz and Budja, 2010;
Syvitsky et al., 2012; von Suchodoletz et al., 2015; Babek et
al., 2018) and (ii) stratigraphical and sedimentological anal-
yses of naturally or artificially outcropped sediment sections
or drilling cores. The obtained fluvial sediments are analyzed
and numerically dated using sedimentological, geochemical
and geochronological methods (Fuchs et al., 2011; Giosan et
al., 2012; Schulte et al., 2015; von Suchodoletz et al., 2015,
2018a, b; Faust and Wolf, 2017; Avsin et al., 2019; Lauer
et al., 2020). In addition, under favorable conservation con-
ditions local and regional paleoecological and paleoclimatic
information can also be obtained based on biogenic proxies
such as plant macrofossils, charcoal pieces, pollen grains, di-
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atoms or leaf wax biomarkers (Kittel et al., 2016; Scott et
al., 2016; Bliedtner et al., 2018a). Furthermore, similar to
other sediment archives such as loess–paleosol and dune–
paleosol sequences or colluvial deposits (Moine et al., 2008;
Faust et al., 2015; New et al., 2019; Richter et al., 2019),
also species distribution and/or isotopic composition of gas-
tropods from carbonate-rich fluvial sediments were investi-
gated for paleoecological and paleoclimatic reconstructions
during the last years (Fuhrmann, 2008; Zielhofer et al., 2010;
Murelaga et al., 2012; Alexandrowicz, 2013; Juřičková et al.,
2013; Granai and Limondin-Lozouet, 2018).

During this study, we analyzed the species distribution of
gastropods from a Holocene fluvial sediment–paleosol se-
quence at the upper Alazani River in the southeastern Cauca-
sus that was formerly investigated by von Suchodoletz et al.
(2018b). Current carbonate contents of sediments and pale-
osols between 11 % and 42 % allowed for excellent preserva-
tion of gastropods throughout the sequence. So far, Holocene
malacological studies from the region mainly focused on ma-
rine or coastal fauna (Lahijani et al., 2009; van de Velde et al.,
2019), whereas most terrestrial paleoecological studies were
carried out using pollen analyses in lakes or peat bogs (Con-
nor and Kvavadze, 2008; Messager et al., 2013, 2017; Joan-
nin et al., 2014; Leroyer et al., 2016; Connor et al., 2018).
The first goal of our study was to derive reliable indepen-
dent information about possible long-lasting human activity
in the floodplain since the late Neolithic–Chalcolithic as was
formerly suggested by n-alkane biomarker vegetation recon-
structions from the fluvial sediments (Bliedtner et al., 2018a,
2020). Although the n-alkane biomarker vegetation recon-
struction was successfully backed by a study on recent n-
alkanes from the region (Bliedtner et al., 2018b), the relia-
bility of this method is still debated (Bush and McInerney,
2013). The second goal of this study was to obtain reliable
independent information about a formerly suggested large-
scale shift of the river course during the Late Holocene that
was possibly linked with regional tectonic activity (von Su-
chodoletz et al., 2018b).

2 Study area

2.1 Study area

The 240 km long Alazani River originates from the south-
ern slope of the central Greater Caucasus in eastern Georgia
at ca. 2800 m a.s.l. and finally flows into the Kura River that
drains into the Caspian Sea (Fig. 1a). About 40 km from its
source the Alazani joins with its right tributary Ilto, which
also originates from the southern slope of the central Greater
Caucasus at an altitude of ca. 2300 m a.s.l. After their con-
fluence, the river mostly runs in the Alazani thrust top basin
between the southern foothills of the Greater Caucasus in the
northeast (Adamia et al., 2010) and the Kura fold-and-thrust
belt in the southwest (Kura FTB; Forte et al., 2010). The in-
vestigated exposure at the northwestern tip of the Alazani

