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Abstract: Elevated Quaternary sedimentary complexes in the western foreland of the central mountain ranges
of Taiwan are called tablelands. Their mostly flat surfaces are deeply incised by fluvial processes.
The landforms and the fluvial systems in the Miaoli Tableland are investigated by high-resolution
terrain analyses based on different datasets. Sediments are described in 51 outcrops and characterized
by grain size composition. The outcrops revealed complete or incomplete sequences of the general
scheme from bottom to top: sandy tidal–coastal units overlain by gravel- and cobble-rich fluvial de-
posits always with a fine-grained silt-rich top cover layer influenced by aeolian deposits. All layers are
unconsolidated sediments. Three subtypes of this sequence were identified, with respect to the occur-
rence of the fluvial deposits. The relation of tectonic and erosional processes including the rework of
gravels is discussed. The results reveal a tableland surface much more disaggregated than previously
mapped, suggesting that individual tableland segments represent remnants of an inferred palaeoto-
pography. The tableland surfaces have been separated into Sedimentary Highlands (SH-I and SH-II)
and Sedimentary Terraces (ST) by geometrical properties. The Alluvial and Coastal Plains (AL) rep-
resent broad valley bottoms (“box-shaped valleys”) in the dendritic drainage systems below 150 m
and the coastal plains. The landforms and predominantly the sediment sequences are discussed in the
context of the existing stratigraphical schemes of the Toukoshan Formation and the so far rarely used
Lungkang Formation. The latter is recommended as the stratigraphical term for the refined subdivision
of the uppermost part of late Quaternary sediments in the Miaoli Tableland.

1 Introduction

Sedimentary terraces are landforms which are formed by de-
position, base level change, and subsequent erosion. They
provide stratigraphic records and represent archives for
changes in sedimentary and erosional processes (Charlton,
2008). The process-inducing environmental factors are cli-
mate change, sea-level change, and local tectonism, which

have been studied in various regions worldwide for inter-
preting the landscape evolution of sedimentary terraces (e.g.
Bridgland and Westaway, 2008; Robustelli et al., 2014; Pick-
ering et al., 2014; Mather et al., 2017).

Huge sedimentary complexes are distributed in the west-
ern foreland of the Taiwanese mountain ranges (Yu and
Chou, 2001; Yang et al., 2006) (Fig. 1a). They are dissected
by fluvial incision, thus forming terraces, which are called

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



2 S.-H. Liu et al.: Late Quaternary landform evolution and sedimentary successions in the Miaoli Tableland

Figure 1. Location of the Miaoli Tableland and other tablelands in Taiwan. Generalized tectonic context after Angelier et al. (1986) and
Suppe (1984); geological divisions modified after Ho (1988). (b) Detail map of the study area. Elevation extracted from an open-access
digital elevation model (DEM) with 20 m resolution (Satellite Survey Center, 2018); tectonic features adapted from geological maps (Central
Geological Survey, 2017); locations of the Tongluo Fault and name of “Sanyi Tableland” by Ota et al. (2006).

“tablelands” by local scientists (Lin, 1957; Teng, 1979; Lin
and Chou, 1978; Tomita, 1954; Chang et al., 1998; Tsai et
al., 2006, 2010). Landforms similar to the tablelands have
been described in the western Pacific area, such as in Japan
(Matsu’ura et al., 2014) and Korea (Choi et al., 2009).

However, until now, the detailed formation history of these
sedimentary terraces has been widely unclear, even though
detailed studies focused on different aspects of the table-
land morphology such as the local tectonism (Shyu et al.,
2005; Yang et al., 2006; Shih and Yang, 1985), the long-
term sedimentation since the Neogene (Teng, 1996b; Teng
et al., 2001), or weathering degrees and their correspond-
ing relative chronology of the surface materials (Ota et al.,
2002; Shih and Yang, 1985; Tsai et al., 2006). The majority
of these studies follow the interpretations that, according to
the continuous tectonic uplift since the Pliocene, the age of
the tablelands’ sedimentary units ranges from the Pliocene to
early Pleistocene (Chang, 1953). Only a few studies included
or focused on the late Quaternary sedimentation and surface
morphology of the tablelands (Ota et al., 2006; Tseng et al.,
2013; Horng, 2014; Chang et al., 1998; Teng et al., 2001;
Siame et al., 2012).

The sedimentary sequences represent potentially valuable
archives of the Quaternary landscape history of western Tai-
wan. As the mountainous island is located in a unique po-
sition at the Tropic of Cancer between the Asian continent
and the western Pacific, these archives may even have im-
plications for the entire region in terms of palaeoclimate and
sea-level change. Thus, more detailed morphological studies
are required in order to understand the complicated nature of
these terraces on the basis of a reconstruction of the process
history. This study presents – as a first step – an approach
for interpreting morphological processes by the combination
of a concise 3D terrain analysis and sedimentological stud-
ies by field observation and particle size characterization in
a defined research area in northwestern Taiwan, the Miaoli
Tableland. A detailed chronology of the sediment sequence
is not in the scope of this morphological study.

E&G Quaternary Sci. J., 71, 1–22, 2022 https://doi.org/10.5194/egqsj-71-1-2022
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2 Regional setting

2.1 Tectonic background and erosion rates of the
Taiwanese mountain ranges and their foreland

The orogeny of the Taiwanese mountain ranges is caused
by the arc-continent collision at the convergence zone of
the Eurasian plate and the Philippine Sea plate in the west-
ern Pacific (Fig. 1a), which has been active since the Plio-
Pleistocene (Suppe, 1984; Angelier et al., 1986; Teng, 1990;
Willemin and Knuepfer, 1994; Teng, 1992; Yu and Song,
2000). Today, the mountain ranges of central Taiwan reach an
elevation of 3952 m a.s.l. and are composed of Tertiary sedi-
mentary rocks and low-grade metamorphic rocks at the west-
ern limb. Their westernmost part, a 10–20 km wide frontal
belt has been called the “Western Foothills” (WF) (Fig. 1a)
(Ho, 1988; Pelletier and Stephan, 1986) and has a general
height below 2500 m a.s.l. The western foreland of the moun-
tain ranges is a Neogene basin (Yang et al., 2006). The basin
depositions have been interpreted as a succession of Tertiary
sedimentary rocks overlain by Quaternary sediments yielded
from the mountain ranges (Fig. 1a) (Simoes and Avouac,
2006; Yu and Chou, 2001; Lin and Watts, 2002; Lin et al.,
2003; Chen et al., 2001; Ho, 1994; Covey, 1986). However,
their precise chronology is not available yet (Ota et al., 2006;
Chang et al., 1998; Teng, 1996b; Lin, 1963; Ho, 1994). Parts
of these Quaternary sediments have been uplifted to present
altitudes with a maximum height of ca. 1000 m a.s.l. Due to
the complexity of the tectonism, the long-term uplift rates of
the WF and the Neogene basin are still unclear (Deffontaines
et al., 1997; Shyu et al., 2005; Yang et al., 2016; Teng, 1996a;
Ching et al., 2011).

The strong uplift of the island and the subtropical mon-
soon climate including frequent typhoon events induce ero-
sion rates with an average of 3–6 mm a−1 (Dadson et al.,
2003). The precipitation is mainly concentrated during the
summer and autumn; on average about two to three ty-
phoons strike Taiwan annually (average 1949–2019) (Cen-
tral Weather Bureau, 2019). Typhoons often cause extreme
precipitation events and floods.

2.2 Quaternary sea-level change in Southeast Asia

The post-Last Glacial Maximum (LGM) sea-level curve of
the Taiwan Strait has been established by radiocarbon dat-
ing of marine sediments (Liu et al., 2008; Chen and Liu,
1996). However, a pre-LGM sea-level curve is not yet estab-
lished. The combination with global and regional models that
reach back further, especially from the Sunda Shelf (Haneb-
uth et al., 2011; Shackleton, 2000), shows that the sea level
was much lower than today after the end of the Eemian sea-
level high stand, with a minimum during the LGM (−120 to
−140 m). As the depth of the Taiwan Strait west of the Miaoli
Tableland is less than 60 m, it was dry land during most of the
Late Pleistocene (Horng and Huh, 2011; Huh et al., 2011),
and the palaeoflow directions of the northwestern Taiwanese

rivers were north to northeast toward the Kuanyin Depression
(Huh et al., 2011) (Fig. 1a). After the general Holocene sea-
level rise, a short-term high stand during the Mid-Holocene
reached +5 m (Liu et al., 2004; Chen and Liu, 1996).

2.3 The tablelands in Taiwan

The uplift, sea-level changes, and the subsequent erosional
processes have dissected the foreland sediments. These sedi-
mentary terraces are called “-Ding/- ” in the local language,
i.e. terraces (Chen et al., 2004; Tomita, 1954) or tablelands
(Tsai et al., 2010, 2006; Lin, 1957; Teng, 1979; Teng et al.,
2001; Shih and Yang, 1985; Lin and Chou, 1978) according
to different concepts of the landform evolution, respectively.

Tablelands are mainly distributed in a ca. 5–20 km wide
area along the western margin of the WF (Fig. 1a), as well
as in mountain basins. In the past, the tableland surfaces
were differentiated morphologically and sedimentologically
by the following criteria: (1) the lithification degree of the
sediments, (2) the driving force of current morphology (flu-
vial incision/tectonic displacement), (3) the weathering char-
acteristics of the cover sediments (relatively old and in-
tensively weathered substrate/relatively young alluvial de-
posits), and (4) the elevation of surfaces as a relative chrono-
logical index of different morphological stages (Lin, 1957;
Tomita, 1953, 1951, 1954). The resulting categories of the
tableland surfaces were named “Laterite Highlands” for the
higher-elevated quasi-flat surfaces that are covered by red-
dish, highly weathered sediments; “Laterite Terraces” for the
lower-elevated quasi-flat surfaces that are covered by brown-
ish/reddish highly weathered sediments; and “Fluvial Ter-
races” for the modern fluvial terraces/plains in the immediate
vicinity of fluvial paths (Lin, 1957).

In recent decades there have been more detailed studies
on the origin and development of the tablelands, e.g. stud-
ies on tectonism at the Dadu Tableland and Pakua Tableland
(Delcaillau, 2001; Shih and Yang, 1985), the soil develop-
ment and relative chronology at the Dadu Tableland (Tsai et
al., 2010) and Pakua Tableland (Tsai et al., 2006), and the
morphology and sediment chronology of the Puli Tableland
(Tseng et al., 2013). The depositional environments and bios-
tratigraphy of the sedimentary sequence as well as the mor-
phology corresponding to active tectonism were studied in
the Linkou Tableland (Horng, 2014; Teng et al., 2001) as well
as the relative and absolute chronology, erosion, and tecton-
ism of smaller terraces in other regions (Chen et al., 2004;
Ota et al., 2009, 2002, 2005; Chen et al., 2003). All these
studies gave a frame for an understanding of the tableland
formation; however, neither an overall morphological model
nor a detailed chronology of the tableland development has
been established so far.

In past publications the terms “laterite/lateritic” have been
used according to the local context, which describes the red-
dish/brownish, fine-grained soils on the surfaces. However,
the usage of this term has recently been challenged by soil

https://doi.org/10.5194/egqsj-71-1-2022 E&G Quaternary Sci. J., 71, 1–22, 2022



4 S.-H. Liu et al.: Late Quaternary landform evolution and sedimentary successions in the Miaoli Tableland

studies (Tsai et al., 2010). According to the latest review of
the soil taxonomy in Taiwan, these so-called laterite cover
sediments on the tablelands have been revised as “Ultisols”
or “Oxisols” by their chemical composition, respectively
(Chen et al., 2015). To avoid over-interpretation of soil devel-
opment characteristics and because the pedological factors of
the sediments are not the subjects of this study, the follow-
ing geomorphological descriptive terms are used in this text:
“Sedimentary Highlands” (SH) for Laterite Highlands, “Sed-
imentary Terraces” (ST) for Laterite Terraces, and “Alluvial
and Coastal Plains” (AL) for Fluvial Terraces.

2.4 Study area: the Miaoli Tableland

The sedimentary complexes in the Miaoli region are called
the Miaoli Tableland (Teng, 1979) or Miaoli Hills (Chang et
al., 1998). We prefer the former term because the geological
and morphological settings of the area are consistent with
the other tablelands in northwestern Taiwan (Lin and Chou,
1978; Teng, 1979). The Miaoli Tableland is located on the
northwestern coast of Taiwan between the Houlong River
and the Daan River (120◦38′10′′ to 120◦48′57′′ E, 24◦36′51′′

to 24◦21′32′′ N). Both rivers have their source area in the
mountain belt and therefore a different hydrological regime
than the other rivers in the study area. The Miaoli Tableland
covers an area of ca. 283 km2. Its topographical surface is
characterized by terraces with different elevation levels. The
highest elevation is located at the southernmost part at about
614 m a.s.l. This point is called “Huoyanshan/ ”, also
known as “Fire Mountain” (Fig. 1b). A narrow coastal plain
forms a 30 km long stretch between the Wumei (Xihu) River
and Yuanli River (Fig. 1b). It is composed of alluvial sed-
iments that are carried by the longshore current (Jan et al.,
2002; Wang et al., 2003); according to climate statistics from
2003 to 2020, the tidal difference in the shore area of Miaoli
is 4–6 m (Central Weather Bureau, 2020).

The study area is mainly drained by the Tungxiao River
and the Wumei (Xihu) River as well as other small local
catchments (Fig. 1b). However, many of the fluvial paths in
the area are artificially constrained by levees for defending
from flooding. For example, the flooding which affected the
Miaoli region on 7 August 1959 (“ ”) was the most
severe flooding in the 20th century in Taiwan (The Taiwan
Provincial Weather Institution, 1959; Central Weather Bu-
reau, 2019).

The geological maps and the studies of tectonic features
exhibit one inferred syncline, two inferred anticlines with
low dip angles, and four inferred thrust faults with steep
dip angles in the study area (Fig. 1b). These features are
almost parallel aligned, striking mainly northeast to south-
west (Chang, 1990, 1994; Ho, 1994; Yu et al., 2013; Lin
and Watts, 2002; Yu and Chou, 2001; Yang et al., 2016).
The coastal area is affected by the tentatively called “frontal
movement”, which is assumed to be the youngest thrust
movement in the Miaoli area (Shyu et al., 2005). Two ac-

tive thrust faults have been identified at the eastern margin of
the Miaoli Tableland (Ota et al., 2006), and an inferred thrust
fault at the western fringe of the highlands has been proposed
by Chang et al. (1998) (Fig. 1b). There are no direct studies
on Quaternary uplift rates in the Miaoli area. Results from
the southerly Pakua Tableland, based on radiocarbon dating
of different heights of the terrace surfaces, show that it can
be assumed to be around 1 mm a−1 (Ota et al., 2002, 2006).

The general formation of the Miaoli Tableland has been
explained by two hypotheses. Chang et al. (1998) assumed
that the present Sedimentary Highlands and the southwest of
the Sedimentary Terraces area (the Pingding terrace, Fig. 1b)
represent jointed alluvial fans. The gravels and cobbles,
which build up the fans, were yielded from the Houlong,
Wumei (Xihu), and Daan (palaeo-)rivers. The rest of the
area (the Tungxiao River catchment) was interpreted as a
palaeobay, which was subsequently filled with sediments
(Appendix A). Following the traditional classification of
Lin (1957), Chang et al. (1998) assumed that differentiated
uplift and erosion during the late Quaternary have dissected
the palaeotopography into terraces. They subdivided the sur-
faces of the Miaoli Tableland into the three surface elevation
levels as Laterite Highlands, Laterite Terraces, and Fluvial
Terraces (see Sect. 2.2).

In contrast, Ota et al. (2006) focused on differentiated tec-
tonism in the Miaoli region. They assumed that folding along
the Tungxiao Anticline (Fig. 1b) caused uplift in the present
ST area. This induced the erosion of the overlying sedi-
ments, resulting in a topographic inversion along the anti-
cline. The thrust of the Tongluo Fault (Fig. 1b) caused the up-
lift of the southern SH (tentatively named the “Sanyi Table-
land”). This resulted in the separation of the ST and SH along
a distinct topographic escarpment, which subsequently was
rapidly eroded eastward causing the beheading of the valleys
in the southern SH. Colluvial depositions of gravels and cob-
bles on the western slope foot of the escarpment exhibit the
ongoing erosion (Chen, 1983).

The southeastern SH (former Laterite Highlands) is the
most detailed studied part of the Miaoli Tableland. Ota et
al. (2006) mapped massive, deeply dissected, and tectoni-
cally deformed fluvial terraces here. The strata are inclined
> 30◦ to the east in the Fire Mountain area (Chang, 1994).
The inclination is assumed to be affected by the westward
thrust of the Sanyi Fault (Yang et al., 2007) (Fig. 1b).

2.5 Former stratigraphical interpretations of the Miaoli
Tableland

The stratigraphical interpretations of the sedimentary layers
in the study area were proposed in the 1930s and redefined in
the latter half of the 20th century. The sedimentary layers in
the study area were described in different terms as follows.

E&G Quaternary Sci. J., 71, 1–22, 2022 https://doi.org/10.5194/egqsj-71-1-2022
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2.5.1 Toukoshan Formation (Tk Formation)

The Tk Formation is the common term for the Pliocene–
Quaternary strata that are exposed along the mountain front
of the WF in northern and central Taiwan (Chang, 1990,
1994; Ho, 1994; Lee, 2000; Chen et al., 2001; Chang, 1953).
However, information on the dimension and composition of
the Tk Formation vary in the available publications. The
composition is described as fine-grained sediments in the
lower and coarse-grained fluvial sediments in the uppermost
sections with a total thickness up to more than 1000 m in
central Taiwan (Chang, 1948, 1955; Torii, 1935; Chen et
al., 2001). The well-rounded shape of the fluvial gravels and
cobbles shows that they might be reworked and transported
over certain distances (Teng, 1996b). Some authors described
the lower units as already consolidated (Chang, 1955; Ho,
1988; Chang, 1990). Biostratigraphical studies on planktonic
foraminifera indicated that the deposition of the Tk Forma-
tion started after the end of Olduvai event (Huang, 1984),
and a time span of 1.24–0.46 Ma was given by the compari-
son between the abundance of species and the biozones (Lee
et al., 2002).

2.5.2 Tûsyô/Tungxiao/Lungkang Formation (Ts/Lk
Formation)

Beside the broadly used term Tk Formation, an older defi-
nition of the sediment strata specifically in the Miaoli Table-
land is called the Tûsyô Formation (as Ts Formation, accord-
ing to pronunciations of Japanese of the local name “ ”).
It was proposed by Makiyama (1934, 1937) and renamed in
Chinese as the Tungxiao Formation by Chang (1948) to de-
scribe the loose, poorly cemented sedimentary layers in the
Miaoli Tableland with a sequence from bottom to top of in-
tercalated marine sediments, tidal–coastal layers, gravel and
cobble beds, and a surface layer with ocher-coloured soils.
In 1963, Lin proposed the term Lungkang Formation (as Lk
Formation) for the uppermost 10–15 m of the same succes-
sion in the coastal area of the Miaoli Tableland. The only dif-
ference between these two definitions is that the cover layer
of the Lungkang Formation was interpreted as dune sand
(Lin, 1963). The absolute chronology of these strata is uncer-
tain. Makiyama (1934) assumed a late Tertiary deposition ac-
cording to the composition of fossils by the palaeontological
concept at that time. Radiocarbon dating on molluscs gave an
early Holocene time span (Lin, 1969). The Ts/Lk Formation
has been rarely mentioned by other authors after the 1960s.

2.5.3 “Alluvium Deposits”, “Terrace Deposits”, and
“Lateritic Terrace Deposits”

These are different terms for the description of non-cemented
deposits on various geographical surfaces (i.e. tablelands,
valley floors, flood plains, coastal plains, and estuaries) in the
geological maps of the study area (Ota et al., 2006; Chang et
al., 1998; Chang, 1990, 1994; Ho, 1994; Chen et al., 2004).

They are composed of gravel, aeolian sands, and a mixture
of dusty fine sediments. No direct dating has been proceeded
yet. A late Quaternary age was assumed based on the loose,
poorly consolidated consistency of the deposits. The thick-
ness of them varies depending to the palaeotopography; it
reaches a maximum of about 20 m (Chang, 1990; Ho, 1994).

3 Material and methods

3.1 Terrain analyses

Systematic terrain analyses were undertaken by the combina-
tion and integration of 3D and 2D datasets: (1) open-access
digital elevation models from the Ministry of the Interior of
Taiwan (resolution 20 m) and the Shuttle Radar Topography
Mission (SRTM, resolution 1 arcsec, ca. 80 m) (Satellite Sur-
vey Center, 2018; NASA JPL, 2013), (2) aerial photos and
satellite imagery from the open-access Web Map Tile Ser-
vice in a geographical information system (GIS) (Center for
GIS RCHSS Academia Sinica, 2017; National Land Survey-
ing and Mapping Center, 2016), (3) published topographic
maps at a 1 : 25 000 scale accessible online (National Land
Surveying and Mapping Center, 2016), and (4) geological
maps of Taiwan (1 : 50 000) accessible online (Central Ge-
ological Survey, 2017).

For the identification and classification of different topo-
graphical landforms, we merged the information of absolute
and relative elevation with the terrain steepness by applying
automatic functions of the GIS software and manual map-
ping. The aim is to distinguish between the present fluvial
paths, tableland surfaces, modern fluvial plains, and coastal
plains as well as the slopes in between (Fig. 2).

Four terrain categories were defined:

– The category “fluvial paths” was derived from a calcu-
lation using the “Arc Hydro Tools” function in the GIS
programme compared with the topographic maps and
the aerial photos. The fluvial paths were mapped as line
features, whilst other categories were mapped as surface
features (polygons).

– The category “tableland” was defined as a quasi-flat
surface with the following criteria: (1) the steepness is
lower than 10◦; (2) it is larger than 400 m2 (1 pixel in
the DEM); and (3) the flat surface is not in the direct
vicinity of a flow path (Fig. 2). The steepness threshold
was adapted from the study of Saito and Oguchi (2005),
in which they proceeded the terrain analysis of 690 al-
luvial fans in Japan, Taiwan, and the Philippines. All
fans show a terrain steepness lower than 7◦; the ma-
jority of them have one less than 5◦, including all 71
studied alluvial fans in this context in Taiwan (Saito
and Oguchi, 2005). The edges of the tableland segments
were determined by hand mapping. Comparing the di-
rect raster to polygon conversion, it has concisely per-
formed the noise reduction and the edge-smoothing pro-
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6 S.-H. Liu et al.: Late Quaternary landform evolution and sedimentary successions in the Miaoli Tableland

Figure 2. Mapping of the tableland segments. (a) The original digital elevation models (Satellite Survey Center, 2018). (b) Surface steepness
was subsequently calculated by an ArcGIS function (slope). (c) An example of hand mapping of the tableland segments in GIS. The tableland
segments were recognized by the gentle terrace surfaces. (d) Results of the calculation of relative surface elevations: negative values represent
DEM elevations lower than the theoretical linear surface and vice versa. The spatial distribution of negative and positive values shows a clear
separation at the divide of the Wumei (Xihu) River and the Tungxiao River catchments and at the southern margin of the Chiding terrace.

cedures. For a normalization of the general surface in-
clination of the Miaoli Tableland from the southeast to
northwest, we calculated a theoretical linear-trend sur-
face from the highest point of the terrain to the distal
edge of the tableland surfaces, adapting the method of
Volker et al. (2007), by using a triangulated irregular
network (TIN) interpolation into a raster. Tableland ar-
eas above and below this theoretical linear-trend surface
were defined as Sedimentary Highlands (SH) and Sedi-
mentary Terraces (ST), respectively (Fig. 2d).