basin is located ca. 10 km downstream from the confluence
and has a subcatchment of ca. 1100 km2 (Fig. 1b). From the
confluence onward, the Alazani basin has a width between
4 and 12 km and widens toward the east. Here, the braided
river has a width between 250 and 600 m, and its course is
deflected by frontal folds and thrusts of the Greater Cauca-
sus bivergent orogen (Forte et al., 2014). The gravelly current
floodplain is limited toward the south by a scarp of ca. 5–7 m
that crops out fine-grained overbank deposits (Fig. 1b). These
sediments form part of a mainly flat surface with a maxi-
mal width of ca. 10 km that gradually rises toward the Kura
FTB in the south. The surface is dissected by several small
creeks that originate from the Kura FTB in the south and
are canalized today. As is also indicated by a well-developed
recent soil on its top, this surface cannot be flooded by the
Alazani River today. In contrast, the northern slope is mostly
rather gradual. Ca. 5–9 km west of the studied site, well-
recognizable gravelly former river channels subparallel to the
recent river course are found up to 1.5 km northward from the
recent riverbed (Fig. 1c). These were suggested to represent
the former riverbed that was abandoned due to a large-scale
shift of the river course during the Late Holocene (von Su-
chodoletz et al., 2018b).

The upper Alazani basin, in which the study site is lo-
cated, receives ca. 720 mm of annual precipitation, with a
peak during spring and early summer that is caused by con-
vective events (Lydolph, 1977). Mean annual temperature
is about 12.0 ◦C (http://de.climate-data.org/location/28480/,
last access: 13 April 2017, station: Akhmeta). Accordingly,
the discharge maximum of the Alazani River between April
and June is dominated by both snowmelt in the Greater Cau-
casus and the annual precipitation maximum; i.e., the river
has a pluvio-nival runoff regime. The natural vegetation of
the semi-humid upper Alazani basin consists of deciduous
elm–oak–vine forests (Quercus pedunculiflora, Ulmus foli-
acea and Vitis sylvestris; Connor and Kvavadze, 2008). How-
ever, agricultural fields and grasslands cover most of the re-
cently inactive elevated valley floor that is outcropped by the
investigated sequence, whereas the active modern floodplain
hosts scattered patches of deciduous riparian forests (Alnus
barbata and Salix excelsa).

2.2 Studied section

The investigated fluvial sediment–paleosol sequence
(42◦02′17.7′′ N, 45◦21′18.7′′ E; 450 m a.s.l.) is naturally
exposed with a thickness of up to 7 m along the right bank
of the upper Alazani River and was formerly investigated
by von Suchodoletz et al. (2018b). The stratigraphy was
mapped over a distance of ca. 250 m along the river, and
the sediments between 800 and 700 cm were retrieved by
hand drilling. Sedimentary analyses (carbonate content, total
organic carbon, pH and mass-specific magnetic susceptibil-
ity) were carried out to distinguish in situ paleosols from
often similar-looking soil sediments. Furthermore, grain
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Figure 1. (a) Location of the study region (letter “A” showing the Alazani River). (b) Map of the study area at the southern foothill of
the Greater Caucasus. DEM (digital elevation map) source: ALOS (Advanced Land Observing Satellite) Science Project, Earth Observation
Research Center (EORC) and Japan Aerospace Exploration Agency (JAXA). (c) Photo of an area with visible former river channels north of
the current riverbed. (d) Photo of the investigated fluvial sediment sequence with highlighted (paleo-)soils.

sizes were analyzed to better characterize the stratigraphy.
Here we give a short overview of the chronostratigraphy of
the studied section, and more details can be found in von
Suchodoletz et al. (2018b) (Fig. 1d).

The sequence mostly consists of fine-grained silty to
clayey overbank sediments (generally > 50 % clay) with
some intercalations of coarser-grained sandy to pebbly ma-
terial. Six blackish-greyish to reddish paleosols (Ahb1 to
Ahb6) have formed in situ in these sediments, and a well-
developed soil (Ah) has formed on the recent surface (Fig. 2).
All paleosols could be followed over longer distances along
the outcropped sequence, demonstrating the representative-
ness of the stratigraphy. Three intensively developed pa-
leosols (Ahb1, Ahb5 and Ahb6) show distinct upper but
gradual lower boundaries, and three weakly developed pale-
osols (Ahb2, Ahb3 and Ahb4) show gradual upper and lower
boundaries. The age model is based on seven AMS (accel-
erator mass spectrometry) radiocarbon-dated charcoal pieces
that were found to be in the stratigraphic order, whereas two
ages had to be rejected, since they were older than the datings
of underlying deposits (von Suchodoletz et al., 2018b). The
non-overestimated ages range between 8.0 and 8.2 cal kyr BP
(95.4 %) in the upper part of Ahb6 and 1.6 and 1.8 cal kyr BP
(95.4 %) in the sediments below the recent soil Ah. By us-
ing a soil development index and by referencing this index
with the approximate age of the recent soil Ah, approximate

durations of soil formation were calculated for all paleosols
by the differences of the four sedimentary proxies (von Su-
chodoletz et al., 2018b). The oldest radiocarbon age of 8.0–
8.2 cal kyr BP was obtained from a charcoal piece that was
found together with archeological artifacts (potsherds, bones
and obsidian tools) in the upper part of Ahb6. These artifacts
were classified as late Neolithic–Chalcolithic, and a fireplace
in the same stratigraphic position indicates that they originate
from a local settlement and were not transported towards this
site (Fig. 2). The radiocarbon age of 2.4–2.7 cal kyr BP was
obtained from charcoal that was found together with numer-
ous Iron Age archeological artifacts (potsherds, bones) in the
upper part of uppermost paleosol Ahb1 (Fig. 2), and singular
potsherds were also found between Ahb5 and Ahb4 as well
as in Ahb4.

3 Methods

For the mollusk analyses, we took 12 samples with 10 L of
sediment each. These comprised six samples from paleosols
and six samples from fluvial sediment layers of the fluvial
sediment sequence (Fig. 2). The sediment was wet-sieved to
obtain the fraction > 500 µm. Subsequently, all macroscopi-
cally visible shells and shell fragments were separated. The
shell remains were determined using a Wild M3Z stereomi-

E&G Quaternary Sci. J., 69, 247–260, 2020 https://doi.org/10.5194/egqsj-69-247-2020



H. von Suchodoletz et al.: Snail assemblages in Holocene floodplain research 251

Figure 2. Stratigraphical sketch of the sequence with sampling positions of gastropods; photos of Iron Age findings in the upper part of
Ahb1 and late-Neolithic–Chalcolithic findings and a fireplace in the upper part of Ahb6.

croscope with 20- to 40-fold magnification. We used species
richness as a measure of diversity.

We used an approach similar to that of Ložek (1964) and
Juřičková et al. (2014) for the classification of the gastro-
pod species into ecological groups. With regard to the gen-
eral habitat, we classified the species into open-country, gen-
eralists and woodland species, and with regard to humidity
requirements we distinguished wetland and aquatic species.
The allocation of the taxa to the ecological groups is shown
in Fig. 3.

4 Results

A total of 13 gastropod species were extracted from the in-
vestigated fluvial sediment sequence, namely Pomatias rivu-
laris (Eichwald, 1829), Galba truncatula (Müller, 1774), Ce-
cilioides acicula (Müller, 1774), Punctum pygmaeum (Dra-
parnaud, 1801), Oxyloma elegans (Risso, 1826), Chondrula
tridens (Müller, 1774), Vallonia costata (Müller, 1774),
Vallonia pulchella (Müller, 1774), Vertigo pusilla (Müller,
1774), Vitrea pygmaea (Boettger, 1880), Helix lucorum (Lin-
naeus, 1758), Xeropicta derbentina (Krynicki, 1836), and
Harmozica ravergiensis (Férussac, 1835) (Figs. 3 and 4). All
species found in the sediments still live in the catchment of

the Alazani River. Cecilioides acicula is a burrowing species.
Therefore, it is possible that at least a part of the specimens
of this species found in sample 3 originates from overlying
paleosol Ahb1. However, excluding this species from the fol-
lowing analyses would not affect any of the conclusions.

The quantitative and qualitative gastropod distribution
across the sequence (Figs. 3 and 5; species list in Supple-
ment Table S1) indicated a succession from open-country
assemblages to woodland assemblages and a subsequent re-
duction of woodland in the youngest layer: the lowermost
three samples (samples 12 to 10) were dominated by Vallonia
pulchella and Chondrula tridens, which are species of open
grassland. In sample 9 Harmozica ravergiensis, a species
characteristic to open shrub- to woodlands appeared for the
first time. During the formations of layers 9 to 6 the transi-
tion from grassland assemblages to assemblages dominated
by species characteristic for woodland occurred. This tran-
sition was accompanied by an increase in species richness.
The lithological units from which samples 5 to 2 were taken
were dominated by forest species (Vallonia costata, Vertigo
pusilla, Pomatias rivularis and Harmozica ravergiensis) and
show high species richness. Samples 7 to 4 contain Vitrea
pygmaea, a species associated with open xerothermic forests
or bushland. Sample 2 contained a high number of Poma-
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Figure 3. Quantitative distribution of gastropods in the investigated fluvial sediment sequence and their ecological classification. For the
legend of the stratigraphy please see Fig. 2.