– Quasi-flat surfaces (less than 5◦) in the immediate vicin-
ity of the fluvial paths (e.g. valley floors) were defined
as “modern fluvial plains”. The “coastal plains” were
defined as the plains which have a steepness less than
5◦ and an elevation lower than 30 m a.s.l. along the
coast of the Taiwan Strait. The boundary of the plain
was marked by the slope foot of the edge of the distal-
tableland segments. The modern fluvial plains and the
coastal plains were combined and defined as Alluvial
and Coastal Plains (AL).

– The category “slopes” was defined for the rest of the
surfaces which are steeper than 5◦.

3.2 Field observations and sampling

The internal sedimentological composition of the tableland
segments was studied to characterize and identify typical
layer sequences throughout the study area; 51 field sites were
chosen for a detailed description by the following criteria: the
sites are (1) easily accessible and provide a good overview
of the sedimentary layers, (2) evenly distributed across the
study area, and (3) contain more than two visible sedimentary
layers for a representative sampling and comparison with
other outcrops.

The elevations of the sites were extracted from the DEMs
and compared with a handhold GPS receiver in the field. The
sedimentary layers in the outcrops were recorded by standard
characteristics: shape of boundaries, thickness, sedimentary
structures, texture, particle size, and visible fossil content
(Miall, 2014; Vail et al., 1991). The sediment colour was only
described in a general way to identify individual layers in the
field. A specific determination of soil parameters as well as
a detailed facies analysis of individual layers are not in the
scope of this study. The sedimentary layers were identified
in each field site independently, and then the records were
compared to find identical layers and sequences throughout
the study area. At 12 selected sites, 41 samples were taken
for particle size analyses including 2 samples from modern
beach (dune) sand for comparison.
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3.3 Particle size measurements

The particle size analyses were conducted with a Beck-
man Coulter™ LS-13320 laser diffractometer at Section 3:
Geochronology of the Leibniz Institute for Applied Geo-
physics, Hanover, Germany. This technique is well adapted
for high-precision measurements of fine-grained particles
smaller than 2 mm (Konert and Vandenberghe, 1997; Eshel
et al., 2004; Beuselinck et al., 1998). None of the samples
contained particles > 2 mm, even including the matrix of the
gravel and cobble beds.

The sample preparations and measurements were pro-
ceeded as follows: for each sample, ca. 20–50 mg of the sed-
iments was filled into the test tubes and treated with 1 %
ammonium hydroxide (NH4OH) solution, in order to dis-
perse the aggregates of sediments for the subsequent par-
ticle size analyses. The test tubes were rotated for 24 h at
30 rpm to mix the solution and sediments. Organic matter
was not removed. The particle size was measured five times
for each sample to reduce the random error. The results
were accepted when the value of polarization intensity differ-
ential scattering (> 80 %) and obscuration (< 10 %) passed
both criteria. The statistical index of the coefficient of vari-
ance mean (< 5 %) and coefficient of variance standard vari-
ation (< 5 %) were chosen to evaluate the reproducibility
of the results (Konert and Vandenberghe, 1997). The parti-
cle size fractions and the texture classifications (Jahn et al.,
2006) were correlated for the characterization of sedimentary
records.

4 Results

4.1 Terrain analyses – topography of the Miaoli
Tableland

The topographical analyses reveal the proportion of differ-
ent morphological categories in the study area: the tablelands
(SH+ST) represent 24.2 % (ca. 68.7 km2); the slopes and
gullies represent 44.8 % (ca. 127.2 km2); the fluvial plains
represent 24.2 % (ca. 68.9 km2); and coastal plains represent
6.6 % (ca. 18.7 km2) (Fig. 3).

The tableland surfaces are unevenly spread throughout the
study area. Their sizes vary from only a few hundred square
metres to several square kilometres. The larger tableland seg-
ments with widths ranging from ca. 100–1500 m, such as
Pingding (ca. 7.0 km2), Chiding (ca. 4.3 km2), and other parts
(from 2.0 to 0.5 km2) represent ca. 14 % of the total terrain.
However, the high-resolution mapping revealed that the over-
all spatial pattern of the tableland surface is made up of nu-
merous smaller segments, which are only ca. 40–200 m wide
(Fig. 3). They generally represent the water divides between
the fluvial paths and are broadly distributed in the study area.
Their distribution and shape depend also on different fluvial
drainage patterns in the study area.

Figure 3. Results of the terrain analyses and the classification of
tableland segments. The Sedimentary Highlands (SH) represent the
fluvial terraces, located in the southeastern (SH-I) and northern part
(SH-II) divided by the Wumei (Xihu) River. The Sedimentary Ter-
races (ST) are mainly located in the Tungxiao River catchment. The
Alluvial and Coastal Plains (AL) represent the flat surfaces beside
the fluvial channels. Detailed mapping of drainage patterns and the
elevation profiles of the fluvial valleys is presented in Fig. 4.

The differentiation between the SH and ST can be clearly
inferred from the relative height between the true eleva-
tions and the theoretical linear-trend surface (Fig. 2d). Fur-
thermore, both show different directions of their inclination
in general. The SH is composed of tablelands with ca. 2◦

northwest-inclining surfaces, while the ST tableland surfaces
incline ca. 1◦ to the west (Fig. 3).

The topographical divide between the ST and the SH is
represented by a continuous, west-facing escarpment bend-
ing from the southeast to the northwest. The steepness of the
slope is about 30◦ and more. Its relative height is ca. 130–
200 m in the south, decreasing northwestward to about 30 m.
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4.1.1 The Sedimentary Highlands (SH)

The Sedimentary Highlands (SH) are located in the east
and the north of the study area. They were divided into
two subgroups by their surface elevation and their location
with respect to the Wumei (Xihu) River. The area south
of the Wumei (Xihu) River with elevations of about 250
to 614 m a.s.l. is named SH-I. These tableland surfaces are
dissected to a minor degree and incline quasi-continuously
northward to the left bank of the Wumei (Xihu) River
(Fig. 3). The fluvial paths incised in the SH-I segments flow
to the northeast. They are tributaries of the Wumei (Xihu)
River and show a parallel pattern. The tableland in the north-
ern and the northwestern part of the study area with ele-
vations between 30 and 250 m a.s.l. is classified as SH-II
(Fig. 3). The tableland segments are separated by the Wumei
(Xihu) River into a western and an eastern part. The west-
ern part has larger coherent tableland surfaces, i.e. the table-
land segment in Chiding, which is here the topographical di-
vide between the Wumei (Xihu) River and the Taiwan Strait.
The eastern SH-II is well dissected, and the remaining table-
land segments are the interfluves between the tributaries of
the Wumei (Xihu) River, the Nanshi River, and the Hou-
long River (Fig. 3). The fluvial paths between the SH-II seg-
ments are mainly below 150 m a.s.l. and have formed den-
dritic drainage patterns. All these streams flow in a western
or northwestern direction to join the Wumei (Xihu) River and
Houlong River or directly to the coast, respectively.

4.1.2 The Sedimentary Terraces (ST)

The Sedimentary Terraces (ST) are located to the west of the
SH-I. They are distributed over the whole Tungxiao River
catchment and extend further south to other smaller catch-
ments. The majority of ST is lower than 250 m (the high-
est point is 445 m a.s.l., located at the boundary to the SH-I)
and dropping to ca. 30 m at the distal edge close to the coast
(Fig. 3 and Appendix A). The larger tableland segments (i.e.
Pingding) are located south of the main stream of the Tungx-
iao River. The smaller tableland segments make up the bulk
of the ST surfaces and can be connected tentatively by a
quasi-flat inferred surface through the whole ST area (Fig. 3).
Their topographic height is ca. 30 m in the east and decreases
westward to ca. 5 m at the distal-tableland segments.

The drainage patterns in the ST are differentiated by the el-
evation. Streams above 150 m a.s.l. form a parallel drainage
pattern similar to the SH-I (Fig. 3). Most of them begin near
the topographic escarpment (i.e. western slope of the SH-I),
and their flow path gradients vary from 1.0 to 14.0◦ (Fig. 3).
The streams below 150 m a.s.l. in the central and western part
of the ST have formed dendritic drainage patterns. The flu-
vial pattern in the SH-II shows also a dendritic system.

4.1.3 Slopes

The gradient of the slopes ranges from 10 to 66◦ with a ma-
jority of 10 to 26◦. The spatial distribution of the gradients
clearly shows a pattern in different scales. At an overall scale,
the slopes in the north and west are gentler than the slops
in the south and east, while the differences between individ-
ual slopes are not so distinct. In the areas of the dendritic
drainage patterns, the vertical shape of the slopes tends to be
concave; i.e. the upper part of the slope is steeper than its
foot. Reversely, in the areas of the parallel drainage patterns,
the vertical shape of the slope is more convex (Fig. 4). Thus,
the sections of the upper valleys above 150 m are typically
V-shaped.

4.1.4 The Alluvial and Coastal Plains (AL)

The Alluvial and Coastal Plains (AL) reach elevations up
to 150 m a.s.l. and represent the wide valley floors and the
coastal area (Fig. 3). The main streams’ flow paths have gra-
dients from 0.1 to 0.2◦, whereas the tributaries’ flow paths
are steeper (up to 8.0◦). The majority of them are braided
rivers, except the meandering Nanshi River, a tributary to the
Houlong River (Fig. 3). The valley width is not consistent. It
is up to kilometres in the main streams and ca. 20–100 m in
most of the tributaries. Therefore, the AL represents the ac-
tive fluvial plains as well as the terraces adjacent to the fluvial
paths with one or two levels. The relative height of these ter-
races is < 10 m. Their sizes are constrained by their location
and the stream order. The larger ones (> 1 km2) in the vicin-
ity of main streams are up to 2100 m wide; the smaller ones
(< 1 km2) in the tributaries are ca. 20–40 m wide (Fig. 3).
The AL occurs only in those areas of the SH-II and ST with
a dendritic drainage pattern. The valleys are ca. 150–1300 m
wide and ca. 20–50 m deep and show relatively narrow flow
paths (< 10 m mostly) (Figs. 3 and 4 and Appendix A). In
combination with the steep slopes, valley cross sections show
a quasi-rectangular transverse profile for which we introduce
the term “box-shaped valley”.

The coastal plain has a consistent width of around 500–
1000 m, but it widens up to 1500 m in the area of the estu-
aries. The topographic boundary between the coastal plain
and distal-tableland segments can be clearly identified by the
slope foot of the tableland segments (Fig. 3).

4.2 Sediment descriptions

The 51 studied outcrops in the Miaoli Tableland are located
at the edges of the tableland segments (Fig. 5, Table 1) and
provide therefore a vertical insight into their internal compo-
sition.

Their height ranges from about 3 to 50 m, and they are
characterized by up to six relevant unconsolidated sedi-
ment layers (Figs. 5 and 6). However, only two of the out-
crops show all layers of the succession (i.e. 001_HLPT and
010_EFB). Only a limited number of layers is exposed in
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Table 1. List of studied outcrops.

No. Name Latitude Longitude Location Height Elevation
(m) (m a.s.l.)

1 HLPT (Hou-Long Petroleum) 24◦35′45.30′′ N 120◦48′24.01′′ E SH-II 49 37
2 BTL (Ban-Tian-Liao) 24◦35′47.02′′ N 120◦43′38.77′′ E SH-II 6 73
3 CSW (Chiuan-Shuei-Wo) 24◦35′6.78′′ N 120◦48′28.61′′ E SH-II 7 97
5 RSK (Rong-Shu-Keng) 24◦34′37.68′′ N 120◦44′23.69′′ E SH-II 4 74
6 NBK (Nan-Bei-Keng) 24◦34′21.97′′ N 120◦44′6.16′′ E SH-II 8 105
7 NCT (Nan-Ching Temple) 24◦34′19.24′′ N 120◦43′32.91′′ E SH-II 3 71
8 MYK (Ma-Yuan-Keng) 24◦34′2.42′′ N 120◦46′48.54′′ E SH-II 6 165
9 LG (Long-Gang) 24◦34′1.12′′ N 120◦48′21.08′′ E SH-II 4 116
10 EFB (Er-Fu Bridge) 24◦33′50.55′′ N 120◦44′48.17′′ E SH-II 11 28
11 FTK (Fu-Tou-Keng) 24◦33′37.89′′ N 120◦44′21.63′′ E SH-II 10 107
12 ZW (Zhang-Wo) 24◦32′50.93′′ N 120◦46′36.74′′ E SH-II 7 68
13 TKD (Tu-Kan-Ding) 24◦32′23.29′′ N 120◦42′27.86′′ E ST 3 148
15 XP (Xin-Pu) 24◦32′8.56′′ N 120◦41′41.95′′ E ST 3 10
17 BW (Bei-Wo) 24◦31′12.20′′ N 120◦43′3.51′′ E ST 6 26
18 DBD (Da-Bi-Dou) 24◦30′54.09′′ N 120◦43′14.00′′ E ST 8 46
20 GCW (Gu-Cuo-Wo) 24◦29′48.64′′ N 120◦44′55.34′′ E ST 5 94
22 ZG (Zhu-Gang) 24◦28′55.02′′ N 120◦42′8.09′′ E ST 20 21
23 XNPW (Xiao-Nan Power Substation) 24◦28′17.69′′ N 120◦40′12.99′′ E ST 2 29
24 YZS (Yuan-Zih-Shan) 24◦27′45.38′′ N 120◦43′15.15′′ E ST 6 67
25 JJC (Jin-Ji Company) 24◦27′31.52′′ N 120◦39′48.64′′ E ST 7 16
26 SLK (Shiau-Lan-Keng) 24◦25′45.22′′ N 120◦44′37.25′′ E ST 7 227
27 TZK (Tian-Zih-Keng) 24◦25′58.22′′ N 120◦41′24.60′′ E ST 5 47
28 HDK (Hu-Dong-Kou) 24◦34′49.79′′ N 120◦45′48.85′′ E SH-II 4 50
29 GJW (Gong-Jiao-Wan) 24◦31′14.41′′ N 120◦47′29.54′′ E SH-II 7 179
30 TYGC (Tiao-Yan-Gu-Chi) 24◦26′51.29′′ N 120◦45′13.33′′ E SH-I 5 335
31 XNPWH (Xiao-Nan Power Substation Heights) 24◦28′15.05′′ N 120◦40′17.79′′ E ST 2 38
32 THST (Dong-He Steelworks) 24◦34′13.42′′ N 120◦44′27.13′′ E SH-II 3 75
33 SZZ (San-Zuo-Wu) 24◦22′14.62′′ N 120◦42′41.03′′ E ST 11 177
34 ZNQ (Zhong-Nan Quarry) 24◦30′19.62′′ N 120◦41′23.91′′ E ST 5 25
35 YCZ (Yu-Cuo-Zhuang) 24◦23′59.15′′ N 120◦42′17.68′′ E ST 10 118
36 KNS (Keng-Nei South) 24◦35′12.39′′ N 120◦46′34.24′′ E SH-II 6 50
37 PD (Ping-Ding) 24◦28′2.00′′ N 120◦41′0.36′′ E ST 7 64
38 JJW (Jie-Jih-Wo) 24◦29′6.06′′ N 120◦43′44.16′′ E ST 5 70
39 JSS (Jin-Shan South) 24◦24′58.39′′ N 120◦41′43.93′′ E ST 27 117
40 RGK (Lei-Gong-Keng) 24◦32′32.61′′ N 120◦46′53.79′′ E SH-II 7 96
41 CHL (Chung-He-Li) 24◦35′38.90′′ N 120◦44′16.56′′ E SH-II 10 55
42 GGF (Guo-Gang Fossils) 24◦36′17.61′′ N 120◦43′49.20′′ E SH-II 4 18
43 SLP (Shuei-Liou-Po) 24◦25′59.15′′ N 120◦41′42.66′′ E ST 10 60
44 NZ (Nan-Zhuang) 24◦28′28.28′′ N 120◦43′21.62′′ E ST 7 63
45 SFK (Shuang-Fong-Kou) 24◦28′43.12′′ N 120◦47′50.39′′ E SH-II 6 192
46 SFB (Shuang-Fu Bridge) 24◦30′50.62′′ N 120◦42′48.73′′ E ST 10 28
47 XBW (Xia-Bei-Wo) 24◦31′27.81′′ N 120◦44′4.72′′ E ST 10 55
48 CTC (Chih-Tu-Ci) 24◦35′3.58′′ N 120◦43′36.15′′ E SH-II 4 69
49 HBK (Hong-Beng-Kan) 24◦25′49.87′′ N 120◦42′33.61′′ E ST 4 121
50 LD (Long-Dong) 24◦32′38.91′′ N 120◦46′29.13′′ E SH-II 2.5 79
51 LK (Long-Kang) 24◦36′37.61′′ N 120◦44′52.69′′ E SH-II 9 3
52 NWII (Nan-Wo II) 24◦30′5.68′′ N 120◦43′53.50′′ E ST 7 57
53 CLK (Che-Lun-Keng) 24◦25′51.17”N 120◦43′32.89”E ST 2 157
54 JW (Jiang-Wo) 24◦33′3.55′′ N 120◦45′54.91”E SH-II 10 34
56 IFF (Yi-Fang Farm) 24◦32′29.53′′ N 120◦46′52.54′′ E SH-II 6 86
57 CTK (Chang-Tan-Keng) 24◦26′12.68′′ N 120◦46′19.75′′ E SH-I 30 301

Note: 57 outcrops were documented initially, but 6 of them were excluded because of visible disturbances.
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Figure 4. Detail maps of different fluvial drainage patterns in the Sedimentary Terraces (ST) with the respective elevation profiles of the
valley cross sections. (a) Parallel patterns near the west-facing topographic escarpment between the SH-I (southeast) and ST (northwest)
with valley bottoms mostly higher than 150 m a.s.l. Profile E–F shows the typical V-shaped valley cross sections. (b) Dendritic patterns in
the northern ST area, especially with valley bottoms lower than 150 m a.s.l. Profile G–H shows wider and mainly box-shaped valley cross
sections.

the rest of the outcrops – in general the upper part of the se-
quence. The layers were named according to their grain size
composition applying the classification of the FAO (Food and
Agriculture Organization of the United Nations; Jahn et al.,
2006). They are from bottom to top (1) greyish loam (L),
(2) loamy sand (LS), (3) alternations between greyish and
yellowish silt loam (SiC), (4) sandy loam (SL), (5) gravel
and cobble bed (CSB), and (6) silty loamy cover layer (SiL).
The results of their respective grain size properties are listed
in Table 2 and summarized in Fig. 7.

4.2.1 Greyish loam layer (L)

This layer is exposed only in three outcrops (01_HLPT,
10_EFB, and 025_JJC; Figs. 5 and 6 and Appendix C). They
are located in the north of the SH-II and in the west of the ST.
The upper 7 m of the layer are visible, but its total thickness
is unclear, as the lower boundary is not exposed (Fig. 6). The
upper boundary of this layer is even, continuous, and very
distinct. Its internal structure is simple and massive; i.e. no
bedding or laminae are visible. The sediment is poorly con-
solidated. However, it is quite sticky and difficult to excavate
with hand tools. The grain size proportions range from 39 %
to 52 % sand, 37 % to 48 % silt, and 11 % to 15 % clay, based
on three samples (Fig. 7). This layer contains abundant mol-

lusc detritus, which is poorly oriented and mixed with the
sediments without layering for identifying the palaeoflow di-
rection.

4.2.2 Loamy sand layer (LS)

This layer is exposed in outcrops of the tablelands ST and
SH-II (n= 16) (Fig. 6 and Appendix C). It is ca. 5–20 m
thick. The internal structure of this layer is simple and mas-
sive. At some outcrops, thin layers (less than 1 cm) with iron
coating are recorded at the upper 50 cm. The sediment is
very poorly consolidated and easily to scratch by hand tools.
The dominating grain size in the five samples is sand (62 %–
88 %). Two of them show a slightly higher content of silt.
The clay content is less than 10 % in all samples. The texture
is in the range of sand to sandy loam (Fig. 7). This layer’s
biological content is too low to be distinguished macroscop-
ically.

4.2.3 Alternation of greyish silt loam and yellowish silt
loam layers (SiC)

These sediments are exposed in outcrops (n= 27; see Fig. 6
and Appendix C) at the tablelands of the ST and SH-II. Their
thickness is ca. 10–15 m. The layer is also visible on the tidal
flat in outcrop 051_LK during the neap tide. The internal
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Table 2. Results of grain size analyses.