Figure 4. (1) Helix lucorum (a: apical view, b: apertural view and c: umbilical view), (2) Xeropicta derbentina, (3) Vallonia costata, (4)
Harmozica ravergiensis, (5) Chondrula tridens, (6) Pomatias rivularis, (7) Oxyloma elegans.

tias rivularis, which might be the result of floods that ac-
cumulated thick-walled shells, or it might indicate a human
disturbance of the vegetation cover. The latter possibility
might be supported by a parallel high number of the open-
country species Vallonia pulchella and Chondrula tridens. In

sample 1 all characteristic forest species disappeared. This
layer is characterized by a mix of open-country and open-
woodland species.

The freshwater snail Galba truncatula inhabiting tem-
porary pools and the riverbank-inhabiting Oxyloma ele-
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Figure 5. Percentages of ecological groups of gastropods, abundance and species richness of the gastropod assemblages in the investigated
fluvial sediment sequence and comparison with a formerly derived vegetation reconstruction based on n-alkane biomarkers (Bliedtner et
al., 2018a). Please note that the “contribution grasses/herbs” is a semi-quantitative estimate, and uncertainties of this approach can cause
percentages > 100 %. For the legend of the stratigraphy please see Fig. 2.

gans were completely missing in the older samples (12–6),
whereas they were present in most of the younger samples
(5–1).

5 Discussion

5.1 The Holocene gastropod assemblages of the upper
Alazani floodplain

If we compare the gastropod assemblages of the paleosols
with those of the non-pedogenic fluvial sediment layers,
there are hardly any differences in species composition, but
the former show higher abundances (Figs. 3 and 5). Higher
abundances in the paleosols are probably caused by the
longer exposure times at the stable surfaces of the paleosols
favoring shell preservation. This is a typical phenomenon re-
lated to paleosols (Ložek, 1990). Whereas the samples from
the paleosols probably contain mainly specimens that lived
at or near the site under investigation, the samples from flu-
vial sediments may also contain shells from more distant
places upstream. Therefore, if there had been forest in the
upstream vicinity at the time of formation of the deeper lay-
ers, some individuals of woodland species would probably
be present in the fluvial samples. Consequently, the congru-
ence of the trends seen in the samples of fluvial sediments
and of paleosols indicates that the observed succession from
open-country assemblages in samples 12 to 10 and transi-

tional assemblages with a mix of open-country and open-
woodland species in samples 9 to 6 to assemblages domi-
nated by forest species in samples 5 to 2 (Figs. 3 and 5) is re-
gional rather than restricted to the investigated site. Species
of undisturbed forest ecosystems and deadwood specialists
such as Caspicyclotus sieversi, Acanthinula aculeata, Vitrea
contortula and Scrobifera taurica are completely missing.
These species would indicate an old-growth beech forest as
it exists today on the slopes of the source area of the Alazani
River and its tributaries (Pokryszko et al., 2011; Mumladze
et al., 2017). Instead, species of sparse forests and wooded
scrubland dominate samples 7 to 2. Accordingly, the parallel
occurrence of Chondrula tridens and Harmozica ravergien-
sis implies a mosaic-like arrangement of wooded scrubland
and open areas. There are several possibilities to explain this
special composition: (i) this could partly be caused by the
proximity to the active riverbed, as indicated by the occur-
rence of wetland species from sample 5 upward. Likewise,
Myšák and Horsák (2011) showed that riparian forests in the
Czech Republic hosted different gastropod faunas compared
to more distant hillside forests. More humid conditions in ri-
parian forests led to a lower tree cover and a significantly
higher coverage of the herb layer. Furthermore, although the
fluvial sediments may contain shells from more distant places
upstream, given that the fluvial sediments contained few in-
dividuals in total, the likelihood to record rare species from
undisturbed forest far upstream is low. (ii) The high propor-
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tion of ubiquitous and drought-tolerant species even in sam-
ples 5 to 2 and the low species richness compared to natural
forest ecosystems are typical of ecosystems that are influ-
enced by humans. Therefore, it is possible that the ecosystem
at the investigated site was used for grazing in the form of
pasture woodland. This hypothesis is supported by the dom-
inance of Pomatias rivularis in sample 2, since Uherkovich
et al. (2008) showed that this species is well adapted to dis-
turbed and anthropogenically influenced habitats. Despite the
moderately high species richness in this sample indicating
a high diversity of habitats within the archived period, the
massive occurrence of Pomatias rivularis may point to a dis-
turbed ecosystem. Human impact is also supported by nu-
merous archeological finds in Ahb1, where sample 2 was
taken from, indicating a settlement at this place during at
least a part of the formation time of Ahb1. Sample 1 shows
again a decline in woodland species in favor of open-country
species.

The constant absence of the wetland species Galba trun-
catula and Oxyloma elegans in the older samples (12–6) and
their presence in most of the younger samples (5–1) is in ac-
cordance with a suggested shift of the river course towards
the investigated site during the Late Holocene.

5.2 Comparison of the Holocene gastropod
assemblages with other local and regional studies

5.2.1 Vegetation history of the upper Alazani floodplain

The gastropod assemblages in our fluvial sediment sequence
at the upper Alazani River between samples 12 (Ahb6) and
10 (Ahb5) indicate that the landscape in the surroundings
of the investigated site was covered by grassland during the
Early Holocene until ca. 5.5 cal kyr BP. In samples 9 and
8 (Ahb4) a first species characteristic for open shrub to
woodlands, Harmozica ravergiensis, appeared, but the as-
semblages were still dominated by open-country species.
These findings confirm a former n-alkane-based vegetation
reconstruction of Bliedtner et al. (2018a), where paleosols
Ahb6 to Ahb4 also showed a local grass- and herb-dominated
vegetation signal compared with the proportion of decidu-
ous trees and shrubs (Fig. 5). In contrast to the n-alkanes
that are generally not sensitive towards coniferous forests
and would rather reflect the grassy undergrowth in conifer-
ous forests (Diefendorf et al., 2011), the gastropod assem-
blages trace the distribution of open country versus wood-
land, irrespective of whether the latter was formed by decid-
uous or coniferous trees (Kralka, 1986; Dedov, 2008). There-
fore, our gastropod assemblages corroborate the formerly
suggested grass and herb dominance in the upper Alazani
floodplain during the Early and Middle Holocene. This con-
firms the very different local vegetation history of the up-
per Alazani floodplain compared with the neighboring Iori
floodplain ca. 40 km to the south. In the latter, pollen anal-
yses showed a dominance of deciduous and coniferous for-
est vegetation from about 12.8 cal kyr BP, and Salix propor-

tions between 10 % and 30 % demonstrate that the pollen
signal should mostly originate from the floodplain and not
from the surrounding landscape (Gogichaishvili, 1984). In
a wider regional context, the vegetation history of the up-
per Alazani floodplain is also different compared to Lesser
Caucasus and Anatolian plateau, where pollen from lake and
peat sediments suggest that reforestation started during the
Early Holocene, although relatively late compared with cen-
tral Europe, at∼ 9–8 cal kyr BP (Wick et al., 2003; Messager
et al., 2013, 2017; Joannin et al., 2014; Leroyer et al., 2016).
However, while ecological and climatic conditions of the up-
per Alazani floodplain differ from the Lesser Caucasus and
Anatolia, they are similar to the Iori floodplain. Thus, the
most likely explanation for the different local vegetation his-
tories in both neighboring floodplains is local human activity
in the upper Alazani valley. Accordingly, numerous archeo-
logical findings (potsherds, obsidian tools, charcoal and an
in situ fireplace) in the upper part of paleosol Ahb6 (posi-
tion of sample 12) that were dated to 8.0–8.2 cal kyr BP in-
dicate local human occupation during that period, and singu-
lar potsherds were also found in the sediment layer between
Ahb5 and Ahb4 (position of sample 9) as well as in pale-
osol Ahb4 (position of sample 8). The regional potential nat-
ural vegetation of the upper Alazani floodplain consists of
riparian forests in the floodplain passing over into elm–oak–
vine forests at the slopes (Connor and Kvavadze, 2008), but
unlike in the neighboring Iori floodplain this potential nat-
ural vegetation did not develop at the investigated site until
ca. 4.5 cal kyr BP. Therefore, although we cannot derive in-
tensity and permanence of late-Neolithic–Chalcolithic settle-
ment and of the following periods from the relatively sparse
available archeological data, we suggest that human activ-
ity from that time most likely hindered local afforestation
at this site for several millennia. However, the distribution
map of late-Neolithic–Chalcolithic settlement areas in the
southern Caucasus of Akhundov (2004) does not show hu-
man activity in the upper Alazani floodplain (Fig. 6a). The
earliest known archeological evidence directly from the up-
per Alazani valley is a Middle Bronze Age burial mound
in the village Zemo Alvani ca. 4 km northwest of the stud-
ied site that was built around 3.8 ka (Dedabrishvili and Ru-
sishvili, 1980; Fig. 1b). In contrast, other regions of the
southeastern Caucasus, including the lower Alazani region
next to the Azerbaijan border, were settled by late-Neolithic–
Chalcolithic cultures (Varazashvili, 1980, 1984; Chataigner
et al., 2014; Lyonnet et al., 2016; Hamon et al., 2016; von
Suchodoletz and Faust, 2018; Fig. 6a). We suggest that thus
far missing knowledge about late-Neolithic–Chalcolithic set-
tlement activities in the upper Alazani floodplain with fa-
vorable environmental conditions for human settlement was
caused by the several-meter-thick cover of floodloam that
had buried the contemporary settlement remains in paleosol
Ahb6 (Fig. 1d). Similarly, thick coverages of prehistoric set-
tlements with younger floodloam, leading to missing knowl-
edge about prehistoric settlement patterns, are also known
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from other floodplains (Händel, 1967; Brown, 1997; Bard,
2015).