Sample ID Layer Sand (%) Silt (%) Clay (%) Sediment texture
(Jahn et al., 2006)

LK 0-4 sand dune 0-1 Modern beach sand 97.0 1.8 1.2 Sand
LK 0-4 sand dune 0-2 Modern beach sand 97.0 1.9 1.2 Sand
HLPT 0-7 SiL 45.3 43.1 11.6 Loam
NCT0-3 SiL 51.0 37.9 11.1 Loam
XNPW0-2 SiL 46.1 42.7 11.1 Loam
HDK0-4 SiL 34.8 50.2 14.9 Silt loam
TYGC-2 SiL 22.6 57.1 20.3 Silt loam
XP-1 SiL 44.2 39.7 16.2 Loam
XNPWH-2 SiL 43.0 42.2 14.7 Loam
TKD-3 SiL 50.9 36.7 12.4 Loam
JJC-2 SiL 38.8 44.0 17.1 Loam
HLPT 0-6 CSB 37.7 42.3 20.0 Loam
TKD-2 CSB 48.7 34.9 16.4 Loam
HLPT 0-5 SL-b 39.4 41.9 18.7 Loam
NCT0-2 SL-b 44.7 40.0 15.3 Loam
XNPW0-1 SL-b 25.3 53.6 21.1 Silt loam
DBD0-1 SL-b 50.3 42.4 7.3 Loam
XNPWH-1 SL-b 44.3 40.1 15.6 Loam
GJW-2 SL-b 32.8 47.3 19.9 Loam
TKD-1 SL-b 41.6 43.5 14.9 Loam
JJC-1 SL-b 42.3 40.9 16.9 Loam
NCT0-1 SL-y 60.4 29.8 9.8 Sandy loam
HDK0-1 SL-y 79.0 15.9 5.1 Loamy sand
HDK0-2 SL-y 71.3 21.4 7.3 Sandy loam
HDK0-3 SL-y 66.3 23.9 9.8 Sandy loam
LK 0-1 SL-y 89.3 7.7 3.0 Sand
LK 0-2 SL-y 89.9 7.2 2.9 Sand
LK 0-3 SL-y 73.0 19.8 7.2 Sandy loam
THST-1 SL-y 84.0 11.2 4.7 Loamy sand
THST-2 SL-y 56.3 32.4 11.4 Sandy loam
TYGC-1 SL-y 70.8 21.8 7.5 Sandy loam
LK 0-5 yellowish loam SiC 22.9 68.0 9.2 Silt loam
LK 0-5 greyish silt loam SiC 8.3 79.7 12.0 Silt loam/silt
HLPT 0-2 001 LS 86.7 10.3 3.0 Sand
HLPT 0-3 001 LS 70.4 25.0 4.7 Sandy loam
HLPT 0-4 upper LS 85.6 11.4 2.9 Sand
LK 0-6 LS 88.2 8.4 3.4 Sand
LK 0-7 LS 62.4 31.6 6.0 Sandy loam
HLPT 0-1 middle L 40.5 44.3 15.2 Loam
JJC-A-1 L 39.2 48.0 12.8 Loam
JJC-A-2 L 51.6 37.7 10.7 Loam

structure shows thin beds of (I) the yellowish sandy sedi-
ments and (II) greyish clayey and silty sediments (10–100
layers with ca. 5–10 cm thickness of each layer) (Fig. 6). Iron
precipitation can be distinguished on the contacts between
these thin beds. The sediments are generally poorly consol-
idated; the greyish sediments are stickier than the yellowish
sediments. Silt is the dominating grain size in both sublay-
ers (68 %–80 %), of which the yellowish one has a certain
sand content (23 %, Fig. 7). No molluscs or other biological
remains are distinguishable in this layer.

4.2.4 Sandy loam layer (SL)

This ca. 10–30 m thick layer is exposed in outcrops across
the entire study area (n= 43) (Fig. 6 and Appendix C). The
upper contact to the overlying gravel and cobble bed (CSB)
is continuous and very distinct. However, the contact is diffi-
cult to distinguish when the CSB is missing, and this layer is
overlain directly by the silty loamy cover layer (SiL) (Fig. 6
and Appendix A). The sedimentary texture of this layer
shows significant vertical variations among the outcrops and
is therefore subdivided into three categories. (I) The light
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Figure 5. Location of the 51 studied outcrops (see Table 1); 26 out-
crops are located in the SH, and 25 outcrops are in the ST. The
12 sampled outcrops for the grain size analyses are listed (see Ta-
ble 2 for results). For profiles K–L and M–N and sedimentary sub-
type description, see Fig. 8.

greyish sandy material is in the lower metres (SL-g, not sam-
pled). (II) The yellowish sandy material is in the middle part
(ca. 5–10 m), which contains more than 50 % and – in two
samples – nearly 90 % sand (SL-y) (Fig. 7). The upper ca.
1 m consists of brownish sandy loamy substrate (SL-b) with
more than 40 % silt. The sediments in all three subtypes are
very poorly consolidated; only the brownish sediments are
stickier. The overall internal structure of SL-g and SL-b is
massive. In the SL-y, iron coating in thin beds is visible. De-
bris of molluscs can be found in this layer; especially outcrop
035_YZS contains abundant detritus of molluscs.

4.2.5 The gravel and cobble bed (CSB)

Gravel and cobble beds are widely distributed in the Miaoli
Tableland and exposed in 26 outcrops (Figs. 6 and 7 and Ap-
pendix C). Their thickness is varying according to the loca-
tion: ca. 5–20 m in the SH-II, < 10 m in the ST, and < 2 m
in the distal edge of the tableland. The sedimentary structure
of the layer is mostly clast-supported but is matrix-supported

Figure 6. Schematic profiles of different sedimentary successions
in the SH-II and ST with the respective outcrop numbers. (a) Type I:
complete succession, located mainly in the larger tableland seg-
ments. (b) Type II: incomplete succession with the missing gravel
and cobble bed (“remnants”), located mainly in the smaller table-
land segments. (c) Type III: the succession with one or more thin
gravel and cobble bed(s), located in the distal-tableland segments
near the coast. Sediment layers are named after the FAO classi-
fication (Jahn et al., 2006): L – greyish loam, LS – loamy sand,
SiC – alternations of greyish silt loam and yellowish silt loam, SL –
sandy loam, CSB – coarse sand with stones and boulders (gravels
and cobbles), and SiL – silty loam (cover layer). (*) Vertical lines
indicate the relative depth of the outcrops with the respective sedi-
ment layers, which are visible in the field. The metrical depth scales
are taken from the representative outcrops for each succession type.

in some outcrops at the distal edge of the tableland. There-
fore the layer is classified as “coarse sand, with stones and
boulders” (CSB) according to Jahn et al. (2006). In the clast-
supported outcrops, the gravels are horizontally aligned with
the long axes. The imbrication is poor; therefore, a precise
analysis of flow directions is not possible. The gravels and
cobbles consist of quartzite. Their sizes range from ca. 10
to 40 cm in the SH-II and from < 10 to ca. 30 cm in the ST.
The gravels are well-rounded; their sphericity is moderate to
platy.
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Figure 7. Grain size compositions presented in a combined ternary diagram; the samples were grouped for the respective sediment layers.
The sandy loam layer (SL) is subdivided into the lower SL-y and the upper SL-b. The clay content in the samples is relatively constant, while
sand and silt change significantly. Sediment nomenclature after Jahn et al. (2006). For detailed grain size distribution curves, see Appendix B.

The matrix material in the two samples taken from out-
crops in the distal-tableland area is loamy; it consists of ca.
80 % sand and silt. The CSB in the distal tableland contains
biological remains such as roots and wood debris.

The situation in the SH-I is different. Here the gravel and
cobble bed is more than 20 m thick, and its elevation above
the sea level is higher than in the SH-II and the ST. Its lower
boundary is rarely visible. In the southernmost part of the
SH-I (i.e. Fire Mountain), the gravel and cobble layer is in-
clined (estimated to be ca. 30◦) to the east, which is in ac-
cordance with the records from the geological maps. Unfor-
tunately, they are accessible only in few locations. The two
studied outcrops show well-rounded quartz gravels and cob-
bles from 10–40 cm with poor imbrication.

4.2.6 Silty loamy cover layer (SiL)

The dusty cover layer can be found across the entire study
area (n= 25) with a thickness from tens of centimetres up to
1.5 m (Fig. 6 and Appendix C). Its lower boundary, especially
to the CSB, is very distinct. Its internal structure is simple
and massive. It consists of a yellowish to reddish mixture of
sand (35 %–51 %) and silt (30 %–44 %); clay occurs at 12 %–
20 %. Only two of the nine samples have a silt content higher
than 50 % (Fig. 7). The sediment is very loose and contains
abundant fresh roots of the modern vegetation.

4.3 Subtypes of the sedimentary succession

The described sedimentary succession is unevenly exposed
in the study area. Most outcrops show only a limited num-
ber of the layers. However, layers in neighboured outcrops
can be recognized and linked over most of the study area.
Nevertheless, small variations in the sedimentary succession
have been recognized. Three subtypes of the layer assem-
blage were observed (Figs. 5, 6, and 8 and Appendices A and
C): (I) the complete succession, (II) the quasi-complete suc-
cession with a missing gravel and cobble layer, and (III) the
presence of a thin gravel and cobble bed(s) on the surface
(0–3 m).

Type I is widely distributed in larger tableland segments of
the SH-II and the ST (Figs. 5 and 8). The outcrops comprise
identical sedimentary successions, and the gravel bed (CSB)
is getting thinner toward the coast. The complete succession

is exposed with all layers only at two locations (001_HLPT
and 010_EFB). However, also the smaller outcrops show an
order of the layers, which is in accordance with the complete
succession (Figs. 6 and 8).

The sedimentary succession in the SH-I is still unclear.
The two studied outcrops contain a very thick gravel and cob-
ble layer (> 20 m mainly). Subjacent sandy substrate is only
exposed in outcrop 030_TYGC. Therefore, the sedimentary
succession of the SH-I is named “quasi-type I”, because the
sedimentary succession below the gravel unit is virtually un-
known (Fig. 8).

Type II is found at the smaller tableland segments of the
ST and the SH-II (Figs. 5 and 8). The outcrops include all
the fine-grained sedimentary layers, but the overlying gravel
and cobble layer is missing. In most outcrops in the SH-II, a
sequence of LS–SiC–SL–SiL is exposed (Figs. 6 and 8). In
contrast, the outcrops in the ST show a relatively thick layer
of SL (ca. 20 m or more), while the L, LS, and SiC layers are
rarely exposed.

Type III occurs in the ST and the SH-II along the fringe
of the distal-tableland segments and at the coast (Figs. 5 and
8) at elevations below 50 m a.s.l. It includes SL, SiC, SiL,
and L at the lower part and one or two thin (< 2 m) gravel
and cobble bed(s) intercalated with sandy (SL) layers on the
upper part to the surface (Figs. 6 and 8). The gravel bed(s) is
getting thinner coastward.

Beside the gravel and cobble beds in the tableland seg-
ments, gravels and cobbles occur in the AL as well. For ex-
ample, abundant gravels and cobbles are deposited in most
of the fluvial paths especially in tributaries of the Tungx-
iao River within areas with dendritic drainage patterns (Ap-
pendix A). According to the field observations, these grav-
els and cobbles are composed of quartzite, their shapes are
round, but the components are poorly sorted.

5 Discussion

The general topography of the Miaoli Tableland inclines
from the highland in the southeast towards the coast in the
north and in the west. A clear spatial separation of three main
areas can be distinguished: the Sedimentary Highlands in the
southeastern part (SH-I) and in the northern part (SH-II) as
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Figure 8. Schematic surface elevation profiles from (a) the highlands to the coastal plain through the SH-I and the ST (K–L) and (b) the
highest point (i.e. Fire Mountain) to the Houlong River through the SH-I and the SH-II (M–N). The terrain categories and the corresponding
subtypes of the sedimentary succession are marked (T: tableland segment, V: valley floor, C: coastal plain, and S: slope).

well as the Sedimentary Terraces (ST) in the western part.
Especially the cliff-like topographic divide between the SH-I
and the ST is a distinctive topographic landscape element in
the Miaoli Tableland. This elevation-data-based topograph-
ical classification agrees in general with previous findings
(Chang et al., 1998; Ota et al., 2006). However, the high res-
olution of the DEMs reveals that the topography of the table-
land is much more disaggregated into larger and smaller seg-
ments than previously mapped. These segments cover most
of the area of the Miaoli Tableland, and their surfaces can be
tentatively connected or geometrically interpolated to an in-
ferred palaeotopography in the respective areas (Figs. 2d and
3).

The internal sedimentary succession of the tableland seg-
ments is consistent in the SH-II and the ST areas but differ-
ent in the SH-I. The individual strata of the SH-II and ST
appear in the same order. The lower to middle part of the
studied sedimentary sequence (L–LS–SiC–SL) represents an
intertidal to supratidal deposition sequence, which has been
reported by case studies in various locations globally (Good-
bred and Saito, 2011; Dalrymple and Choi, 2007; Chen et al.,
2014; Olariu et al., 2012; Buatois et al., 2012). This general
tidal-dominant environment setting is consistent with the in-
terpretation of the study of molluscs and foraminifera taken
from this succession previously (Lee et al., 2002; Lin, 1969),
although their stratigraphical context is not clear in detail. It
is possibly due to sea-level changes (Shackleton, 2000) and
long-term uplift of the Miaoli area (Ota et al., 2006; Yang
et al., 2016). The distinct boundaries of each sedimentary
layer may result from the interruption of sedimentation or
the subsequent erosion, especially during the aforementioned
regression periods (Davis, 2012).

Depending on the location, the studied sequence is topped
by units of fluvial gravels and cobbles with different thick-
ness. Previously, tablelands were identified by their flat sur-
face and the occurrence of gravels and cobbles on their sur-

face (Chang et al., 1998; Lin and Chou, 1978; Teng, 1979).
We found that this is mainly the case for the larger and also
some smaller segments, which represent sedimentation type I
(Figs. 5 and 8 and Appendix A). On most of the small seg-
ments, the gravels and cobbles are missing (type II, Figs. 5
and 8 and Appendix A). However, the inferred palaeotopog-
raphy implies a formerly continuously distributed gravel and
cobble layer in the ST and the SH-II, where the smaller seg-
ments represent remnants, from which the gravels and cob-
bles were eroded. The fact that gravels and cobbles are also
accumulated in the channels between segments with missing
a gravel and cobble layer supports the idea that they were re-
worked from higher positions on the ST and the SH-II into
the AL. This is new in comparison with Chang et al. (1998)
and Ota et al. (2006), who did not assume a continuous gravel
and cobble layer in the ST and SH-II area. In the distal seg-
ments near the coast, the gravels and cobbles tend to be
smaller and occur in several thin layers (type III, Figs. 5 and
8 and Appendix A); thus we assume that the gravels and cob-
bles are reworked from the nearby sources (i.e. the proximal
segments and remnants in the SH-II and ST).

The clast-supported structure and the moderate sorting
of the fluvial deposits indicate that the deposition occurred
rapidly, assumably during high-precipitation and discharge
events. These characteristics are similar to the gravel and
cobble beds in the other tablelands in northern Taiwan (Teng,
1996b). Although Chang et al. (1998) measured the cobble
imbrication at several locations, we were not able to con-
firm their results due to the poor conservation of the sampling
sites in recent decades. Moreover, the sphericity of the grav-
els and cobbles in our outcrops hinders the reconstruction of
individual transport directions.

Regardless of the occurrence of gravels and cobbles, the
whole area is covered by a layer of fine-grained material
(SiL), which has been interpreted as the in situ lateritic soil
formation before (Chang et al., 1998; Ho, 1988; Chang,
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1955). However, the grain size data yielded a high content
of fine silt rather than clay in this layer (Fig. 7). The fine silt
is typical for aeolian transport (Pye and Zhou, 1989). There-
fore, this study follows the assumption of a significant aeo-
lian dust input (Chen et al., 2013; Tsai et al., 2008; Heben-
streit and Böse, 2015) besides the local weathering. Dust
transport may also explain the silt enrichment in the upper
part of the SL layer.

The whole sedimentary sequence in the SH-II and the
ST is in agreement with the descriptions in early sedimen-
tary studies of the Miaoli Tableland, where it has been
named the Lungkang (Lk) Formation (Lin, 1963, 1969) or
Tûsyô/Tungxiao (Ts) Formation (Chang, 1948; Makiyama,
1934, 1937). This study refers to those definitions because
they are based on the descriptions of the uppermost 50–
100 m of the succession directly in the study area, although
the former studies tended to use the term Toukoshan (Tk)
Formation (Chang, 1955), which includes however the whole
Plio-Quaternary strata in western Taiwan (Chen et al., 2001;
Ota et al., 2006; Lee et al., 2002; Huang, 1984; Tsai et al.,
2006; Yang et al., 2016).

Early studies assumed that all fine-grained sediments of
the succession are the result of in situ weathered bedrock
(Chang, 1955; Ho, 1988). That interpretation might be due
to a different usage of the term “bedrock”, which describes
in general the underlying beds in the Taiwanese literature.
Although the top sediment layers in the Miaoli Tableland are
intensively weathered, the loose and not lithified lower sed-
iment units appear unweathered, and the entire sedimentary
succession comprises unconsolidated sediments.

The tableland segments are separated by ongoing fluvial
incision and backward erosion. Their special layout and mor-
phology follow the fluvial pattern of the respective river
catchments, which is dendritic in the SH-II and ST and more
parallel in the SH-I. The cross sections of the fluvial chan-
nels between the segments are V-shaped above and box-
shaped below 150 m a.s.l., respectively. This altitude marks
at present the point in the longitudinal river profile where the
fluvial morphodynamic changes from linear incision to lat-
eral erosion with gravel accumulation (Charlton, 2008) rep-
resenting the alluvial plains (AL). The box-shaped valleys
are developed in the catchments with the dendritic drainage
pattern. The formation of this pattern is supported by the fact
that the lithology is basically consistent within the whole
study area; thus the flow paths have developed freely, and
they are not constrained by the geological or tectonic factors
(e.g. the Tungxiao Anticline).

Integrating the results of this study into previous concepts
(Chang et al., 1998; Ota et al., 2006), the landscape evolution
of the Miaoli Tableland can be summarized as follows:

– Tidal and coastal sediments were deposited in the
mountain foreland during periods of different but gener-
ally high sea levels in the Taiwan Strait. They are visible
as the fine-grained sediments in the present ST and SH-

II areas. These sediments represent the bay sediments
in the interpretation of Chang et al. (1998). Whether
they were also deposited in the present SH-I area is un-
known.

– Subsequently, gravels and cobbles were deposited in the
foreland basin in the form of one or several alluvial fans,
which made up the present SH-I. Chang et al. (1998)
suggested that they covered parts of the coastal sedi-
ments in the SH-II area. If they were transported by a
single event or by multiple independent events by the
Daan River, Wumei (Xihu) River, and Houlong River is
also unknown. The terrain of the SH-I was subsequently
uplifted along the Tongluo Fault (Ota et al., 2006), and
thus the alluvial fans were prevented from further gravel
and cobble accumulation.

– The ongoing uplift and the simultaneous incision of the
SH-I induced the remobilization of the gravels and cob-
bles which were transported into the western and north-
ern foreland of the SH-I, where they are accumulated
as the present gravel and cobble layers of the SH-II and
the ST. Further uplift of the SH-I along the present es-
carpment between the SH-I and the ST, which was as-
sumed to be an inferred thrust fault (Chang et al., 1998),
separated both terrains, stopped the gravel and cobble
transport into the ST, and beheaded the valleys of the
SH-I. The sediments in the ST area were slightly folded
along the Tungxiao Anticline (Ota et al., 2006) during
this terrain uplift. The folding may have enhanced the
subsequent incision of the ST, where backward erosion
is continuing in the upper and steeper channel sections.
In this way, the gravels and cobbles are reworked again
– from the ST surface into the AL channels and the
(coastal) distal-tableland surfaces.

– The result of the rework is a cascade of gravel and cob-
ble transportation in the Miaoli Tableland: previously
from the mountains to the Sedimentary Highlands, then
to the Sedimentary Terraces, and recently to the Alluvial
and the Coastal Plains.

6 Conclusion

This study gives new detailed insights into the surface mor-
phology and the sedimentary sequences of the Miaoli Table-
land. The new high-resolution mapping enables the recon-
struction of the palaeotopography of the region. The pre-
sented classification of tableland segments is thereby in-
ferred from a mathematical calculation and widely indepen-
dent from a subjective interpretation.

From the newly reconstructed palaeosurfaces in the west-
ern and northern part of the tableland we concluded that a
quasi-continuous gravel and cobble cover existed not only in
the Sedimentary Highlands but also in the Sedimentary Ter-
races, which is new in comparison with previous interpreta-
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tions (Chang et al., 1998; Ota et al., 2006). This means that
the Sedimentary Terraces (ST) and the northern Sedimentary
Highlands (SH-II) covered originally a wider area than pre-
viously mapped (Chang et al., 1998). Our interpretation of
cascade-like gravel and cobble rework implies that the main
mass of gravels and cobbles was deposited originally in the
southern Sedimentary Highlands (SH-I) and was reworked
from there to the northern Sedimentary Highlands (SH-II)
and the Sedimentary Terraces (ST).

Our sedimentological results suggest that the concept of
the Lungkang Formation (Lin, 1963) or the Tûsyô/Tungxiao
Formation (Chang, 1948; Makiyama, 1934, 1937) may be
considered adequate stratigraphic terms to describe the tidal–
fluvial–aeolian sediment succession of the uppermost 50–
100 m in the northern and western part (SH-II and ST) of the
Miaoli Tableland. Although absolute dating results are not
available at this stage of research, the succession may repre-
sent one sedimentation cycle, which can be tentatively corre-
lated with the last glacial cycle. Subsequent uplift brought the
terrestrial sediments into a position above the Holocene sea-
level high stand, provoking incision. The overall tableland
morphology exhibits a stepwise sequence of sedimentation,
uplift, and erosion in the area.

Fluvial incision created a characteristic drainage network
with different patterns, depending on topographical parame-
ters like the altitude and the location in the respective table-
land areas but widely independent from the lithology in the
Miaoli Tableland. The loose and easily erodible sediments
enabled the formation of wide valley cross sections in the
alluvial plains, which we tentatively named box-shaped val-
leys.

This study of terrace landforms in the frontal part of the
mountain foreland in Taiwan has highlighted the possibility
that a systematical terrain and sediment analysis can reveal
new insights into the differentiated landform evolution in the
Taiwanese foothills in the future.

Appendix A: Field photos of the Miaoli Tableland

Figure A1. Overview on the Tungxiao River catchment (the
ST area) seen from the SH-I terrace (location: 24◦26′57.92′′ N,
120◦45′15.42′′ E; facing northwest, 24 October 2018). The table-
land segments are dissected by channels of the dendritic fluvial net-
work, visible in the centre of the photo.

Figure A2. Example of type I succession in outcrop 001_HLPT
(location: 24◦35′45.30′′ N, 120◦48′24.01′′ E; facing west, 3 April
2015). The outcrop is about 49 m high and located on the left bank
of the Houlong River. It shows fine-grained coastal sediments in the
lower and central part and fluvial gravels and cobbles in the upper
part.
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Figure A3. Example of type II succession in outcrop 022_ZG (lo-
cation: 24◦28′55.02′′ N, 120◦42′8.09′′ E; facing west, 8 January
2017). The outcrop is about 20 m high and located in the Tungxiao
River catchment. It is excavated by a small creak, which is located
between the outcrop and the road in the foreground. It represents
the remnant of a tableland segment with fine-grained coastal sed-
iments (greyish sand in the lower part and brownish sand in the
upper part). The succession is covered by the silty cover layer (SiL)
directly. This cover layer is barely visible between the vegetation in
the upper central part of the picture.

Figure A4. Panorama photo of an example of type III succession in
outcrop 051_LK (location: 24◦36′37.61′′ N, 120◦44′52.69′′ E; fac-
ing southeast, 23 October 2018). The outcrop is about 9 m high and
located at the coast between the estuaries of the Houlong River and
the Wumei (Xihu) River. It represents the sedimentary succession
of the distal-tableland segments as part of the SH-II. The outcrop
shows fine-grained sandy sediments covered by gravels and cob-
bles and modern aeolian sand. The gravels and cobbles appear as a
channel infill in the centre of the picture.

Figure A5. A modernized channel in the box-shaped val-
ley in the Tungxiao River catchment (location: 24◦27′20.90′′ N,
120◦44′6.72′′ E; facing west, 25 December 2014). The tableland
segments in the background of this photo are classified as the ST.
The valley floor is classified as AL; the fluvial channel is con-
strained by the artificial levees and covered by abundant gravel and
cobble depositions.

Appendix B: Grain size distribution curves of all the
studied samples

Figure B1. Samples are subgrouped by the corresponding sedimen-
tary layers. Two samples are taken from the modern beach (dune)
sand for comparison with the sandy materials in other layers. The
grain size fractions are after the Wentworth scale.
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Appendix C: Columnar sections and pictures of the
outcrops in the Miaoli Tableland

See supplementary data of file 001-HLPT to 057-CTK at
https://doi.org/10.17169/refubium-31813 (Liu et al., 2021).

Data availability. All relevant data used in this study are cited and
presented in the text. Supplementary data of file 001-HLPT to 057-
CTK are available at https://doi.org/10.17169/refubium-31813 (Liu
et al., 2021).
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Abstract: Two loess sections from the Upper Palaeolithic site of Kammern-Grubgraben (Lower Austria) were
analysed to test geochemical proxies, as well as radiocarbon data of different components, for their re-
liability and consistency in an archaeological context. Only a reliable basal age (28.9–27.8 ka cal BP)
was obtained from charcoal fragments derived from a tundra gley underlying the archaeological hori-
zons and assigned to Greenland Interstadials 3 or 4. Grain size, organic and inorganic geochemistry,
and stable isotopes of the fine organic fraction (δ13Corg) and of rhizoconcretions (δ13C, δ18O) were
analysed to provide information on palaeoenvironmental conditions. Low-resolution geochemical and
sedimentological analyses document a humidity-related variability, while δ13Corg values indicate pre-
dominant C3 vegetation. High-resolution elemental variations derived from X-ray fluorescence scan-
ning exhibit increasing Ca and decreasing Fe and Ti values, indicating drier conditions towards the
top. Secondary pedogenic carbonate concretions provide post-sedimentary (Holocene) ages and are
not suitable for assessing climate and environmental changes for the Palaeolithic.

Kurzfassung: Ziel dieser Studie ist es, geochemische Proxies sowie verschiedene Materialien für die
Radiokohlenstoff-Datierung auf ihre Zuverlässigkeit und Konsistenz an zwei Lößprofilen aus der
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paläolithischen Fundstelle Kammern-Grubgraben in Niederösterreich im archäologischen Kontext
zu testen. Nur vereinzelte Holzkohlestückchen lieferten hierfür ein zuverlässiges Alter (28,9–
27,8 ka cal BP). Es stammt aus einem Tundra-Gley von der Basis des Profils, unterhalb der archäolo-
gischen Horizonte und wird dem Grönland-Interstadial 3 oder 4 zugeordnet. Korngrößen, organische
und anorganische geochemische Analysen, sowie Analysen der stabilen Isotope an der organischen
Feinfraktion (δ13Corg) und an Wurzelkonkretionen (δ13C, δ18O) wurden vorgenommen, um Infor-
mationen über Paläoumweltbedingungen zu erhalten. Die geochemischen Proxies (CaCO3, TOC-
Gehalte und C /N-Verhältnisse) weisen auf Variationen der Feuchtigkeit hin, während die δ13Corg-
Werte eine vorherrschende C3-Vegetation anzeigen. Hochauflösende Elementvariationen, abgeleitet
aus Röntgenfluoreszenz-Analysen, deuten zunehmende Ca- bzw. abnehmende Fe- und Ti-Verläufe
mit abnehmendem Alter und somit zunehmende Trockenheit an. Die sekundären pedogenen Karbon-
atkonkretionen besitzen postsedimentäre (holozäne) Alter und sind nicht geeignet, um Klima- und
Umweltveränderungen in den untersuchten Profilen zu beurteilen.

1 Introduction

During the last glacial, extensive loess deposits accumu-
lated in central Europe between the Fennoscandian Ice Shield
and Alpine glaciers (Smalley et al., 2011; Sprafke, 2016;
Lehmkuhl et al., 2021). Predominantly, loess sediments are
deposited in valleys, in sedimentary basins of low mountain
ranges, and along large rivers. Thus, both the distance to the
source area of aeolian dust and the local geomorphology have
influenced the thickness of loess deposits (Lehmkuhl et al.,
2016). A key area of loess research in the Alpine realm is
located in Lower Austria at the western edge of the middle
Danube basin, where loess landscapes are widespread (Smal-
ley et al., 2009; Sprafke, 2016; Terhorst et al., 2011). Pre-
vailing westerly winds together with dry and cold katabatic
winds from the Alps and Fennoscandian ice sheets favoured
the transport of mineral dust from glacial forelands and river
floodplains (Renssen et al., 2007; Lowe and Walker, 2015).
However, heavy-mineral studies on loess suggest that local
dust sources initially mobilised by fluvial transport domi-
nate over far-distance sources in the Lower Austrian study
area (Újvári and Klötzli, 2015). Fine silty material was trans-
ported farther than coarser grains, and loess predominantly
accumulated on slopes exposed to the east, i.e. in lee-side
positions (Lowe and Walker, 2015; Sprafke, 2016). Loess
deposits formed under (peri)glacial conditions (Frechen et
al., 2003; Fitzsimmons et al., 2012), while soils developed
during milder interglacials or interstadials (Terhorst et al.,
2011; Buggle et al., 2009; Bronger, 2003). Therefore, the re-
sulting loess palaeosol sequences (LPSs) reflect Quaternary
climate variability with its glacial–interglacial and stadial–
interstadial periods (Bronger, 1999; Frechen et al., 2003; An-
toine et al., 2009; Buggle et al., 2009; Sprafke, 2016) and
represent prominent natural archives for climate and environ-
mental reconstructions (Porter, 2001; Marković et al., 2015;
Lehmkuhl et al., 2016). Different sedimentological or pedo-
logical proxies are used for reconstructions of dust accumu-

lation rates, soil formation, weathering, wind intensity, and
palaeovegetation (Zech et al., 2007; Gocke et al., 2014).

Moreover, LPSs provide occasional evidence of human
activities. The regional Palaeolithic record includes open-
air sites such as at Dolní Věstonice (Tomášová, 1995; An-
toine et al., 2013; Svoboda et al., 2015) and Pavlov (Svo-
boda, 1994; Adovasio et al., 1996; Fewlass et al., 2019), both
in the Czech Republic, as well as the Lower Austrian sites
of Willendorf (Nigst et al., 2008; Teyssandier and Zilhão,
2018; Zeeden and Hambach, 2021), Krems-Wachtberg (Hän-
del et al., 2009, 2014; Terhorst et al., 2014), and Kammern-
Grubgraben (Haesaerts and Damblon, 2016; Neugebauer-
Maresch et al., 2016; Händel et al., 2021).

Pleistocene sediment sequences were investigated in these
areas predominantly with the aim of palaeoclimatic recon-
structions but frequently independent of the archaeological
background (Fink, 1954, 1962, 1976–1978; Terhorst et al.,
2011, 2014; Meyer-Heintze et al., 2018; Sprafke et al., 2020).
Studies using geochemical approaches have rarely been ap-
plied to archaeological sites, which makes comparisons with
well-studied LPSs devoid of archaeological layers difficult.
In many cases, this is also due to imprecise and/or contra-
dictory age models. As a result of periglacial environmen-
tal conditions, palaeoclimatological and palaeoenvironmen-
tal records of the Last Glacial Maximum (LGM) from east-
ern and central Europe are frequently fragmentary and re-
stricted regarding the choice of proxies (Kovács et al., 2012;
Maier et al., 2021; Stojakowits et al., 2021). The LGM is de-
fined here as the period with maximum global ice extent and
therefore the lowest global sea levels. Consequently, we use
the LGM definition sensu Lambeck et al. (2014) with 30–
16.5 ka cal BP, being aware that other definitions exist (e.g.
23–19 ka cal BP, Mix et al., 2001; 26.5–19 ka cal BP, Clark et
al., 2009; 27.5–23.3 ka cal BP, Hughes and Gibbard, 2015),
and maximum glaciation varied geographically.

Sampling of sediment sequences with embedded archae-
ological context is a prerequisite for linking environmental
variability to human occupation. Especially for the Upper
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Palaeolithic (Epigravettian) site of Kammern-Grubgraben,
such combined studies are scarce (Haesaerts et al., 2016;
Haesaerts and Damblon, 2016). Therefore, in this study we
aim at (a) testing organic matter for radiocarbon dating,
(b) evaluating proxies regarding their reliability for palaeo-
climate research at archaeological sites, (c) shedding new
light on palaeoclimate variability and palaeoenvironmental
conditions during the LGM, and finally (d) placing the ar-
chaeological findings in an environmental context. From a
longer perspective, this study helps in developing method-
ologies for linking local human activity with more compre-
hensive regional environmental records from adjacent LPSs
using their geochemical and sedimentological signatures.

2 Site description

The Upper Palaeolithic open-air site of Kammern-
Grubgraben (48.48◦ N, 15.72◦ E; Fig. 1) is located in
the municipality of Hadersdorf. The surrounding area is
characterised by the partly loess-capped hills of the Bo-
hemian Massif. Terracing was carried out in historical times
for agri- and viniculture (Neugebauer-Maresch et al., 2016).
The excavation site Kammern-Grubgraben is located in a
trough-shaped valley sloping gently to the south between the
hills of Heiligenstein in the west and Geißberg in the east
(Fig. 1b). The area drains to the river Kamp, a tributary of
the Danube. This setting seems to have been an attractive
campsite for hunter-gatherers in an overall probably rather
inhospitable environment.

Systematic archaeological and stratigraphic studies at
Kammern-Grubgraben have been carried out since the 1980s
(Urbanek, 1990; Brandtner, 1996; Montet-White, 1990;
Haesaerts and Damblon, 2016; Haesaerts et al., 2016;
Neugebauer-Maresch et al., 2016; Händel et al., 2021). These
previous excavations (1985–1994) documented five succeed-
ing archaeological layers (AL 1–5) attributed to at least
five separate phases of occupation (Haesaerts et al., 2016;
Neugebauer-Maresch et al., 2016). Humic horizons in the
sedimentary context of AL 2–4 are reported by Haesaerts
and Damblon (2016). Fieldwork was interrupted for about
20 years but recommenced in 2015. Preliminary results of
recent investigations, however, suggest that only two main
occupations are manifested in the archaeological horizons
(AHs) AH 1 and AH 2 (Händel et al., 2021). AH 2 is char-
acterised by complex structures made of stone slabs and
densely accumulated artefacts, while the faint upper AH 1
contains fewer finds (Montet-White, 1990; Händel et al.,
2021). AH 2 is further described as a horizon representing
a range of settlement activities including synoccupational re-
organisation/restructuring as well as post-occupational disin-
tegration processes (Händel et al., 2021). While AH 1 cor-
responds to the previous AL 1, AH 2 represents the former
AL 2–4. Humic horizons in the context of AH 2 have not
been traced in the new profiles. AL 5 has hitherto only been

Figure 1. Overview of the study site Kammern-Grubgraben.
(a) Map of Lower Austria with the study site Kammern-Grubgraben
(map source: d-maps, 2021). (b) Aerial view (© Google Earth 2020)
of the study site. The red polygon represents the excavation site,
and the red lines show the locations of extracted loess sections.
(c) Ground plan of the study site with exact locations (red lines)
of the loess sections sampled in 2018 (local excavation grid) and
the profiles with OSL samples (purple lines) published in Händel et
al. (2021).
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found in a small area and can therefore not yet be contextu-
alised from an archaeological perspective. The 14C ages of
mammal remains (bones and teeth) obtained from AH 1 and
2 (AL 1–4) point at human activity between approximately
23–20 ka cal BP (Haesaerts et al., 2016; Händel et al., 2021),
a time interval including Greenland Interstadials (GIs) GI-
2.1 and GI-2.2 (Rasmussen et al., 2014). Besides the mam-
mal fauna (Logan, 1990; West, 1997), the gastropods of pre-
vious excavations were studied (Haesaerts, 1990; Frank and
Rabeder, 1996, 1997; Frank, 2006).

Goals of the ongoing excavations are, among others, estab-
lishing the limits of the previous excavations, reassessment of
the archaeological stratigraphy, and determining the site lim-
its. The first results of these new investigations have recently
been published (Händel et al., 2021). Of major importance
for the study we present here is the stratigraphic connection
between the area of previous excavations around trenches 1
and 2 and TP86 and the trenches in the southwest (Z-E/2-
3 and C12-13), which document a far greater extent of the
site than previously known (Fig. 1c). A stratigraphic connec-
tion was established by excavation of trench 3, in which the
main archaeological horizon AH 2, with its pronounced stone
structures, could be traced, while analyses of the lithic mate-
rial confirmed cultural coherency of the artefact inventories,
and chronometric results suggest contemporaneity (Händel
et al., 2021). This forms the basis for the correlations of the
profiles presented here (Fig. 2).

3 Material and methods

3.1 Field sampling of loess profiles

Two sections were sampled at the Upper Palaeolithic excava-
tion site Kammern-Grubgraben (Fig. 1a, b) in 2018. The first
section (KG-5753) is 91.3 cm long and was taken from the
north profile in trench 1. The other two overlapping sections
KG-5756 and KG-5757 are 91.3 and 85.5 cm long, respec-
tively, and come from profile AD10 east in trench 3 (Fig. 1c).
Whereas AH 1 was only present in one section, AH 2 is doc-
umented in both analysed profiles (Fig. 2a, b).

The sediment sections were sampled in the field with
the help of sheet steel profiles (28× 27 mm, 0.6 mm thick,
Knauf, Germany) with U-shaped cross-sections. Loess sec-
tion KG-5753 starts 50 cm below the surface, and the 0–
10 cm sampling depth contains the lower part of the modern
soil, hereafter referred to as Anthrosol (Fig. 2a).

Loess sections KG-5757 and KG-5756 do not include the
modern Anthrosol and were sampled with an overlap of
21.5 cm (Fig. 2b). Both sections were merged into a com-
posite 155 cm long profile based on macroscopic and field
observations as well as on geochemical records. The posi-
tions of loess sections within the excavation grid as well as
absolute elevations (m a.s.l.) of their surface were determined
by an electronic tachymeter.

3.2 XRF core scanning and subsampling of loess
sections

With few exceptions (Liang et al., 2012; Sun et al., 2016),
it has been common practice to carry out X-ray fluorescence
(XRF) analyses of loess samples on discrete samples (Profe
et al., 2018a; Profe and Ohlendorf, 2019) or to use a handheld
scanner (Ward et al., 2018; Goff et al., 2020). In this study,
sediment sections were analysed continuously in their sheet
steel profiles. Prior to scanning, the sediment surfaces were
thoroughly smoothened with a utility knife.

Sediment sections were photographically documented and
analysed with an XRF core scanner (Itrax, Cox Analyti-
cal Systems, Sweden). Polarised light and a resolution of
500 dpi were used for imaging. The recording resolution of
XRF spectra was 1 mm and counting time 5 s. A Cr tube
was used at 30 kV and 50 mA. Repeated analyses on the
same loess section revealed that only the most frequent el-
ements Si, K, Ca, Ti, and Fe provide reproducible results.
The element counts were standardised using the centred log-
ratio (clr) transformation (Aitchison, 1982; Martin-Puertas
et al., 2017). This transformation accounts for matrix effects
caused by, for example, variations in grain size or water and
organic matter contents and approximates true element con-
centrations (Weltje et al., 2015).

After scanning, the sections were continuously subsam-
pled at a 1 cm resolution. This resulted in a total of 92 (KG-
5753, KG-5756) and 85 (KG-5757) samples. Each sample
represented a volume of ca. 7 cm3, which is equivalent to
about 10 g. Samples were suspended in deionised water and
thereafter lyophilised for further analytical procedures. This
treatment allowed dispersion of the dried sediment without
mechanical force, preventing the destruction of microfossils.
After drying, each sample was subdivided into three fractions
for grain-size analyses (0.5 g), isotope-geochemical analyses
(0.65 g), and sieving for microfossils (5–8 g).

3.3 Grain-size analyses

Grain-size distribution was determined for every fifth cen-
timetre, using a laser particle analyser (LS 200, Beckman
Coulter). Samples were sieved to≤ 2 mm. For each of the se-
lected samples, 0.5 g was weighed into centrifuge tubes and
left overnight with 1 mL of 30 % H2O2 to destroy organic
matter. Afterwards, the tubes were placed in a drying cabinet
at 105 ◦C for 2 h. To dissolve secondary carbonates, 2.4 mL
of 10 % HCl was added to each sample, which was placed
in a drying cabinet at 85 ◦C for 4 min. Afterwards, the sam-
ples were washed with deionised water and centrifuged until
a pH of 4.5 was reached. Subsequently, 24 mL of 2 M NaOH
was added to each tube and left in a drying cabinet at 85 ◦C
for 5 min. Samples were washed with deionised water and
centrifuged until a pH of 8 was reached. Then, to lower the
pH to 7, a drop of 5 % HCl was added, and samples were
washed and centrifuged again. Subsequently, samples were
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Figure 2. Orthophotographs of excavation profiles with projected positions of (a) loess profile KG-5753 – profile north in trench 1 and OSL
samples (932, 931) taken from profile east in trench 1 (Händel et al., 2021), (b) KG-5756 (upper part) and KG-5757 (lower part) from profile
AD10 east in trench 3, and (c) OSL samples (1482, 1483, 1479, 1480, 1476, and 1477) taken from profile east in trench Z-E/2-3 (Händel et
al., 2021). Hatched areas represent the modern Anthrosol. Archaeological horizons (AH 1 and AH 2) as well as the underlying tundra gley
(TG) in KG-5757 are shaded. Stratigraphic positions of gastropods are given for both loess profiles.

mixed with (NaPO3)n and NaCO3 and left on a rotator for
8 h for dispersion.

Each sample was analysed in at least three runs to elim-
inate possible outliers and to check for reproducibility. The
first run was taken as a test run. Results were calculated from
runs two and three. Results of laser particle analyses were
processed with GRADISTAT (Blott and Pye, 2001). Only for
the median grain size were the raw data used. Grain sizes
were classified according to standard size classes: coarse
sand (cS, 630–2000 µm), middle sand (mS, 200–630 µm),
fine sand (fS, 63–200 µm), coarse silt (cSi, 20–63 µm), mid-
dle silt (mSi, 6.3–20 µm), fine silt (fSi, 2–6.3 µm), and clay
(cl, < 2 µm). Grain-size indices (20–50 µm /< 20 µm) and
U ratios (16–44 µm / 5.5–16 µm) were determined using the
size fractions according to Rousseau et al. (2002) and Van-
derberghe et al. (1997), respectively.

3.4 Geochemical analyses

Carbon (C) and nitrogen (N) contents were analysed for ev-
ery centimetre with a CN analyser (vario EL cube, Elemen-
tar Analysensysteme GmbH, Germany). For each lyophilised
sample, 500 mg was homogenised with a mortar and a pes-
tle. Macroscopic remains were removed prior to homogeni-
sation. For determination of total carbon (TC) and total nitro-
gen (TN), 20 mg was weighed in tin capsules and analysed in
the CN analyser. The samples were measured twice to check
reproducibility. To estimate total inorganic carbon (TIC), an-
other fraction of each sample was dried at 105 ◦C overnight.
Thereafter, 400 mg of each sample was weighed in porce-
lain crucibles and put in a muffle furnace at 550 ◦C for 4 h
to remove total organic carbon (TOC) (Heiri et al., 2001).
After this high-temperature heating, samples were weighed
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Figure 3. Photographs of examples of (a) CRC (KG-5756, 30 cm
depth) and (b) HC (KG-5756, 60 cm). The scales are 2 mm each.

again for the CN analyser to analyse TIC. TOC was calcu-
lated as the difference between TC and TIC, corrected for
the weight loss from loss on ignition (LOI). Assuming that
TIC is present as CaCO3, the carbonate content of the sam-
ples was calculated from TIC using a stoichiometric factor of
8.33. All data are given in per cent (%) of dry mass.

3.5 Pedogenic carbonates

Remaining after previous analyses, 5–8 g of the lyophilised
bulk sediment was sieved with a 500 µm mesh to sep-
arate coarse particles and secondary (pedogenic) carbon-
ates from every centimetre sample. The coarse particles
were screened under a microscope, and microscale sec-
ondary carbonates were characterised following the criteria
of Barta (2011). They generally comprise calcified root cells
(CRC), hypocoatings (HC), carbonate coatings (CC), earth-
worm biospheroids (EBS), and needle-fibre calcites (NFC).
CRC are identifiable by elongated calcite crystals that form
tubes of up to 1 cm in length and are of bright whitish to
light brownish colour, the latter representing the decalci-
fied margin (Becze-Deák et al., 1997; Barta, 2011). HC on
the other hand are pore walls of the soil matrix impreg-
nated with CaCO3 (Barta, 2011). They consist of micritic or
small calcite tubes mixed with other minerals such as mica
(Becze-Deák et al., 1997; Barta, 2011, 2014). Their cylin-
drical and branched shape is of 1–6 mm length and 3–4 mm
width on average (Barta, 2014). In this study, only CRC and
HC were present in the sediment (up to 66 mg HC per gram
of sediment in 46–47 cm depth in KG-5753). They were
handpicked, separated, and documented using the extended-
depth-of-field option of a digital reflected-light microscope
(Smartzoom 5, Carl Zeiss Microscopy GmbH, Germany)
(Fig. 3).

3.6 Stable isotope analyses

Secondary carbonate concretions were not evenly distributed
in the sediment cores. In total, 56, 74, and 26 (88, 92, and 75)
samples of the KG-5753, KG-5756, and KG-5757 sections,
respectively, contained sufficient CRC (HC) for isotope anal-
yses. CRC (70–150 µg) and HC (150–200 µg) were crushed

with a pestle and weighed into borosilicate-glass septum
vials using a microbalance (Sartorius, ME36S, Germany).
Carbonates reacted with concentrated, water-free phospho-
ric acid in the previously helium-flushed septum vial. After
at least 3 h of equilibration at constantly 70 ◦C in a heating
block, the evolved CO2 gas was transferred via a GasBench II
(Thermo Fisher, USA) coupled to an isotope-ratio mass spec-
trometer (IRMS) (Delta V Advantage, Thermo Fisher, USA)
for carbon (δ13C) and oxygen (δ18O) stable isotope analyses.

For the measurement of δ13Corg, bulk sediment samples
were decalcified following the method of Pötter et al. (2020).
Of each sample, 150 mg was weighed into centrifuge tubes,
treated with 25 mL of hydrochloric acid (HCl, 5 %), and kept
in a water bath at 50 ◦C for 4 h. Subsequently, samples were
washed with deionised water by repeated centrifugation. Af-
ter the removal of HCl, samples were lyophilised. For stable
isotope analysis, a sample amount equivalent to 50–300 µg
of organic carbon (2–40 mg dry matter) was weighed into tin
capsules. Samples were combusted at 1080 ◦C in an elemen-
tal analyser (EA) (NC 2500, Carlo Erba, Italy) coupled to an
isotope-ratio mass spectrometer (IRMS) (DeltaPlus, Thermo
Finnigan, Germany) used for isotope analyses.