As indicated by the gastropod assemblages, increased re-
forestation towards an open woodland at the investigated
site started within the sediment layer between Ahb4 and
Ahb3 that was deposited around 4.5 cal kyr BP (sample 7)
and lasted at least until ca. 3 cal kyr BP (sample 3, between
Ahb2 and Ahb1). Unfortunately, for this period no compar-
ison with n-alkane biomarkers is possible: whereas no n-
alkane biomarker signal was obtained from paleosol Ahb3
(position of sample 6), the n-alkane signal from paleosol
Ahb2 (position of sample 4) is not dominated by a local but
an inherited catchment-derived biomarker signal because of
the short time of pedogenesis of only some decades. There-
fore, the n-alkanes from Ahb2 should not be interpreted
(Bliedtner et al., 2018a; Fig. 5). Large parts of the southern
Caucasus including the region surrounding the upper Alazani
valley were settled by the Early Bronze Age Kura–Araxes
(or Early Transcaucasian) culture from about 5.5 cal kyr BP
(Akhundov, 2004; Kohl, 2009; Fig. 6b). Therefore, this veg-
etation change was assumedly caused by local abandonment
of human land use at the investigated site despite ongoing re-
gional settlement activity or by less intensive land use in the
form of pasture woodlands (see Sect. 5.1)

A further change of the gastropod assemblages occurred in
paleosol Ahb1 (position of sample 2) that had developed be-
tween ca. 3 and 1.7 cal kyr BP: in this soil, gastropod species
indicative of forests to open woodland are found together
with a significant percentage of grassland species (Fig. 3).
This indicates a change towards an even more open forest
with larger proportions of grassland. It is very likely that
this was caused by resuming human activity at this site or
an intensification of land use, respectively. Increasing hu-
man activity at this site or in its surroundings for this time
is also supported by numerous Iron Age archeological find-
ings (potsherds, obsidian tools and charcoal) from the upper
part of Ahb1 (Fig. 2). Furthermore, from this period buri-
als with Scythian grave goods are known from the Alazani
valley (Mamaiashvili, 1980). However, despite a dominance
of open-woodland gastropod species, the n-alkane biomarker
signal of paleosol Ahb1, averaging over the total period of
soil development of ca. 1 ka, shows a local dominance of
grasses and herbs (Bliedtner et al., 2018a; Fig. 5). Possible
causes could be that (i) during most of this time grasses and
herbs clearly dominated over the forest vegetation, as is sug-
gested by a part of the gastropod assemblage, or (ii) the lo-
cal woodland vegetation was dominated by coniferous trees
that do not give an n-alkane biomarker signal (Diefendorf
et al., 2011). However, the latter explanation is rather un-
likely, given that the dominating gastropod species in this
sample, Pomatias rivularis, typically lives in leaf litter of de-
ciduous trees (Kerney et al., 1983). In the uppermost sample
1 no woodland species are found anymore, indicating open-
country vegetation similar to the current ecosystem.