All results are expressed as delta (δ) values in per mil (‰)
relative to international standards.

The δ notation is defined as

δ =
(
RSample/RStandard− 1

)
, (1)

where R is the mass ratio of the heavier isotope to the
lighter isotope (e.g. 13C / 12C or 18O / 16O) of the sample
and an international standard (Vienna Pee Dee Belemnite
(VPDB) for carbon, Vienna Standard Mean Ocean Water
(VSMOW) for oxygen). The international standards NBS 18
and NBS 19 (Brand et al., 2014) and a laboratory standard
consisting of pure Solnhofen limestone (“Pfeil”; Oehlerich
et al., 2013) were used to calibrate the stable isotope analy-
ses of secondary carbonates. For stable isotope analyses of
bulk organic carbon, the international standards IAEA-CH-7
and USGS41 (Brand et al., 2014) and a laboratory standard
(“Peptone”; Mayr et al., 2017a) were used.

3.7 Radiocarbon dating

Loess sequences are commonly dated with luminescence
(Thiel et al., 2011a; Veres et al., 2018) or radiocarbon tech-
niques (Újvári et al., 2014; Haesaerts et al., 2016). At the
studied site of Kammern-Grubgraben, published radiocarbon
measurements are only available for bone material from the
archaeological layers and reveal ages around 23–22 ka cal BP
(Haesaerts et al., 2016; Händel et al., 2021). Thus, additional
14C measurements were carried out in order to place the loess
sections into a more precise timeframe. However, suitable
materials (charcoal, bones) are barely available outside of
the well-dated archaeological horizons. Therefore, radiocar-
bon age determination was tested on gastropods, humic acid
fractions, and secondary pedogenic carbonates. The weights
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of the respective samples are listed in Table 1. Gastropods
(mainly the species Vallonia costata) were handpicked after
sieving with a 500 µm mesh to separate coarse particles from
bulk sediment. Almost all gastropods were fragmented and
allowed identification only to the genus level, except for a
few specimens which had a well-preserved aperture allow-
ing species identification. Only two gastropods provided a
sufficient mass (1.6 mg each) for radiocarbon dating.

All these materials have been previously tested at other
loess sites with some success (e.g. Pustovoytov and Ter-
horst, 2004; Gocke et al., 2011; Xu et al., 2011; Wang et
al., 2014; Újvári et al., 2016a). If possible, different sample
pairs (Fig. 2) from the same depths were handpicked under a
binocular microscope, thoroughly cleaned with distilled wa-
ter, dried, and then sent to the Poznan Radiocarbon Labora-
tory (Poland) for radiocarbon accelerator mass spectrometry
(AMS) measurements. Gastropod shell samples were rinsed
with HCl and H2O2 prior to radiocarbon measurement. How-
ever, due to the small sample size, there was no control on the
amount of material removed during these steps. The residues
of these samples were then leached using H3PO4, result-
ing in very small portions of available carbon. The IntCal20
curve (Reimer et al., 2020) and CALIB 8.2 (Stuiver et al.,
2020) were used for calibration of radiocarbon ages. Note
that for reasons of comparability with the new radiocarbon
ages presented here, all ages are given as calibrated kiloyears
(ka cal BP) although other dating methods were partly used.

4 Results

4.1 Sediment description and grain-size distribution

Based on sedimentary features like colour, amount of carbon-
ate concretions, rooting, and aggregate texture, the sections
were subdivided into different units separated by archaeo-
logical horizons and the basal tundra gley. These units are
overlain by an Anthrosol in both sections, which was sam-
pled only in KG-5753 (Fig. 2a). This Anthrosol is a disturbed
and machine-worked vineyard soil, which shows character-
istic soil features such as roots and an aggregate texture. It
further appears much darker than the rest of the section. The
next unit consists of lighter-coloured loess sediment, which
contains some root remains. High amounts of secondary car-
bonates are present from 11 to 24 cm depth and again from
40 to 45 cm depth and around AH 2. With increasing depth,
the sediment becomes slightly darker. Rock fragments of
1–5 mm diameter are present around AH 2, corresponding
to the lateral presence of up to decimetre-sized boulders in
AH 2 (Fig. 2a). Profile KG-5756–KG-5757 (hereafter KG-
5756/57) starts immediately below the modern Anthrosol
(Fig. 2b). The upper part contains carbonate concretions and
is equivalent to the loess above AH 2 in KG-5753. The po-
sition of AH 1 was estimated from adjacent sections, as the
sediment is hardly distinguishable from the surrounding sub-
strate in KG-5756. AH 2 contains rock fragments and arte-

facts in KG-5756/57 and serves as the tie point for merg-
ing both sub-profiles with an overlap of about 21 cm. AH 2
contains the highest amount of secondary carbonates (CRC
and HC) in KG-5756/57. The unit below AH 2 consists of
more homogenous loess almost without CRC but with occa-
sional root traces. Field observations suggest that the slightly
bleached horizon at the base of KG-5757 (in the lowermost
15 cm) represents a tundra-gley soil. In the present study, ter-
restrial gastropods (Vallonia costata and Pupilla sp.) were
found only in very small numbers and often only as shell
fragments (Fig. 2a, b).

The grain-size analyses of KG-5753 and KG-5756/57
show a dominance of silt in all measured samples, while cS
is practically absent in all profiles (Fig. 4). The profile KG-
5753 contains between 7.9 % and 8.8 % cl. fSi has a sim-
ilar distribution to mSi, although an overall lower content
is evident. MSi increases slowly from 15 % at 90 cm depth
to 20.0 % at 10 cm. cSi varies between 49 % and 41 % from
75 to 10 cm depth. The fS content decreases from 34.5 % at
90 cm depth to 24.4 % at the top. The mS content reaches up
to 5.0 % at the bottom of the profile and shows the highest
content of 9.5 % at the top, i.e. the Anthrosol. The grain-size
index and U ratio show a decreasing trend from bottom to
top with a slight decrease in AH 2.

In KG-5756/57, the clay content slightly decreases from
the bottom of the profile to 100 cm depth and then shows
a small but steady increase from 100 cm depth to the top
(Fig. 4b). The sand fraction slightly decreases from bottom to
top. The fS fraction is most prominent at 101 cm depth, and
then again between 70 and 50 cm depth. An increase in mS
is present between 110 and 90 cm depth and again from 65
to 50 cm depth. Thus, the mS fraction is dominant below and
above the archaeological layer located between 88 and 78 cm
depth. Both fS and mS are highest at 100 cm depth. TheU ra-
tio ranges from 2.0 to 2.7 and the grain-size index from 1.0
to 1.4. Low values occur in the tundra gley and at the top of
the profile; maximum values are between 110–95 cm. In the
archaeological horizons (AH 2, AH 1) local minima of the
U ratio as well as the grain-size index are visible.

4.2 Geochemistry

4.2.1 Organic geochemistry

The TOC content of profile KG-5753 is < 1 % except in the
upper 12 cm, in which TOC increases from 1.3 % to 3.4 %,
reflecting the Anthrosol (Fig. 5a). The δ13Corg values range
from −28.4 ‰ to −23.7 ‰. The TOC content of the merged
profile KG-5756/57 ranges from 0.2 % to 0.6 %, showing
minima between 107 and 105 cm depth, at 91, 86, 67, 37, and
16–13 cm depth (Fig. 5b). Maxima are recognisable at 151
and at 119 cm depth. The lowest δ13Corg value is −28.3 ‰
(in KG-5757, 90 cm depth) and the highest−23.9 ‰ (in KG-
5756, 92 cm depth).

Although the C /N ratios of both profiles must be consid-
ered with caution since TN contents are close to the detection
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Table 1. Radiocarbon ages of different materials. Stratigraphically consistent ages are indicated in bold.

Sample ID Lab no. Sampling Uncalibrated Calibrated age range Material Weight
depth radiocarbon date (cal BP and (mg)
(cm) (BP ± analytical error) probabilities (2σ ))

KG-5753-33-S Poz-128063 33 12 390 ± 170 15 160–14 020 (0.999) Terrestrial gastropod 1.6

13 900 (0.001) (Vallonia costata)

KG-5753-33-C Poz-128202 33 117.23± 1.33 pMC Younger than 1950 CE Recent root 2.77

KG-5753-59-S Poz-128064 59 9960± 100 11 760–11 210 (0.983) Terrestrial gastropod 1.6

11 810–11 790 (0.017) (Vallonia costata)

KG-5753-59-HA Poz-128200 59 5060± 80 5940–5600 (0.997) Humic acids 2998.6

5980 (0.003)

KG-5757-11-CRC Poz-128065 79 2305± 30 2360–2300 (0.778) Rhizoconcretions 14.2

2230–2180 (0.222) (CRC)

KG-5757-11-HC Poz-128067 79 5000± 40 5860–5810 (0.291) Rhizoconcretions 12.8

5790 (0.009) (HC)

5770–5650 (0.608)

5640–5600 (0.092)

KG-5757-11-HA Poz-128201 79 2860± 40 3080–2860 (0.961) Humic acids 3086.7

3110–3100 (0.017)

3140–3130 (0.021)

KG-5757-77-C Poz-128204 145 24 240 ± 240 28 930–27 830 Charcoal 1.0

Figure 4. Grain-size distribution, median grain size, U ratio (16–44 µm / 5.5–16 µm), and grain-size index (20–50 µm /< 20 µm) of (a) KG-
5753 and (b) KG-5756/57. Grain sizes are classified according to standard size classes with coarse sand (cS, 630–2000 µm), medium sand
(mS, 200–630 µm), fine sand (fS, 63–200 µm), coarse silt (cSi, 20–63 µm), medium silt (mSi, 6.3–20 µm), fine silt (fSi, 2–6.3 µm), and clay
(cl, < 2 µm). The hatched area in (a) represents the base of the sampled Anthrosol; shaded areas represent the archaeological horizons (AH 1
and AH 2) and the tundra gley (TG).
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Figure 5. Organic geochemistry including C /N (carbon-to-nitrogen ratio), TN (total nitrogen), TOC (total organic carbon), and δ13Corg
(organic carbon isotope ratio) of (a) KG-5753 and (b) KG-5756/57. The hatched area in (a) represents the base of the sampled Anthrosol;
shaded areas represent the archaeological horizons (AH 1 and AH 2) and the tundra gley (TG). Black stars symbolise the positions of
radiocarbon samples. Missing values are indicated by gaps. Note axis breaks and scale changes in (a) for TN and TOC.

limit for all profiles (maximum values of 0.3 % and 0.03 % in
KG-5753 and KG-5756/57, respectively), they show a com-
parable range and similar variations, pointing to environmen-
tal control of C /N variations.

4.2.2 Inorganic geochemistry

The CaCO3 content in KG-5753 shows an increase from the
bottom to 45 cm depth and a decrease from 37 % to 25 % be-
tween 15 and 10 cm depth (Fig. 6a). As an overall pattern the
CaCO3 content of KG-5756/57 slightly increases from bot-

tom to top with values ranging from 23.1 % at 147 cm depth
to 32.7 % at 129 cm depth. A minimum of 22.6 % is evident
at 101 cm depth, followed by a further increase to 41.2 % at
13 cm depth (Fig. 6b).

XRF-core-scanning analyses provided results for the ele-
ments Cr, K, Mn, Zn, Sr, Ca, Si, Ti, Fe, and Rb. However,
only Ca, K, Si, Ti, and Fe exhibited high signal-to-noise ra-
tios and are therefore considered for further discussion.

The influence of the topsoil explains the higher variabil-
ity in analysed elements above a depth of 13 cm in KG-5753
(Fig. 6a). Aside from that, the variations in Fe and Ti are in-
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Figure 6. Element and CaCO3 contents of (a) KG-5753 and (b) KG-5756/57. Hatched area in (a) represents the base of the sampled
Anthrosol, shaded areas the archaeological horizons (AH 1 and AH 2) and the tundra gley (TG). Black stars symbolise the positions of
radiocarbon samples. Missing values are indicated by gaps. For element contents derived from XRF-scanning analyses, clr-transformation
was applied to account for matrix effects.

versely correlated to Ca (R2 is 0.83 and 0.67, respectively,
in KG-5753, and R2 is 0.89 and 0.80, respectively, in KG-
5756/57), the element with the highest counts of the records.
The comparison with CaCO3 analyses shows that Ca is pre-
dominantly bound to carbonates (Fig. 6a, b). Thus, Fe and
Ti variations are presumably the result of dilution caused by
varying carbonate amounts. In contrast to Fe and Ti, the over-
all trends in K and Si are not antagonistic to Ca, but the vari-
ability in these elements is rather low.

The distribution of Ca, however, shows a different pattern,
as there is an increasing trend from bottom to top. Within this
increase, Ca shows minima at 145 cm depth and between 115
and 95 cm depth (Fig. 6b). The Ca distribution derived from

XRF scans is significantly correlated with the CaCO3 con-
tent for both profiles (KG-5753 R2

= 0.55 and KG-5756/57
R2
= 0.84). For this correlation, XRF Ca clr values are av-

eraged in 10 mm steps to account for the lower resolution of
CaCO3 analyses.

4.3 Radiocarbon dating

Radiocarbon dating of different materials shows high vari-
abilities (Table 1).

Only sample KG-5757-77-C reveals an expected age range
of 28 930–27 830 cal BP. This piece of charcoal derives from
the upper part of the tundra gley. Terrestrial gastropods from
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the upper part of the loess section KG-5753 reveal 14C ages
between approximately 11 and 15 ka cal BP. In some cases,
however, the results show age inversions. Humic acids as
well as rhizoconcretions (CRC and HC) reveal a Holocene
formation. Sample KG-5753-33-C was most likely a recent
root, which explains the postmodern age, i.e. younger than
1950 CE.

4.4 Stable isotopes of carbonate concretions

In KG-5753, 43 samples contain sufficient CRC for iso-
tope analyses. The δ18OCRC values range from −13.8 ‰ to
−7.2 ‰. The δ13CCRC range is exceptionally high with val-
ues ranging from −30.9 ‰ to −6.7 ‰ (Fig. 7a). At about
45 cm depth, an increase is detectable for the δ18OCRC and
δ13CCRC records of both profiles. Furthermore, δ18OCRC
and δ13CCRC are significantly correlated (R2

= 0.70). HC
were found in 70 samples in KG-5753. The δ18OHC values
range from−11.7 ‰ to−4.8 ‰ and δ13CHC from−8.9 ‰ to
−1.9 ‰.

In KG-5756/57, isotope analyses of CRC were limited
to 73 samples with sufficient amount. The δ18OCRC values
range from −14.2 ‰ to −5.7 ‰. The lowest δ13CCRC value
is −29.9 ‰ and the highest −3.9 ‰ (Fig. 7b). δ18OCRC and
δ13CCRC records are significantly correlated (R2

= 0.68). HC
were found in 114 samples in KG-5756/57. The δ18OHC
values range from −6.8 ‰ to −4.2 ‰ and the δ13CHC val-
ues from −8.0 ‰ to −1.2 ‰ (Fig. 7b). δ18OHC and δ13CHC
records are significantly correlated (R2

= 0.89).

5 Discussion

5.1 Age determination and stratigraphy

Previous 14C measurements of bones and teeth obtained
from archaeological layers revealed ages between 23.7 and
22.1 ka cal BP (Haesaerts et al., 2016; Händel et al., 2021).
Optically stimulated luminescence (OSL) ages provide ad-
ditional age control for over- and underlying strata (Händel
et al., 2021). These samples stem from different profiles but
from the same stratigraphic positions (Figs. 1 and 2) and are
listed with published radiocarbon measurements from the ar-
chaeological horizons in Table 2.

In our study, we also tested radiocarbon age determina-
tions on various materials regarding reliability and consis-
tency. Only two samples, namely a piece of charcoal (KG-
5757-77-C) and a terrestrial snail (KG-5753-33-S), revealed
results in the expected age range to be considered reliable
(Table 1). However, the 14C age of the analysed gastropod
should be considered with caution since a second terrestrial
snail (KG-5753-59-S) with a younger age was found about
20 cm deeper (Table 1). This uncertainty could be related to
the small quantity of the snail samples (< 1.7 mg) or to possi-
ble relocation caused by bioturbation. In general, the inges-
tion of dead carbon can also influence radiocarbon ages of

terrestrial snails. This effect was observed in 22 % of modern
snails dated in the course of a comprehensive study in North
America (Pigati et al., 2010). However, this effect cannot ex-
plain the age of KG-5753-59-S, which appears too young
and can thus not serve as an explanation for this case. We
rather assume that this particular sample possibly contained
carbonate contamination of more recent age; i.e. the sample
shows an open-system behaviour. Ages of gastropods were
compared with charcoal ages in a study of the Dunaszekcső
loess record (Újvári et al., 2016a). In that study, 7 out of
11 mollusc shells revealed a similar age to charcoal sam-
ples from the same stratigraphic levels, suggesting a pre-
dominantly closed-system behaviour for radiocarbon of loess
snails, while at least one of these samples also clearly showed
an open-system behaviour, similarly to our study.

At least the formation of CRC has frequently been de-
scribed as synsedimentary (Becze-Deák et al., 1997; Wang
and Greenberg, 2007; Barta, 2011, 2014; Koeniger et al.,
2014). Radiocarbon ages of HC and CRC in our study do not
support this assumption. Generally, the formation of CRC is
linked to CaCO3 in the soil matrix, which is dissolved by
H+–HCO−3 exchange. Ca2+ then becomes available for the
plant and is subsequently absorbed by roots and accumulates
in the vacuole where it precipitates as CaCO3. While the cells
calcify, the outer part of the cells, namely the parenchyma
cells of the roots, mineralise during plasmolysis (Becze-
Deák et al., 1997; Barta, 2011). For the formation of HC,
two main hypotheses exist (Becze-Deák et al., 1997; Barta,
2011). The origin of the HCs either can be attributed to the
evaporation of Ca-rich solutions from the soil matrix or may
be due to carbonate precipitation from the soil solution into
the soil matrix or along the pores (Barta, 2011). The other
hypothesis is related to the metabolism of the roots. The re-
lease of CO2 leads to the crystallisation of dissolved calcium
from the soil solution, resulting in the formation of micrite
crystals. Cemented together, they enclose the root remnants
or rather the pores formed by the roots within the soil matrix
(Becze-Deák et al., 1997; Barta, 2011).

To conclude, the 14C results of secondary carbonate con-
cretions further corroborate previous findings that they can-
not be used for dating purposes of loess deposits of Late
Pleistocene age (Gocke et al., 2011; Újvári et al., 2014). With
regard to their young ages, they cannot be linked to soil pro-
cesses during loess build-up. In our study, humic acids also
provided Holocene ages and thus were too young to be used
for age inferences of the loess sections. This is in contradic-
tion to previous studies in which humic acid fractions were
considered reliable (Runge et al., 1973; Wang et al., 2014).

In summary, the most reliable age determination from the
loess section in our study derives from a singular sample with
charcoal particles. Such particles, however, are very scarce
at Kammern-Grubgraben. As an alternative for future dating
approaches, the more abundant terrestrial snails could pro-
vide an option for layers where neither charcoal nor hard tis-
sue vertebrate remains are available. However, more studies
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Figure 7. Stable isotope data of secondary carbonates (CRC and HC) and their concentration (mg g−1) along the profile in (a) KG-5753 and
(b) KG-5756/57. The hatched area in (a) represents the base of the sampled Anthrosol; shaded areas represent the archaeological horizons
(AH 1 and AH 2) and the tundra gley (TG). Black stars symbolise the positions of radiocarbon samples. Missing values are due to the
absence of secondary carbonates at their respective positions and are indicated by gaps. Note the axis break and scale change in (a) for the
concentration of HC.

are needed with larger amounts of gastropod material. Such
a larger amount of snail carbonate would also allow a con-
trolled mild acid pretreatment to remove shell contamina-
tions prior to dating as proposed by Újvári et al. (2016a),
which was not reliably carried out in our study.

5.2 Critical evaluation of secondary pedogenic
carbonate isotopes

The isotopic composition of secondary pedogenic carbonates
has been frequently studied (e.g. Cerling, 1984; Dworkin et
al., 2005; Gocke et al., 2011; Koeniger et al., 2014). The

variable concentration of microscale secondary carbonates
in loess sequences is thought to be a sensitive indicator of
environmental changes, such as alternating dust accumula-
tion or changes in moisture regime (Barta, 2014; Koeniger et
al., 2014). The formation of secondary carbonates is mostly
accompanied by relocation (vertical, horizontal) of primary
carbonates in the sediment (Barta, 2011, 2014; Koeniger
et al., 2014). Vertical relocation is linked either to infiltra-
tion of meteoric water, which leads to leaching and thus to
dissolution and re-precipitation of carbonates, or to pore-
and groundwater rising through evaporation, which results
in upward dislocation (Monger, 2002; Barta, 2014). In situ-
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Table 2. OSL and radiocarbon ages from Händel et al. (2021). Note that radiocarbon dates were re-calibrated with IntCal20 (Reimer et al.,
2020). For OSL dating, quartz in the fraction of 63–90 µm was used.

Lab no. Type Material and Approximate depth Age (BP) Calibrated age range OSL age
of species (cm) and ±1σ (cal BP) and (ka)
sample archaeological layer probabilities (2σ ) ±1σ

MAMS-32966 14C reindeer tooth 35 (AH 1) 18 590± 60 22 750–22 710 (0.012)

22 690–22 340 (0.988)

MAMS-26430 14C horse/reindeer bone 81–76 (AH 102, 18 300± 70 22 400–22 090 (1.000)
corr. to AH 2)

MAMS-30165 14C horse/reindeer bone 81–76 (AH 2) 19 250± 70 23 690–23 600 (0.063)

23 360–22 970 (0.937)

MAMS-40115 r14C horse/reindeer bone 81-76 (AH 2) 18 860± 60 22 970–22 560 (1.000)

MAMS-40116 14C horse/reindeer bone 81–76 (AH 2) 19 230± 60 23 670–23 630 (0.021)

23 330–22 960 (0.979)

KG-1476 OSL quartz 18–27 26.8± 2.1

KG-1477 OSL quartz 18–27 19.8± 1.6

KG-1479 OSL quartz 48–70 19.5± 1.6

KG-1480 OSL quartz 48–70 21.6± 1.8

KG-931 OSL quartz 93–103 26.2± 2.1

KG-932 OSL quartz 93–103 25.3± 1.9

KG-1482 OSL quartz 93–103 25.6± 2.0

KG-1483 OSL quartz 93–103 25.5± 2.0

formed secondary carbonates are associated with chemical
weathering of the surrounding substrate (Pécsi, 1990; Mon-
ger, 2002; Barta, 2014). The precipitation of carbonates is
associated with solution of weathered Ca2+, which results
from root and microbial respiration (Becze-Deák et al., 1997;
Monger, 2002; Barta, 2014).