5.2.2 Possible shift of the Alazani River course during
the Late Holocene

Wetland species of gastropods are absent from the lower part
of the investigated sequence. In contrast, they occur from
sample 5 upwards, i.e., since ca. 4 cal kyr BP. This indicates
that the investigated site was relatively far away from the
active riverbed during the Early and Middle Holocene and
that the river approached towards the site during the Late
Holocene (Fig. 7a and b). Morphologically young former
river channels were observed up to 1.5 km north of the cur-
rent river channel (Fig. 1b and c). Furthermore, the region
shows a high regional tectonic activity linked with orogene-
sis at the southern margin of the Greater Caucasus (Forte et
al., 2014), forming the base for river shifts linked with tec-
tonic activity. Accordingly, strong earthquakes that have hit
the Alaverdi Monastery located ca. 2 km east of the study site
are documented for the 15th and 18th centuries CE (Gamkre-
lidze et al., 2013; Fig. 7a). Therefore, such a river shift to-
wards the south during the Late Holocene was already for-
merly suggested by von Suchodoletz et al. (2018b) to explain
strong incision of the sequence that finally led to the deacti-
vation of the fluvial archive from ca. 1.6 cal kyr BP. The in-
creasing presence of wetland gastropod species in the upper
part of the sequence confirms this formerly suggested south-
ern shift of the river course during the Late Holocene that
was probably linked with orogenesis at the southern margin
of the Greater Caucasus. However, the slowly increasing pro-
portion of water-related gastropod species indicates that the
shift of the river course must have occurred slowly rather than
abruptly as was formerly suggested by von Suchodoletz et
al. (2018b), i.e., in the form of preferential lateral migration
(combing) as a response to lateral tilting of the floodplain
(Holbrook and Schumm, 1999).

6 Conclusions

Our investigations of gastropod assemblages from a
Holocene fluvial sediment–paleosol sequence at the upper
Alazani River in the southeastern Caucasus region demon-
strate that the studied site in the floodplain was free of the
natural forest vegetation during the Middle Holocene until
ca. 4.5 cal kyr BP. This contrasts with a pollen-based Early
to Middle Holocene vegetation reconstruction in the neigh-
boring Iori floodplain, showing that this floodplain was cov-
ered with deciduous and coniferous forests from the Late
Pleistocene. Thus, our gastropod data support former n-
alkane biomarker analyses that are potentially biased due to
their missing sensitivity towards coniferous trees and shrubs.
Therefore, our data confirm open grass and herb vegetation
during that period. We suggest that the open vegetation in the
upper Alazani valley was probably caused by continuous set-
tlement activity. Although intensity and permanence of local
settlement activity could not be determined from our data,
local human activity is also indicated by archeological finds
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Figure 6. Map of settled regions in the southern Caucasus during different prehistoric periods after Akhundov (2004). (a) Late Neolithic–
Chalcolithic (ca. 8.4–6.3 cal kyr BP) and (b) Kura–Araxes (Early Transcaucasian) culture (ca. 5.5–4.4 cal kyr BP).

Figure 7. (a) Map of the suggested Late Holocene river shift (white arrows). (b) Model of the suggested river shift (adapted from von
Suchodoletz et al., 2018b).

in the sequence. Therefore, by using a combination of land
snail and n-alkane biomarker analyses of the studied fluvial
sequence, it is possible that we identified a settlement cen-
ter in the upper Alazani floodplain that was populated from
the late Neolithic–Chalcolithic. This center was not known
thus far, since the archeological remains are currently cov-
ered by several meters of floodloam that hindered their de-
tection during archeological surface surveys. Therefore, our
findings suggest that the area in the southern Caucasus region
that was settled during the late-Neolithic–Chalcolithic period
must have been larger than was known thus far. Furthermore,
increasing contributions of wetland gastropod species since

ca. 4 cal kyr BP confirm a local shift of the river course to-
wards the investigated site throughout the Late Holocene that
was possibly linked with ongoing regional tectonic activity.
However, in contrast to former suggestions our gastropod
assemblages indicate that this process was obviously slow
and not abrupt. Altogether, our investigations demonstrate
the high value of gastropod assemblages for geoarcheolog-
ical and geomorphological Holocene floodplain research in
regions with carbonatic river sediments at both a local and
regional spatial scale.
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