In our study, the distribution of CRC and HC in the profiles
is not congruent. CRC accumulated at the top of the loess
profile and in AH 2 but are largely absent in the Anthrosol
below AH 2 and around 65 cm sampling depths. In contrast,
HC are more evenly distributed and also occur in the An-
throsol (Fig. 7). This may indicate different time periods of
formation, as also suggested by the radiocarbon ages of HC
that are ca. 3400 years older compared to CRC at 11 cm depth
of KG 5757, corresponding to AH 2 (Table 1). Both ages
are far too young for AH 2, which was deposited between
23.7 and 22.1 ka cal BP (Händel et al., 2021). Interestingly,
the δ13C values of CRC and HC also differ largely (aver-
age −22 ‰ and −4 ‰, respectively). Similar differences are
also reported by Koeniger et al. (2014) and Luo et al. (2020).
The lower δ13C values of CRC suggest a formation from res-
piratory CO2, which typically has δ13C values close to leaf
biomass (Bowling et al., 2008). However, various admixtures

of atmospheric CO2 can increase δ13C values substantially
(Cerling, 1984), which is probably the reason for the much
more 13C-enriched values of HC. Thus, it seems that two dif-
ferent sources, respiratory CO2 and atmospheric CO2, pre-
dominated during the Holocene formation of CRC and HC,
respectively.

In contrast, Koeniger et al. (2014) suggest that stable iso-
tope variability is linked to palaeoclimatic variations and as-
sume that the formation of CRC and HC is associated with
the time of dust accumulation. They further propose that sta-
ble isotope records of secondary carbonates in loess records
are reliable palaeoenvironmental proxies for moisture and
soil formation processes (Koeniger et al., 2014). Our results,
however, show that this is not necessarily the case as the
rhizoconcretions (CRC and HC) were considerably younger
than the surrounding loess. In several other studies, rhizocon-
cretions in loess also reveal a Holocene formation and thus
confirm a post-sedimentary origin (e.g. Pustovoytov and Ter-
horst, 2004; Gocke et al., 2011; Újvári et al., 2014). Such
overprinting of loess profiles with Holocene material or in-
vading of post-sedimentary deep roots may bias the results of
loess-based palaeoenvironmental studies (Gocke, 2011). Un-
der laboratory and field conditions, the importance of vegeta-
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tion for the formation and re-crystallisation of pedogenic car-
bonates was shown by Gocke (2011). Roots and microorgan-
isms had a direct influence on these processes, while climatic
factors exerted indirect influence. A correct interpretation of
the isotopic composition of secondary carbonates thus also
requires considering the evolution of carbonates in the soil
(Koeniger et al., 2014), i.e. an exchange of carbon from pri-
mary loess carbonates with carbon from the air (CO2) during
the formation of rhizoliths by respiration of roots and mi-
croorganisms (Gocke et al., 2011).

Due to their Holocene formation, the isotope results of sec-
ondary carbonates can also not be used for tracing glacial
palaeoenvironmental conditions. Therefore, our results have
implications for other stable isotope studies on rhizoconcre-
tions, and we recommend testing post-sedimentary formation
via radiocarbon dating prior to using them for palaeoenviron-
mental reconstructions.

5.3 Environmental implications from other geochemical
proxies and grain size

The δ13Corg variations in both profiles show a range typical
of C3 vegetation (O’Leary 1981; Rounick and Winterbourn,
1986; Hatté et al., 1998), which can be considered preva-
lent during the Late Pleistocene in this area (Arppe et al.,
2011; Schatz et al., 2011; Kovács et al., 2012). During the
period of human occupation (at the time of AH 1 and AH 2;
ca. 23 ka cal BP), the presence of a steppe-like open grassland
can be assumed (Stojakowits et al., 2021). However, clusters
of woody vegetation (Pinus cembra and Juniperus sp.) were
also present as inferred from pollen data of the archaeologi-
cal site (Montet-White et al., 1990; Haesaerts and Damblon,
2016).

This type of ecosystem can also be reconstructed based
on the distribution of gastropods. In our study, the distri-
bution of gastropods shows no differences between hori-
zons. Almost exclusively Vallonia costata occurs except for
one single sample of Pupilla sp., which derives from the
underlying tundra gley of profile KG-5756/57. Frank and
Rabeder (1996, 1997) found 18 terrestrial gastropod taxa
in the Kammern-Grubgraben profile, but their stratigraphic
context is unclear. The Kammern-Grubgraben mollusc fauna
indicates a herb-rich meadow steppe, partly with shrubs and
isolated groups of trees. Among others, Vallonia costata and
V. pulchella are especially common in milder cold-period
sections (Ložek, 1964, 1982; Mania, 1973; Fűköh, 1993;
Krolopp and Sümegi, 1995; Frank, 2006). In contrast, Val-
lonia tenuilabris, the indicator species of colder periods that
is widespread in central Europe, has so far been absent from
Kammern-Grubgraben. With Columella columella, however,
at least one element of a cold tundra was recorded.

Although δ13Corg values range between −24 ‰ and
−28 ‰ in both sections, their variability does not show a
clear palaeoclimatic trend. The slight increase at the base of
profile KG-5756/57 may indicate a shift from drier condi-

tions for older sediments to more humid conditions upwards
considering the fact that water loss through evapotranspira-
tion is limited by stomatal constriction of the plants. This
physiological reaction is accompanied by a reduced carbon
isotope fractionation resulting in higher δ13C values (Hatté
et al., 1998). Water availability may be inferred based on the
δ13C values of organic matter. It seems, however, that the
results are not in accordance with the TOC and CaCO3 con-
tents. Apart from the upper part of profile KG-5753, which
is influenced by the overlying modern Anthrosol, explaining
its high TOC content (0–13 cm depth, Fig. 5a), values vary
between 0.2 % and 0.4 % (min value 0.1 % and max value
0.9 % in KG-5753; Fig. 5) for both profiles. Typical glacial
loess deposits in northwestern Europe show organic carbon
contents of less than 0.1 % (Antoine et al., 2013; Mayr et al.,
2017b). However, increased TOC contents, as recorded at the
base of KG-5756/57, might be a result of accumulation or
preservation of organic carbon due to warmer and/or wetter
climate conditions (Zech et al., 2013; Mayr et al., 2017b),
but any environmental inferences from our TOC record are
hampered by unknown dust accumulation rates.

Implications about moisture can also be derived from the
calcium contents, since the moisture regime of the soil in-
fluences the CaCO3 content and the Ca distribution (Mon-
ger, 2002; Barta, 2014). Under more humid conditions, Ca is
sensitive to leaching (Buggle et al., 2011; Barta, 2014; Profe
et al., 2018b), which may explain the decreasing trend of
Ca and CaCO3 towards the bottom in both profiles (Fig. 6).
XRF scanning from Chinese LPSs revealed that Ca and Si
decrease in palaeosol layers relative to the surrounding loess
sediments (Sun et al., 2016). This is also evident from an
LPS from Süttő, Hungary, where Ca /Ti ratios derived from
high-resolution XRF scanning of discrete samples are used
as a proxy for weathering intensity, and, consequently, low
Ca /Ti values are explained by decalcification (Profe et al.,
2018b). Thus, our observations could suggest a climatic shift
from more humid–warmer conditions during the formation
of the older sediments towards drier–colder conditions dur-
ing the main occupation period, which was also reported
by Haesaerts and Damblon (2016). Whether such climatic
changes are related to the postulated shift of storm tracks
in the Alpine area during the LGM (Luetscher et al., 2015)
remains to be investigated in more detail in future stud-
ies using longer LPSs. Additionally, dust sources may have
changed, as glaciers progressively advanced into the Alpine
foreland between 30 and 25 ka cal BP and retreated again be-
fore 22 ka cal BP (Stojakowits et al., 2021). In contrast, geo-
chemical provenancing and U–Pb isotope dating of detrital
zircons in loess from the Krems area suggest a predominant
source from nearby Bohemian Massif sources (< 10 km).
This implies an initial fluvial transport and a subsequent ae-
olian re-deposition in the study area rather than changes in
palaeowind directions (Újvári and Klötzli, 2015). However,
such provenance data would have to be extended to also infer
the temporal changes in dust sources.
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Ti is frequently a component of weathering-resistant min-
erals such as titanium oxides and ilmenite (Profe et al.,
2018b; Mayr et al., 2019). The elements Fe and Ti behave
very similarly and show a negative covariance with Ca in our
records (Fig. 6a, b). Ti and Fe are likely considered to be of
detrital origin and mainly influenced by varying concentra-
tions of carbonates. In contrast, K and Si also show negative
correlations with Ca below AH 2 but do not exhibit a de-
creasing trend from bottom to top as Fe and Ti do (Fig. 6a,
b). K is frequently bound to mica, feldspars, and clay min-
erals (Mayr et al., 2019). The rather evenly distributed clay
contents in the profiles (Fig. 4a, b) may explain the small
variations in the K record. The slight increase in K below
AH 2 (Fig. 6b), however, cannot be explained with clay con-
tent alone but rather by increased sand input (Profe et al.,
2018b). K-feldspars are a common constituent of the sand-
sized fraction in loess sequences of Lower Austria (Thiel et
al., 2011b), possibly explaining the increase in that strati-
graphic level. In the long > 100 kyr loess record from Süttő,
Si /K and Ca /Ti ratios are correlated with grain size and
carbonate content, respectively (Profe et al., 2018b). In our
records, these element ratios do not provide additional infor-
mation to the clr-transformed element records (Fig. S1 in the
Supplement), and their variability in the short time period
covered by our LGM record is expected to be small (Profe et
al., 2018b).

The climate conditions at the Marine Isotope Stage (MIS)
3–2 transition are characterised by climatic deterioration.
However, two short interstadials (GI-4 and GI-3) were
recorded and placed at 28.8 and 27.7 ka (Rasmussen et al.,
2014). The lower part of KG-5756/57 corresponds to the late
phase of MIS 3 or the MIS 3–MIS 2 transition (Stojakow-
its et al., 2021), as inferred from the radiocarbon age of a
charcoal fragment (ca. 28.9–27.8 ka cal BP, Table 1) deriving
from the basal tundra gley. Gleyic features from this period
are also reported from other LPSs in the Alpine realm (Buch
and Zöller, 1990; Moine et al., 2017; Mayr et al., 2017b)
and related to a warming event, possibly related to GI-4 with
milder climate conditions (Mayr et al., 2017b; Stojakowits et
al., 2021). This timeframe is also supported by luminescence
data for the loess unit between tundra gley and the main ar-
chaeological horizon AH 2 (KG-931, KG-932 and KG-1482,
KG-1483; Fig. 2a, c; Table 2). A connection of the deposi-
tion of this sediment to Greenland Stadial 3 (GS-3) has been
proposed by Händel et al. (2021).

For the loess build-up, palaeowind intensity plays an im-
portant role (Buggle et al., 2008; Ludwig et al., 2021). In
general, grain-size distribution in loess is mainly linked to
wind intensity and thus may provide information about the
distance as well as the main source of the sediment (Gavrilov
et al., 2018) in combination with single-grain geochemical
provenancing (Újvári and Klötzli, 2015). Colder periods are
associated with high wind intensity, resulting in an accu-
mulation of coarser grains, whereas the distribution of finer
grains is related to weaker or constant winds in warmer peri-

ods (Novothny et al., 2011). However, this simplified relation
is weakened if the distance to the source changes in time and
valid only if several other factors like topography play a mi-
nor role (Újvari et al., 2016b). Grain-size parameters such as
the U ratio combined with clay content (Vanderberghe et al.,
1997; Vanderberghe, 2013) or the grain-size index (Rousseau
et al., 2002) are often used to reconstruct wind dynamics. In
KG-5756/57, the clay content is slightly higher in the basal
tundra gley, while the U ratio and the grain-size index show
lower values. This is in accordance with previous findings,
e.g. in the Nussloch section in Germany, where higher grain-
size indices were found in coarser grain-sized loess while the
lowest values corresponded to tundra-gley units (Rousseau et
al., 2002). Higher grain-size indices were further correlated
with higher δ13C values, which was explained by stronger
wind dynamics accompanied by drier environmental condi-
tions and decreased vegetation cover. This pattern, however,
is not clearly evident in our study, where a significant trend
is absent in the δ13Corg record and the dominant grain-size
fraction is cSi (Fig. 4). This is also reflected by the geochem-
ical composition; silicon (Si) in aeolian sediments is prefer-
entially linked to grain-size fractions like coarse silt and sand
(Muhs and Bettis, 2000; Buggle et al., 2008), which explains
the constantly high amounts of Si in both analysed profiles
(Fig. 6). However, the overall percentage of coarse sand is
rather low, pointing to reduced wind intensities and continu-
ous dust accumulation. According to Novothny et al. (2011),
a coarse sand content of < 0.5 % refers to lower palaeowind
intensities, indicating rather low wind energy during loess
deposition, which is documented for both analysed profiles
(KG-5753 and KG-5756/57). It is noticeable, though, that
the sand fraction is more prevalent shortly above and be-
low the main archaeological layer (AH 2) in both profiles
(Fig. 4). This could point to an increase in wind intensity dur-
ing these specific periods. Physical weathering of the stone
slabs, introduced by hunter-gatherer occupants into the ar-
chaeological layer from nearby rock sources, can largely be
excluded as a source for the sand fraction due to its short
exposure to the atmosphere. Examinations of the profiles in
the field, however, also revealed the presence of undulating
sandy bands of a few centimetres’ thickness. As the site is
located between two erosion channels with gradients to the
north, south, and east, this is more likely a result of slope
processes (e.g. solifluction or surficial creep) and thus at-
tributable to the overall topography rather than to aeolian
processes.

To summarise, based on the proxies we evaluated, we
could not find indications for a period of ameliorated climate
during the AH 2 phase, as previously postulated by Haesaerts
and Damblon (2016). Our data suggest rather constant envi-
ronmental conditions before, during, and after the formation
of AH 2. Only the tundra gley exposed at the base of KG-
5756/57 points at more favourable conditions.
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6 Conclusions

We applied a multi-proxy approach to two profiles ex-
posed by recent excavations at the Upper Palaeolithic site
of Kammern-Grubgraben, including analyses of grain size,
organic geochemistry (TOC, TN, C /N, δ13Corg), inorganic
geochemistry (XRF-based elemental counts, CaCO3), and
stable isotope analyses (δ13C, δ18O) of secondary carbonates
(HC, CRC). In addition, we radiocarbon-dated different ma-
terial from the same stratigraphic layers and compared these
to previously obtained ages (AH 2). Our analyses showed
that secondary carbonates and humic acids were formed dur-
ing the Holocene as manifested by their radiocarbon ages.
Therefore, loess profiles in the excavation area are over-
printed by Holocene deep-rooting vegetation. In our study,
we were able to extract, for the first time, a sufficiently large
charcoal sample for obtaining a radiocarbon age of 28 930–
27 830 cal BP from the tundra gley underneath AH 2, which
could be related to interstadial conditions during GI-4 or GI-
3. Terrestrial gastropods provided another source for radio-
carbon ages, albeit the low sample amounts probably affected
dating quality.

XRF core scanning provided high-resolution element dis-
tributions, which were calibrated using centred log-ratio
transformation. Ca represents the most pronounced element
record and is in agreement with the independently analysed
CaCO3 record. To our knowledge, we provide the first con-
tinuous XRF-scanning record on a European loess sequence
and demonstrate that this technique provides reliable results
for the most abundant elements.

In order to provide more detailed information about
palaeoenvironmental and climatic conditions, extractions of
longer, undisturbed LPSs are essential for future studies, as
the studied sections were rather short and close to the mod-
ern surface. In addition, material suitable for radiocarbon
age determination is scarce outside of archaeological hori-
zons, causing difficulties for obtaining chronological con-
trol. Such prerequisites make it worthwhile to examine LPSs
from sites as close by as possible to the archaeological site
to obtain more datable material. XRF scanning could be ex-
tremely useful to synchronise these LPSs with the archaeo-
logical trench sections.
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Abstract: In the last few decades, multidisciplinary research on calcareous tufas as palaeoenvironmental and
palaeoclimatic records has intensively grown, which has provided an increasing number of well-
documented sites. Consequently, inter-site comparisons and regional- to continental-scale reviews
have developed, discussing the link between tufa distribution and climate or providing diachronic
comparisons of climatic and environmental conditions prevailing during Quaternary interglacials (and
interstadials). This paper proposes such a review for the southeastern Mediterranean area, including
new dating and isotopic data from Aït Said ou Idder (northern Morocco) to be compared with available
regional data, in order to discuss the intensity of some humid periods of the last 125 kyr.

According to several radiocarbon and U–Th dates, three chronological phases are indeed identified
at Aït Said ou Idder: the Holocene, the Dansgaard–Oeschger (D–O) interstadial 8 and the Marine Iso-
topic Stage (MIS) 5e. Similarly, other tufa deposits from both Morocco and southern Spain (mostly
Andalusia) appear to have preferentially developed during interglacial or interstadial periods, marked
by maximal developments of the Mediterranean forest as reported in the palynological records from
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regional marine cores. Furthermore, isotopic data (δ18O and δ13C) from Aït Said ou Idder (and from
other southeastern Mediterranean tufa deposits where available) suggest no significant difference in
terms of temperature or air mass circulation between the Holocene, D–O 8 and MIS 5e. In terms of
humidity conditions, no evidence of strong aridity is recorded even if D–O 8 appears drier than both
interglacials. Conditions seems slightly wetter during the Holocene than during MIS 5e, but δ13C val-
ues at Aït Said ou Idder could also reflect strong differences in the seasonality of these interglacials.
We demonstrate that calcareous tufa deposits have promising potential for discussing, in both space
and time, the climate variability in the southeastern Mediterranean area, but new investigations, in-
cluding dating and stable isotopes, are required to accurately feed such discussions.

Kurzfassung: In den letzten Jahrzehnten ist die multidisziplinäre Forschung zur Rolle von Kalktuffen (Tufa) als
Paläoumwelt- und Paläoklima-Archiv intensiv ausgebaut worden, wodurch nun eine weiterhin wach-
sende Zahl gut dokumentierter Standorte vorliegt. Infolgedessen war es im Rahmen von Vergle-
ichen zwischen verschiedenen Standorten und auf der Grundlage vergleichender Bewertungen auf
regionalem bis hin zu kontinentalem Maßstab einerseits möglich, den Zusammenhang zwischen der
Verteilung von Kalktuffen und Klima zu diskutieren, sowie andererseits diachrone Vergleiche von
klimatischen Bedingungen und Umweltbedingungen während der Interglaziale (und Interstadiale) im
Quartär durchzuführen. Diese Studie stellt eine solche vergleichende Bewertung für den südöstlichen
Mittelmeerraum bereit und präsentiert darüber hinaus neue Datierungen und Isotopen-Daten aus
Aït Said ou Idder (nördliches Marokko), die mit vorliegenden regionalen Daten verglichen wer-
den, um somit eine Einschätzung der Intensität ausgewählter humider Abschnitte der letzten 125 kyr
vornehmen zu können.

Basierend auf mehreren Radiokohlenstoff- und U–Th-Datierungen können in Aït Said ou Idder drei
chronologische Phasen ausgewiesen werden: das Holozän, das Dansgaard/Oeschger Interstadial 8 und
das MIS 5e. In ähnlicher Weise scheinen sich andere Kalktuffablagerungen sowohl aus Marokko als
auch aus Südspanien (hauptsächlich Andalusien) bevorzugt während solcher Interglazial- oder Inter-
stadialperioden entwickelt zu haben, die basierend auf der palynologischen Auswertung regionaler
mariner Bohrkernarchive durch eine maximale Entwicklung mediterraner Wälder gekennzeichnet
sind. Darüber hinaus deuten Isotopendaten (δ18O and δ13C) aus Aït Said ou Idder (und aus anderen
Kalktuffen des südöstlichen Mittelmeerraumes, sofern verfügbar) darauf hin, dass es keine signifikan-
ten Unterschiede in Bezug auf Temperatur oder Luftmassenzirkulation zwischen dem Holozän, dem
D/O 8 und dem MIS 5e gab. Im Hinblick auf die Feuchtigkeitsbedingungen finden sich keine Hinweise
starker Aridität, auch wenn das D/O 8 relativ trockener erscheint als beide Interglaziale. Die Bedin-
gungen scheinen während des Holozäns etwas feuchter gewesen zu sein als während des MIS 5e,
aber die δ13C-Werte in Aït Said ou Idder könnten auch starke Unterschiede in der Saisonalität dieser
Interglaziale widerspiegeln. Unsere Studie zeigt, dass Kalktuffablagerungen ein vielversprechendes
Potenzial haben, um die Klimavariabilität im südöstlichen Mittelmeerraum sowohl räumlich als auch
zeitlich zu diskutieren, aber neue Untersuchungen, einschließlich Datierungen und Untersuchungen
an stabilen Isotopen, sind erforderlich, um diese Diskussion sorgfältig und genau zu untermauern.
(Abstract was translated by Christopher Luethgens.)

1 Introduction

In the last few decades, multidisciplinary research on cal-
careous tufas has intensively grown regarding their po-
tential for palaeoenvironmental and palaeoclimatic studies:
they are one of the few continental archives to simulta-
neously provide records of past environments (including
fauna and flora) and independent proxies for climatic vari-
ations (from calcite stable isotopes) which can also be pre-
cisely and objectively dated (Andrews, 2006; Capezzuoli

et al., 2014; Dabkowski, 2014). In parallel, as the number
of well-documented sites has increased, inter-site compar-
isons and regional- to continental-scale reviews have de-
veloped, either discussing the link between tufa chrono-
logical distribution and climate and/or anthropogenisation
(e.g. Dabkowski, 2020; Goudie et al., 1993; Ollivier et
al., 2006; Pentecost, 1995; Vaudour, 1994; Weisrock, 1986)
or providing diachronic comparisons of climatic and environ-
mental conditions prevailing during Quaternary interglacials
(Limondin-Lozouet, 2011; Limondin-Lozouet and Preece,
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2014; Dabkowski and Limondin-Lozouet, 2021). However,
investigations have mostly focused on European tufas so
far. In Morocco, reviews on the ages of tufa deposits have
been initiated on the basis of U–Th dating (Falguères et
al., 2016; Rousseau et al., 2017; Weisrock et al., 2008),
but they concerned indurated, well-crystallised deposits (so-
called “travertines”), from which palaeoenvironmental and
palaeoclimatic data are more difficult to retrieve (Capezzuoli
et al., 2014; Dabkowski, 2014). The tufa sequence of Aït Said
ou Idder in the Middle Atlas is the first to have recently pro-
vided palaeoenvironmental reconstructions based on malaco-
logical data (Wackenheim et al., 2020).

This paper proposes to review the climatic significance of
tufa deposits in the southeastern Mediterranean area based
on their chronological distribution and isotopic signal. It will
first present new U–Th dating and isotopic data from Aït Said
ou Idder to be compared with available regional data from
Morocco and Andalusia in order to discuss the intensity of
some humid periods of the last 125 kyr.

2 Studied site and material

The Aït Said ou Idder (ASI) tufa is located in the Middle
Atlas, northeast Morocco, about 40 km south of Fez in the
vicinity of the Dayet Aoua (33◦38′49.50′′ N, 4◦59′38.33′′ E;
Fig. 1). The studied profile, ca. 45 m long and 3 to 4 m
high, was previously described in detail by Wackenheim et
al. (2020). Two main phases of tufa deposition have been ob-
served on the field (Fig. 2). The lower stratigraphical units 10
to 7 are sub-horizontal and characterised by fluvio-paludal
facies (Pedley, 1990; Pedley et al., 2003) including large
oncoliths and indurated phytoherms (units 10 and 9), silty
to sandy stratified levels (unit 8), and a fine mudstone-like
whitish unit at the top (unit 7; Fig. 2). No major discontinu-
ity is clearly observed within these lower units in the eastern
part of the profile where they are better exposed. However, in
the central part, a stepped-shape incision at the top of unit 8 is
locally observed, which may correspond to a hiatus between
units 8 and 7 (Fig. 2, red line).

The upper part of the unit 7 is then clearly affected by ero-
sive processes, and indurated angular fragments of it are pre-
served within the base of the overlying unit 6. The following
units 6 to 1 show an east-to-west inclination and facies that
are typical of slope tufa (Pedley, 1990), namely silty to gran-
ular tufa comprising fragments of encrusted vegetation alter-
nating with silty to sandy tufa (Fig. 2). The lowermost unit 6
especially provides burned tufa fragments and millimetric
charcoals evidencing a local fire event. These charcoals were
large enough to be dated with confidence (see below). The
whole ASI sequence, except unit 9 which was too indurated,
was sampled for malacology and geochemistry (Fig. 2). The
malacological investigations provide detailed palaeoenviron-
mental reconstructions and allow selecting shells of suitable

Figure 1. Localisation map of Aït Said ou Idder (red spot)
and other tufa deposits discussed in this paper (circles). T–A:
Tejeda–Almijara; Y–T–J: Yunquera–Tolox–Jorox. Squares show
other palaeoenvironmental or palaeoclimatic records mentioned in
the text (background map from © Google Maps, modified by Julie
Dabkowski).

species to be dated (Wackenheim et al., 2020). The resulting
chronological data are summarised in the following section.

3 Chronological data

3.1 Former radiocarbon dating

All the previous dates obtained at ASI were through radio-
carbon dating and are summarised in Table 1. Dated material
includes three millimetric individual charcoals from unit 6,
a bunch of microcharcoals from unit 5, and five bunches of
mollusc shells from units 1, 3, 4 and 7 (Table 1 and Fig. 2;
Wackenheim et al., 2020). While charcoals from unit 6
were handpicked on the field, the bunch of microcharcoal
from unit 5 was subsampled within sedimentological sam-
ples under a binocular microscope. Dated shells were care-
fully selected within the malacological assemblages accord-
ing to their abundance to have enough material to be dated
from a single sample. In order to avoid the reservoir effect
by old carbonate ingestion, the selection of tiny humidity-
demanding species (Vertigo antivertigo, Pupilla muscorum,
Cochlicopa lubrica) has been favoured (Table 1) (Pigati et
al., 2013; Forman et al., 2021; Granai and Wackenheim,
2022). Radiocarbon date of the xerothermic Cochlicella bar-
bara shell is consistent with the chronological framework
(Wackenheim et al., 2020).
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Figure 2. Main section of the Aït Said ou Idder tufa and detailed stratigraphy of the west and central parts where geochemical samples were
collected, parallel to malacological samples (modified after Wackenheim et al., 2020). On the bottom right, the picture shows a detailed view
of the phytoherm facies from unit 9, which was sampled for the U–Th dating.

Table 1. Details of radiocarbon ages obtained on the Aït Said ou Idder tufa sequence.

Laboratory Sample Stratigraphic level Material 14C BP cal BP 2σ cal BCE 2σ
code name

Poz-83678 Asi16-Ch Lower part of grey level D Charcoal 5830± 40 6740–6508 4790–4558
Beta-477595 Asi17-Ch3 Lower part of grey level D Charcoal 690± 30 6553–6405 4604–4456
Beta-477596 Asi17-Ch4 Upper part of grey level D Charcoal 5470± 30 6310–6209 4361–4260
Poz-115941 Asi17-G9 Base unit 5 Charcoal 4730± 370 6292–4452 4342–2502
SacA-54562 Asi17-M30 Grey level A Vertigo antivertigo 4375± 30 5039–4859 3089–2909
SacA-54563 Asi17-M21 Grey level B Cochlicella barbara 5085± 30 5911–5747 3961–3797
SacA-54564 Asi17-M16 Grey level C Vertigo antivertigo 5375± 30 6280–6019 4330–4096
DeA-17402 I/1889/1 Unit 7 Pupilla muscorum 35920± 530 41 590–39 380 39 640–37 430
DeA-17403 I/1889/2 Unit 7 Cochlicopa lubrica 36720± 570 42 170–40 150 40 220–38 200
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Radiocarbon dates assigned the upper part of the ASI tufa
to the Middle Holocene (from ca. 6800 and 4800 cal BP)
while unit 7 from the lower part is dated from the Upper
Pleistocene by two coherent dates on land shells (around 37–
40 ka cal BP; Table 1 and Fig. 3). To strengthen this chrono-
logical framework, we sought an additional date at the base
of the tufa deposit. While no suitable organic material or shell
was found in units 9 or 10, well-crystallised calcite deposits
such as the strongly indurated phytoherms from unit 9 are
suitable material for U–Th series analyses (Fig. 2).

3.2 Additional U–Th dating

The U–Th dating method requires well-crystallised calcite
samples that are not easily retrieved from tufa deposits dom-
inated by crumbly silty to sandy facies such as those at ASI
(Fig. 2); only phytoherms from unit 9 are suitable here for
such analyses. One sample selected from unit 9 (Fig. 2) was
thus analysed by U series using ICP-Q-MS at the Muséum
national d’Histoire naturelle (France). This method relies on
the difference in solubility between uranium and thorium.
The amount of radiogenic 230Th formed in ratio to its par-
ent 234U yields the age of formation of the calcite (Bourdon
et al., 2003; Ivanovich and Harmon, 1992).

The sample was selected in the well-crystallised internal
part of the phytoherm cylinder (Fig. 2), cleaned by remov-
ing clay and sand adhering on calcite, then cut using a mini
rotary tool (Dremel™-like) with a diamond disc, and finally
washed with distilled water in an ultrasonic bath. The carbon-
ate (about 0.5 g) was dissolved in HNO3 acid, and a 233U–
236U–229Th mixed spike was added. U and Th chemical ex-
tractions and purifications on UTEVA resins were performed
according to the protocol detailed by Douville et al. (2010).
Each fraction was then dried and dissolved in 2 % HNHO3
before dilution for isotopic analyses by ICP-Q-MS. The mea-
surements were performed on a Thermo iCAP RQ ICP-Q-
MS coupled with a Teledyne CETAC Aridus 3 desolvator
device. Pre-screening analysis was first performed in order to
optimise the final dilutions of each fraction. Then they were
combined to be analysed together.

The interface was configured for high sensitivity, and the
signal was optimised (tuning) for 238U and 235U on the de-
solvator and mass spectrometer. The signal intensities of
the isotopes 229Th, 230Th, 233U, 234U, 235U and 236U were
measured on an electron multiplier (SEM) in pulse-counting
mode, and those of 232Th were measured in analogue mode.
The helium mode (CCTS) of the collision/reaction cell was
used to increase the signal by optimising the ions’ focusing.
The mass fractionation was corrected by comparing the mea-
sured 233U/236U spike ratio with its true known value. The
234U/238U ratio is obtained via the 234U/235U measurement
according to the universal natural 238U/235U ratio (Hiess
et al., 2012). An analytical standard (without chemistry) of
uraninite (HU-1) with a spike, in secular radioactive equilib-
rium, was analysed along the sequence for machine deviation

control. The calculated activity ratios obtained should corre-
spond to the true ratios.

Ages were calculated using half-lives of 75.584 and
245.620 ka for 230Th and 234U, respectively (Cheng et
al., 2013). The age uncertainty was estimated taking into
account all sources of analytical uncertainty. The U con-
tent, isotopic ratios and U-series age of the ASI phytoherm
sample are shown in Table 2. The U content is 57 ppb.
The 234U/238U is high (more than 3.4) as usually observed
in continental carbonates from Morocco (see Ghaleb et
al., 2019). An age of 129± 4 ka was obtained without cor-
rection, but the measured 230Th/232Th ratio of 14 indicates
that correction of the age from detritic Th is mandatory. The
corrected age, taking into account the average value of the
232Th/238U atomic ratio of the Earth’s crust (3.8±2; Ludwig
and Paces, 2002), is 123± 4 ka and demonstrates the con-
temporaneity of the bottom of the ASI sequence with Marine
Isotopic Stage (MIS) 5e (Fig. 3).

4 Stable isotopes

4.1 Methods

The whole tufa sequence at ASI was sampled continuously
every 5 cm (ca. 20 g of tufa was collected for each sample),
with local adjustment to stratigraphy when required and ex-
cepting the lowermost units 9 and 10, which were too in-
durated. Each sample was ground when needed and then
sifted to < 200 µm to obtain 2 to 5 g of fine material. Sta-
ble isotope analyses were performed on CO2 derived from
40± 10 µg of sifted sample, individually reacted with three
drops of orthophosphoric acid (H3PO4) at 70 ◦C. Isotope ra-
tios were measured at the Service de Spectrométrie de Masse
Isotopique (SSMIM) of the Muséum national d’Histoire na-
turelle in Paris (France) on a Thermo DELTA V Advantage
spectrometer interfaced to a Thermo KIEL IV Carbonate au-
tomatic preparation device.

4.2 Results

A summary of ASI isotopic data is given in Table 3, and both
δ18O and δ13C are shown in stratigraphic order in Fig. 3.
Replicate analyses of the home-made laboratory standard
(n= 29) gave 2σ precision of 0.1 ‰ for δ18O and 0.08 ‰
for the δ13C. Maximal values, for both δ18O and δ13C, are
recorded in samples G81 (−5.3 ‰ and −5.67 ‰, respec-
tively) and G82 (−5.3 ‰ and −6.15 ‰) at the very top of
unit 7, below the important sedimentary hiatus with unit 6.
These singular values (Fig. 3) are likely to reflect strong di-
agenetic effects (due to surface alteration and the fire event)
and were excluded from the following discussion.

For the remaining samples (n= 103), the δ18O values
range between −7.8 ‰ and −6.9 ‰ (mean value −7.3±
0.1 ‰), whereas δ13C values range between −9.74 ‰ and
−7.56 ‰ (mean value −9.25± 0.08 ‰; Table 3). Correla-
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Figure 3. Carbon and oxygen stable isotopes from Aït Said ou Idder tufa calcite shown in stratigraphical order according to tufa units (with
no respect to sample depth). The stratigraphical positions of radiocarbon and U–Th ages are also reported.

Table 2. Detailed data from the U series using ICP-Q-MS analyses and resulting age of the phytoherm sample from unit 9 at Aït Said ou
Idder.

232Th ±
234U/238U ±

230Th/234U ±
230Th/238U ±

230Th/232Th ± Calcu- Pos. Neg. Age
ppb (k = 2) (k = 2) (k = 2) (k = 2) (k = 2) lated err. err. corr.

age
(ka)

29.177 0.488 3.048 0.051 0.771 0.014 2.350 0.042 13.920 0.126 129 4 4 123
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Table 3. Summary of stable isotope data from the whole ASI tufa
sequence and for the three main phases separated by hiatuses (see
text for details).

δ18O δ13C
(‰ V-PDB) (‰ V-PDB)

Conf. int. 0.1 0.08

All, n= 103

Range −7.8 to −6.9 −9.74 to −7.56
Mean −7.3 −9.25
SD 0.2 0.57

Upper part, n= 80

Range −7.6 to −6.9 −9.74 to −8.72
Mean −7.3 −8.72
SD 0.1 0.18

Unit 7, n= 12

Range −7.8 to −6.9 −8.01 to −7.56
Mean −7.4 −7.78
SD 0.3 0.17

Unit 8, n= 11

Range −7.7 to −7.3 −9.31 to −9.06
Mean −7.5 −9.18
SD 0.1 0.08

Conf. int.: confidence interval. SD: standard deviation.

tion between δ18O and δ13C is not significant (r =−0.09;
p = 0.37; n= 103).

At ASI, three phases can be defined, based on sharp
variations in the δ13C at the units 8–7 and then units 7–
6 boundaries (Fig. 3 and Table 3): the mean δ13C value is
−9.18± 0.08 ‰ (n= 11) in the lowermost unit 8, then in-
creases to −7.78 in unit 7 (n= 12), and finally decreases
suddenly to −9.18 in the rest of the sequence (units 6 to 1;
n= 80). Boundaries between these three phases are corre-
lated to main hiatuses observed in the stratigraphic sequence
of ASI (Fig. 2). Conversely, the δ18O remains stable from
part to part (−7.5 ‰, −7.4 ‰ and −7.3± 0.1 ‰, respec-
tively; Table 3). Within each phase, variations in both δ13C
and δ18O are low (standard variations equal or close to confi-
dence intervals; Table 3). According to stratigraphy and dat-
ing, these phases correspond to three distinct periods of time
separated by hiatuses: from bottom to top, units 9 and 8 are
assigned to the early MIS 5e, unit 7 is dated to around 37–
40 ka cal BP (during MIS 3), and units 6 to 1 record part of
the Middle Holocene (Fig. 3).

5 Discussion

5.1 ASI tufa chronology compared to other regional
tufas and its climatic significance

In Morocco, Late Pleistocene tufa deposits are reported
during both odd and even Marine Isotopic Stages (MISs)
(Rousseau et al., 2017; Weisrock et al., 2008), i.e. during in-
terglacial and glacial periods (Fig. 4). Over the last 130 kyr,
at the northern border of the Moroccan Sahara, Weisrock et
al. (2008) showed (based on U–Th dating) that most tufas
were deposited during MIS 5, then between 50–30 and 24–
11 ka (Figs. 1 and 4). In detail, at least two main phases of
deposition occurred during MIS 5, at 120–130 ka (i.e. during
MIS 5e) and 90–74 ka (Fig. 4; Boudad et al., 2003; Falguères
et al., 2016; Weisrock et al., 2008). Few Holocene tufas have
been reported in Morocco so far, except in the Ksabi basin
(e.g. at Blirh and Aït Blal; Lefèvre, 1989; Limondin-Lozouet
et al., 2013; Vaudour, 1986) and the Aïn Beni Mathar basin
(Depreux et al., 2021; Wengler and Vernet, 1992), in the
Moulouya catchment, where they are dated from the Early
Holocene (Figs. 1 and 4). Later tufa deposits were recently
dated from the last 5000 years at Imouzzer Kandar (Azen-
noud et al., 2022), only a few kilometres from ASI (Figs. 1
and 4).

On the other side of the Strait of Gibraltar, Spanish tufa
deposits have been more extensively studied for decades and
regional synthesis are available (see González Martín and
González Amuchastegui, 2014). Many tufa or travertine de-
posits have thus been reported in Andalusia, mostly support-
ing geomorphological and sedimentological investigations
(Durán, 1996; García-García et al., 2014; Martìn-Algarra et
al., 2003; Pla-Pueyo et al., 2017; Prado-Pérez et al., 2013).
From a climatic point of view, northeastern Morocco and
Andalusia nowadays present strong similarities as they both
experience Mediterranean conditions with hot summers and
low-pressure westerlies bringing air masses from the Atlantic
which result in mean annual precipitation in excess of 100
to 250 mm yr−1 during winters and springs (Larrasoaña et
al., 2013; Lionello, 2012; New et al., 2000). It thus seems
relevant in order to expand the corpus of comparison sites to
include data from Andalusia where five phases of maximal
tufa deposition have been identified since 130 ka (Delgado
Castilla, 2007; Durán, 1996; Martìn-Algarra et al., 2003),
including both MIS 1 and MIS 5 interglacials but also the
MIS 2–MIS 1 transition and two phases during the Last
Glacial Period at around 20–25 ka (MIS 2) and around 40 ka
(MIS 3; Fig. 4).

Pleistocene deposits observed at ASI during the early
MIS 5e, then around 37–40 ka cal BP, are thus contemporane-
ous with phases of maximal tufa deposition observed in both
Spain and Morocco (Fig. 4). The youngest phase of maximal
tufa deposition at ASI has only been faintly observed in Mo-
rocco, where only a few well-dated Holocene tufa deposits
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Figure 4. Chronological distribution of tufa deposits from south-
ern Spain (Andrews et al., 2000; Delannoy et al., 1993; Delgado
Castilla, 2009; Durán, 1996; García-García et al., 2014; Martìn-
Algarra et al., 2003; Wolf et al., 2021) and from Morocco (Azen-
noud et al., 2022; Boudad et al., 2003; Depreux et al., 2021; Fal-
guères et al., 2016; Lefèvre, 1989; Mercier et al., 2009; Rousseau
et al., 2006; Weisrock et al., 2008) including ASI (this study, in
red) compared to the evolution of Greenland δ18O (North Green-
land Ice Core Project members, 2004) and Mediterranean forest at
the SW Iberian margin (MD95-2042; Sánchez Goñi et al., 2008)
during the last climatic cycle. MIS: Marine Isotopic Stage. D/O:
Dansgaard–Oeschger events (in bold). Darker grey bars highlight
the main developments of the Mediterranean forest (associated with
precession minima and high atmospheric methane concentrations,
after Sánchez Goñi et al., 2008). Lighter grey bars highlight max-
ima in tufa depositions in Spain (Durán, 1996) and in northern Mo-
rocco (Rousseau et al., 2006; Weisrock et al., 2008). Localisation of
sites is shown in Fig. 1.

have been reported (in the Moulouya basin), but has been
well identified in Spain (Fig. 4).

Under European mid-latitudes, tufa deposits are usu-
ally associated with interglacial conditions (Pentecost, 1993,
1995), but some examples show that they can rapidly develop
as soon as climatic conditions improve and before the estab-
lishment of trees in the deglaciated landscape. Less is known
about tufas in sub-tropical areas (Ford and Pedley, 1996), but
they are usually considered records of humid (pluvial) phases

(Butzer et al., 1978; Delgado Castilla, 2009; Hamdan and
Brook, 2015; Nicod, 2000).

As recorded by maxima of the Mediterranean forest in
marine cores from the SW Iberian margin and the Albo-
ran Sea, the Mediterranean climate (characterised by warm
and dry summers and especially humid winters) appears
well expressed during interglacials (MIS 1 and MIS 5e);
MIS 5 interstadials; and D–O interstadials 16–17, 8 and
7 (Combourieu-Nebout et al., 2002; Fletcher and Sánchez
Goñi, 2008; Sánchez Goñi et al., 2008, 2000). Specifically,
D–O event 8 corresponds to one of the longest and wettest
interstadials recorded in the western Mediterranean during
the glacial period (Combourieu-Nebout et al., 2002; Margari
et al., 2010; Sánchez Goñi et al., 2008).

Phases of maximal tufa deposition observed in Morocco
and southern Spain thus appear contemporaneous with these
periods of maximal development of the Mediterranean for-
est, which confirms that their chronological distribution is
mainly driven by climatic parameters (Delgado Castilla,
2007; Rousseau et al., 2006; Weisrock et al., 2008). At
ASI, tufa deposits are reported during periods when Mediter-
ranean climatic conditions, especially winter humidity, were
particularly marked, i.e. during the Holocene, the Eemian,
and D–O interglacial 8 (Sánchez Goñi et al., 2008; Shackle-
ton et al., 2004; Zielhofer et al., 2017; Fig. 4).

5.2 Comparison of intensities of the Holocene and
Eemian interglacials and D–O interstadial 8 at Aït
Said ou Idder

Climatic parameters influencing stable isotopes in modern
and Quaternary tufa deposits have been well identified (An-
drews, 2006; Andrews et al., 1997; Dabkowski et al., 2011).
Tufa calcite δ18O is directly linked to local air mass com-
position, which mainly depends on their source, rainout ef-
fects due to “continentality”, altitude or processes such as the
amount effect, and changes in the atmospheric temperature.
On the other hand, tufa calcite δ13C is influenced by biomass
type and abundance and rainfall amount (i.e. moisture avail-
ability).

The three chronological phases identified at ASI are char-
acterised by different isotopic signatures: regarding the δ13C,
sedimentary hiatuses between those phases correspond to
shifts in the carbon isotope composition of tufa, while the
δ18O shows smaller variations (Fig. 3). This remarkable ho-
mogeneity of δ18O values (Table 3) suggests no significant
difference in terms of temperature or air mass circulation be-
tween the Holocene, D–O interstadial 8 and MIS 5e. Regard-
ing carbon isotopes, D–O 8 records values close to −8 ‰
(Table 3), significantly higher than during the interglacials,
which reflect a lesser development of soil and vegetation un-
der relatively “drier” conditions during this MIS 3 intersta-
dials (Fig. 5). On the other hand, both interglacials present
δ13C values typical of a strong influence from C3 plant-/soil-
zone CO2 in δ13C (Andrews, 2006; Fig. 5), suggesting rela-
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Figure 5. Combined δ18O and δ13C plot for Aït Said ou Idder com-
pared to isotopic data available from some southern Spain tufa de-
posits. The three phases of tufa depositions are shown for ASI data,
but detailed chronological attribution is not available for Andalusian
tufa deposits (Table 4): at Frailes, two phases of tufa deposits are
dated from the Holocene and from MIS 5, respectively (see Fig. 4),
and seven unassigned samples were analysed for isotopes (García-
García et al., 2014; Pla-Pueyo et al., 2017); other Andalusian tufa
deposits are dated from the Late and Middle Pleistocene with only
two samples assigned to the Holocene at Jorox (Durán, 1996). All
Alcaraz data (Castilla–La Mancha) are from the Holocene (An-
drews et al., 2000). Ranges of carbon isotopic values related to sites
where soils are well developed or, conversely, unwooded areas are
according to Andrews (2006) and Andrews et al. (1997).

tively wet conditions. The narrower range of carbon isotope
variations recorded during MIS 5e at ASI may result from a
lower number of samples for the period (n= 11) compared to
the Holocene (n= 80; Table 3); however, considering means
and standard deviations, MIS 5e seems to record higher δ13C
values, suggesting slightly reduced moisture with regard to
the Holocene (Table 3).

These observations are consistent with the environmental
reconstructions provided by malacological investigations on
the very same profile at ASI (Wackenheim et al., 2020): mol-
lusc assemblages assigned to D–O 8 (i.e. from unit 7) sug-
gest a more open environment under drier conditions than
during the Holocene (from units 6 to 1). In the units assigned
to MIS 5e, shells are fewer but may suggest wet conditions,
similar to those observed during the Holocene.

Palaeoclimatic reconstructions obtained from a transfer
function technique on fossil pollen assemblages from marine
cores from west and east Iberia (MD95-2042 and ODP 976;
Fig. 1) suggest that temperature conditions during MIS 3
interstadials were similar to present-day (Holocene) values
(Sánchez Goñi et al., 2002) as also suggested by the ASI
δ18O record. Estimated annual rainfall is less reliable due
to methodological limits. Nevertheless, the transfer function
reconstructs annual precipitation that is similar during D–
O 8 and MIS 1 on both sides of Iberia (Sánchez Goñi et
al., 2002). However, MIS 3 interstadials, including D–O 8,
are millennial-scale events during which the development of
temperate and Mediterranean forests remained reduced with
respect to the MIS 1 and MIS 5e interglacials (Camuera et
al., 2019; Combourieu-Nebout et al., 2002; Sánchez Goñi et
al., 2000; Fig. 4). As the moisture signal recorded by tufa
δ13C partly depends on the biomass abundance, the higher
carbon isotopic values observed at ASI during D–O 8 could
reflect the lesser development of the forest cover while the
rainfall amount and other moisture factors are consistent with
those from interglacial periods.

Comparing the Holocene and MIS 5e interglacials, a
compilation of continental and marine palaeoenvironmen-
tal records from North Africa and the surrounding areas
suggests that mean annual precipitation in Mediterranean
Africa, including northern Morocco, was higher than in
the present day at both 6–10 and 122–128 ka cal BP (up
to 1000 mm yr−1, while present-day mean annual precipita-
tion is ≤ 500 mm yr−1) (Larrasoaña et al., 2013). At the re-
gional scale, the palynological data from a long core from
the Padul wetland (Andalusia) suggest warmer and/or wet-
ter conditions during the last interglacial compared to the
Holocene (Camuera et al., 2019), as in other pollen records
from the Mediterranean regions (e.g. Djamali et al., 2008;
Litt et al., 2014; Tzedakis and Bennett, 1995). In detail, these
different climates may result from strong differences in sea-
sonality: explicitly more marked summer droughts but higher
winter precipitation during the last interglacial (Camuera et
al., 2019).

The growth of tufa deposits is by nature linked to wa-
ter availability (Pentecost, 2005); tufa deposition is thus
likely to be reduced during dry summers but favoured by
autumn/winter rainfall. However, δ13C data from ASI are
not consistent with those observations as they rather sug-
gest no difference or even slightly drier conditions during
MIS 5e compared to the Holocene. We notice that such
strong MIS 5e seasonality may also affect the δ18O signal
through the “amount effect” (concentration of precipitation
during the wet/cool season) and the seasonal growth of tufa
deposition, both of which would lead to the selective record
of winter (cool) temperature conditions. In this case, the
record of warmer (summer) MIS 5e conditions (as observed
in the Padul record) in ASI δ18O would be dampened.
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5.3 Comparison with Spanish data

Isotopic data are also available from some tufa deposits from
southern Spain (Figs. 1 and 5). The Alcaraz tufa deposits in
Castilla–La Mancha have been clearly assigned to the Mid-
dle Holocene based on pollen and mollusc data and on two
radiocarbon dates (Andrews et al., 2000). At least part of the
Alcaraz deposits is contemporaneous with those from ASI
(Fig. 4).

Unfortunately, the chronological attribution of the isotopic
data available in Andalusia is less precise: the authors pro-
vide a chronology based on U–Th dating of several phases
of tufa development in the area (Fig. 4) but have not clearly
discriminated the geochemical samples according to those
phases (Durán, 1996; García-García et al., 2014); i.e. each
sample cannot be specifically assigned to a period. Data from
Andalusian tufas shown in Fig. 5 are dated from the Late
and Middle Pleistocene (Table 4), mostly from MIS 5 except
in the Tolox–Yunquera–Jorox area, where more than half of
the samples are older than 300 ka (Table 4). Only two sam-
ples, at Jorox, are assigned to the Holocene (Durán, 1996).
At Frailes, tufa developed during MIS 5 (around 100–110 ka)
and then during the Early Holocene, but the specific chrono-
logical attribution of the seven samples analysed at this site is
not given (García-García et al., 2014; Pla-Pueyo et al., 2017).

As at ASI, most δ13C values from southern Spain range
between ca. −10 ‰ and −8 ‰, whatever their age, which
demonstrates a strong influence from C3 plant-/soil-zone
CO2 (Andrews, 2006; Fig. 5) and suggests relatively wet con-
ditions. Carbon isotope values from Frailes are higher (up to
−6.35 ‰; Pla-Pueyo et al., 2017) but remain close to those
prevailing at ASI during D–O 8, never reaching values typ-
ical of unwooded areas (Fig. 5). On both sides of the west-
ern Mediterranean, there is thus no evidence of strong aridity
that would have led to evaporation processes and less neg-
ative δ13C values in tufa (Andrews, 2006). This is strongly
consistent with the prior assumption that, in pluvial and sub-
tropical areas, tufa deposits are observed during humid (in-
terglacial or interstadial) phases (Butzer et al., 1978; Delgado
Castilla, 2009; Depreux et al., 2021; Hamdan and Brook,
2015; Nicod, 2000).

Regarding δ18O values, larger variations are observed. Al-
caraz (Holocene) oxygen data are roughly similar to those
from ASI (typically between −7.5 ‰ and −6.7 ‰; Andrews
et al., 2000). At Frailes, δ18O values remain close to those
from ASI (ranging from −6.70 ‰ to −5.67 ‰; Pla-Pueyo
et al., 2017), but those from Pleistocene Andalusian tufa de-
posits studied by Durán (1996) are significantly higher, what-
ever their age (Fig. 5). In the Tolox–Yunquera–Jorox area,
where a majority of analysed samples are older than 300 ka
(Table 4), δ18O values are the highest and reach up to−4.2 ‰
(Fig. 5; Durán, 1996).

Using the Online Isotopes in Precipitation Calcula-
tor (OIPC; Bowen, 2022; Bowen and Revenaugh, 2003;
IAEA/WMO, 2015), extrapolations of the mean annual δ18O

for modern precipitation are −7.8± 0.2 ‰ at ASI, −8.1±
0.3 ‰ at Alcaraz and−7.2±0.3 ‰ at Frailes, and they range
between ca.−6 ‰ and−5.5 ‰ at other Andalusian sites. The
rainfall water δ18O values are thus similar at ASI, Frailes and
Alcaraz but are up to 3 ‰ higher at Andalusian sites studied
by Durán (1996), the same amplitudes as observed in tufa
δ18O (Fig. 5).

ASI, Frailes and Alcaraz are all at relatively high altitude
(> 975 m a.s.l.), while the other tufa deposits studied in An-
dalusia are below 500 m a.s.l. Tufa δ18O values decreasing
with altitude have been similarly observed at Alpine sites;
the combined effects of the progressive rainout of air mass
and condensation of water at high altitude result in lower
rainfall δ18O (Andrews et al., 1997). Consequently, the lower
δ18O values observed at ASI, Frailes and Alcaraz are likely
to reflect orogenic effects. Furthermore, with the lack of pre-
cise chronological attribution of δ18O data from Andalusia,
whether or not Pleistocene interglacials were warmer com-
pared to the Holocene in Spain cannot be solved, in contrast
with Morocco where a remarkable consistency is recorded at
ASI between MIS 5, D–O 8 and the Holocene.

6 Conclusion and further remarks

Tufa chronological distribution in the southwestern Mediter-
ranean area is mainly driven by climatic parameters: tufas are
characteristic of humid (interglacial or interstadial) phases.
At Aït Said ou Idder and more generally in both Morocco and
southern Spain, phases of maximal tufa deposition appear
indeed contemporaneously with periods of maximal devel-
opment of the Mediterranean forest. Additionally, ASI δ13C
values show no evidence of evaporation processes that may
result from strong aridity, which is similarly observed in tufa
deposits from Andalusia. However, we may notice that no
tufa deposit is reported during D–O 16–17, neither in Mo-
rocco nor in southern Spain, while one of the strongest de-
velopments of the Mediterranean forest is recorded during
this event (Fig. 4). This questions the relationship between
tufa deposits and both the duration and the seasonality of hu-
mid periods: some humid events might be too short to allow
the onset of tufa deposition, and/or contrasting seasons are
not favourable to it.

No significant difference in terms of temperature or air
mass circulation is observed in the Middle Atlas between the
Holocene, D–O interstadial 8 and MIS 5e, according to ASI
oxygen stable isotopes. Regarding moisture conditions, D–
O 8 is marked by a lesser development of soil and vegeta-
tion as conditions were drier than during MIS 1 and MIS 5e.
During both these interglacials, wet conditions are recorded
according to ASI δ13C, but MIS 5e could be slightly less
wet than the Holocene. However, comparisons with regional
(marine and continental) climatic records suggest that this
observation might actually reflect stronger seasonality dur-
ing MIS 5e. Such diachronic comparison cannot be extended
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Table 4. Number of samples analysed for stable isotopes in Andalusia and their chronological distribution according to Durán (1996),
García-García et al. (2014) and Pla-Pueyo et al. (2017).

> 300 ka MIS 7 MIS 5 MIS 3 MIS 2 MIS 1 Total
samples

Alhama and Tejeda–Almijara 5 6 2 13
Sierra des Mijas 1 4 5 2 12
Tolox, Yunquera and Jorox 32 18 1 2 53
Frailes ? ? 7

Total 33 9 ≥ 29 2 3 ≥ 2 85

to Morocco and southern Spain yet, nor can comparison be-
tween both sides of the Strait of Gibraltar be made because
of the lack of well-dated isotopic data from tufa deposits in
the area.

Our preliminary investigations thus demonstrate that cal-
careous tufa deposits have strong potential to feed discus-
sions on climate variability, at different scales of space and
time, in the southeastern Mediterranean area where they ap-
pear to be well represented. However, new dates and new
isotopic data are required from both already known sites and
newly investigated sequences.
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Abstract: The aim of this study is to check the validity of luminescence ages obtained from last glacial–
interglacial Polish loess palaeosol sequences (LPSs) by several established current protocols, with
respect to sound geomorphological and chronostratigraphic interpretations. We report 38 new opti-
cally stimulated luminescence (OSL) ages from fine-grained (4–11 µm) quartz separates extracted
from four loess palaeosol sequences in Poland, measured in the Bayreuth Luminescence Laboratory,
Germany. The investigated sections are situated in Lower Silesia in the southwest (Zaprężyn, Trzeb-
nica Hills, and Biały Kościół, Strzelin Hills), the Sandomierz Upland (Złota) in central Poland, and the
Volhynian Upland (Tyszowce) in the east, allowing for regional comparison. From one Silesian section
(Biały Kościół) 12 new post-infrared infrared stimulated luminescence (pIRIR) ages are presented in
addition to the quartz ages of identical sample material. The obtained ages are compared to already
published independently elaborated middle-grain (45–63 µm) and coarse-grain (90–125 µm) quartz
ages and pIRIR ages from fine grains produced in the Gliwice Luminescence Laboratory (Poland).
This comparison shows that in many cases the middle- and coarse-grain quartz ages underestimate
the fine-grain quartz ages, but a general rule has not been able to be established so far, likely due
to different geological origin of the quartz grains. Even fine-grain quartz ages ≥∼ 50 ka may be un-
derestimated with respect to lithostratigraphic expectations. For pIRIR ages, however, no evidence
for age underestimates has been found in the studied sections, but they are more easily prone to age
overestimates due to unknown residual doses at deposition in a periglacial environment.

Basic agreement between the luminescence-based chronologies elaborated in the two involved lab-
oratories can be stated for the first time in contrast to other previous studies. The observed age differ-
ences are, however, critical for the accurate time bracketing of geomorphologic and pedostratigraphic
features such as ice wedging, thermokarst erosion events, and interstadial soil formations and for
their attribution to marine isotope stages. Alternative interpretations are discussed including possible
periglacial mirroring of pre-LGM ice advances (Ristinge and Klintholm advances) in the southwestern
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Baltic Sea area. The uncertainty in luminescence ages from pre-Holocene loess due to fossil ice dur-
ing permafrost conditions is the major systematic error source which will be addressed but at present
is far from an unambiguous solution. The present study focuses on a complex of interstadial soils now
labelled L1SS1 and on harsh periglacial climate afterwards and before, yielding some unexpected
results for the timing of ice wedging and thermokarst processes. In order not to leave the users alone
with the decision about the most credible dating, the suggested way forwards is to simultaneously ap-
ply various luminescence dating protocols including different quartz grain sizes and pIRIR from fine
polymineral grains, as an honest approach to reliable time bracketing of geomorphological processes
and stratigraphic events under debate. A refinement of this approach remains challenging as far as the
sole reliable dating protocol is not ensured.

Kurzfassung: Das Ziel dieser Studie ist die Überprüfung der Aussagekraft von Lumineszenzaltern aus Löss-
Paläoboden-Sequenzen (LPS) des letzten Glazial-Interglazialzyklus in Polen, welche durch ver-
schiedene etablierte aktuelle Protokolle erzielt wurden, unter Berücksichtigung gut fundierter geomor-
phologischer und chronostratigraphischer Interpretationen. Wir präsentieren 38 neue OSL-Alter von
feinkörnigen (4–11 µm) Quarz-Separaten aus vier LPS in Polen, die im Lumineszenzlabor in Bayreuth
(Deutschland) gemessen wurden. Die untersuchten Profile liegen in Niederschlesien (Zaprężyn,
Trzebnica Hügelland und Biały Kościół, Strzelin Hügelland), im Sandomierz Oberland (Złota), und
im Wolhynischen Oberland (Tyszowce) im Osten, wodurch auch regionale Vergleiche ermöglicht wer-
den. Von einem schlesischen Profil (Biały Kościół) werden zusätzlich zu den Quarz-Altern 12 neue
pIRIR-Alter vom identischen Probenmaterial mitgeteilt. Die erzielten neuen Alter werden mit bere-
its publizierten unabhängig erarbeiteten Quarz-Mittelkorn- (45–63 µm) und Quarz-Grobkorn- (90–
125 µm) Altern aus dem Lumineszenz-Labor in Gliwice (Polen) verglichen. Dieser Vergleich zeigt,
dass in vielen Fällen die Mittelkorn- und Grobkorn-Quarzalter die Feinkorn-Quarzalter unterschätzen.
Aber eine generelle Regel kann noch nicht erstellt werden, vermutlich aufgrund unterschiedlicher
geologischer Herkunft der Quarzkörner. Selbst Quarz-Feinkornalter ≥∼ 50 ka können in Bezug auf
lithostratigraphische Erwartungen unterschätzt sein. Für pIRIR-Alter wurden jedoch in den unter-
suchten Profilen keine Hinweise auf Unterschätzung gefunden, sie sind hingegen eher anfällig für
Altersüberschätzungen aufgrund unbekannter Residual-Dosen (Restalter) bei Ablagerung in einem
periglazialen Milieu.

Grundsätzliche Übereinstimmung zwischen den Lumineszenz-basierten Chronologien aus den bei-
den involvierten Laboratorien kann erstmals – im Gegensatz zu früheren anderen Studien – fest-
gestellt werden. Die beobachteten Altersunterschiede erweisen sich jedoch als kritisch für eine exakte
zeitliche Eingrenzung geomorphologischer und pedostratigraphischer Merkmale wie Eiskeilbildun-
gen, Thermokarst-Erosionsereignisse und interstadiale Bodenbildungen sowie deren Zuordnung zu
Marinen Isotopen-Stadien. Alternative Interpretationen werden diskutiert einschließlich periglazialer
Spiegelung von Prä-LGM-Eisvorstößen (Ristinge und Klintholm-Vorstöße) im Gebiet der südwest-
lichen Ostsee. Die Unsicherheit von Lumineszenz-Altern aus prä-Holozänem Löss aufgrund fossilen
Bodeneises während periglazialer Verhältnisse stellt die bedeutendste systematische Fehlerquelle dar,
die näher angesprochen wird aber noch weit von einer unzweideutigen Lösung entfernt ist. Die vor-
liegende Studie fokussiert auf einen Komplex von Interstadialböden, der jetzt als L1SS1 bezeich-
net wird, sowie auf harsche periglaziale Klimabedingungen davor und danach, und führt zu eini-
gen unerwarteten Ergebnissen für die Zeitstellung von Eiskeilbildungen und Thermokarst-Prozessen.
Um die Anwender nicht alleine zu lassen mit der Entscheidung über die glaubwürdigste Datierung
wird für den Weg vorwärts vorgeschlagen, simultan verschiedene Lumineszenzdatierungs-Protokolle
anzuwenden einschließlich unterschiedlicher Quarz-Korngrößen und pIRIR an der polymineralischen
Feinkornfraktion. Dieser Weg stellt den aufrichtigen Versuch dar, eine verlässliche zeitliche Eingren-
zung in Frage stehender geomorphologischer Prozesse und stratigraphischer Ereignisse vorzunehmen.
Eine Verfeinerung dieses Ansatzes bleibt eine Herausforderung solange ein einzig verlässliches
Datierungsprotokoll nicht abgesichert ist.
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1 Introduction

The European loess belt, extending from northern France to
the Caspian Lowland (Haase et al., 2007; Antoine, 2013),
is split into a northern and a southern branch by the Central
European Uplands and the Carpathian Mountains. Whereas a
largely conclusive and elaborate chronostratigraphy of loess
palaeosol sequences (LPSs) for the last interglacial–glacial
cycle was already available for the southern branch and the
western part of the northern branch (Antoine et al., 2015;
Fuchs et al., 2013; Moine et al., 2017; Rousseau et al., 2017),
gaps of knowledge concerning the chronology persisted for
the rest of the northern branch, in particular for areas east
of the Rhine. The international workshop “Closing the gap
– North Carpathian loess traverse in the Eurasian loess belt”
held in Wrocław, Poland, in 2011 (Jary, 2011) brought to-
gether loess experts from many European countries and from
the USA. It aimed at addressing pending problems in Euro-
pean loess chronostratigraphy. Due to the proximity to the
maximum extent of the last glacial Scandinavian Ice Sheet
(SIS), the northern branch is expected to be best suited for
investigating the impact of temporal SIS dynamics on lithos-
tratigraphic and pedostratigraphic characteristic features of
LPSs off the ice margin. Considering the differentiation be-
tween the global LGM and regional LGM (Hughes et al.,
2013) as well as the ice dynamics in the SW sector of the SIS
(Lüthgens et al., 2020), a premature correlation with marine
isotope stages (MISs) should be set aside to avoid jumping
to conclusions.

Last glacial loess in southwestern Poland (Silesia) was de-
posited closer to the maximum ice advance of the Scandina-
vian Ice Sheet (SIS) than in the eastern part of Poland. The
Odra ice lobe in particular reached quite far south in the Ger-
man state of Brandenburg (Brandenburg stage) and in west-
ern Poland (Leszno stage; see Marks, 2005, 2011). Even if
there is now luminescence dating evidence that the regional
last glacial maximum (R-LGM; cf. Hughes et al., 2013) pre-
dates the global LGM by several thousand years (Lüthgens
and Böse, 2011; Hardt et al., 2016), it can be expected that
witnesses of harsh periglacial climate such as ice wedge net-
works are more probably found in ice-proximal than in distal
loess. This instance is of special interest and advantageous
for geomorphology, palaeoclimatology and loess stratigra-
phy. A disadvantage, however, is the fact that brutal collapse
of ice wedge networks linked to permafrost decay (Murton,
2001) induces intense thermokarst erosion events in loess
sequences (Antoine, 2013; Antoine et al., 2014). Such pro-
cesses, already evidenced for the northern loess belt branch
in western European LPSs (Antoine et al., 2015), lead to ma-
jor erosional unconformities and, thus, to stratigraphic gaps,
easily causing misinterpretations of the timing of those pro-
cesses. Similar periglacial features are to be expected in Pol-
ish loess and will be one focus of this contribution.

Thermoluminescence (TL) and optically stimulated lumi-
nescence (OSL) dating have been widely applied to loess in

Poland since the work by Butrym and Maruszczak (1983).
At the end of the last century TL loess chronostratigra-
phy in Poland was well correlated with the marine record
(Maruszczak, 1991, 2001), but these results have often been
inconsistent with OSL ages (see review by Moska and
Bluszcz, 2013). Luminescence dating methods applied to
sediments are based on the accumulation of ionizing radia-
tion damage in mineral grains after the last resetting of the
latent (inherent) signal. In sediments resetting occurs by ex-
posure to daylight (e.g. Preusser et al., 2008). Sources of er-
ror in luminescence dating are manifold, but before they can
– perhaps – be eliminated, they must be detected and ad-
dressed. The main systematical error sources for sediments
include incomplete resetting at deposition and the approxi-
mation of a representative past water content since burial.

Furthermore, redeposition of loess beds by gelifluction
lobes (and also hillwash processes) in periglacial environ-
ments poses a major problem for luminescence dating, as
geliflucted material consists of a mixture of optically reset
(bleached) and unbleached components or even completely
unbleached older loess-like sediments (Zöller, 1989). In nar-
row sections, the unconformities of such beds are often hard
to detect and easily cause misinterpretations. Radiocarbon
dating of buried organic material may also suffer from such
problems, besides other complications affecting radiocarbon
dating of loess beds, for example, post-burial C-isotope ex-
change (e.g. Gocke et al., 2010; Scheidt et al., 2021). In this
contribution we present new optical dating results from im-
portant loess sections in Poland.

For stratigraphic orientation we use the system re-
cently proposed for last glacial Polish loess by Jary and
Ciszek (2013) and later modified by Marković et al. (2015),
discriminating between four major units within the last
interglacial–glacial cycle (from bottom to top, with S for soil,
L for loess, and L1SS1 denoting the interstadial soil com-
plex): S1, L1LL2, L1SS1, and L1LL1. Most of the sections
worked on here have already been dated by Piotr Moska (Gli-
wice) in the past few years. Some problems were, however,
found, among them an apparent grain size dependency of
ages obtained from quartz grains (coarse silt and sand frac-
tions). In the Bayreuth Luminescence Laboratory, only the
fine-grain fraction (4–11 µm) was used for dating, following
experiences by Kreutzer et al. (2012). The dating results will
be compared, and divergences beyond 1σ errors will be dis-
cussed in view of the ages expected from lithostratigraphy.

We present optical dating results (OSL from quartz grains,
post-infrared infrared stimulated luminescence (pIRIR) from
fine polymineral grains) originating from LPSs in Silesia (Bi-
ały Kościół in the Strzelin Hills south of Wrocław, Zaprężyn,
in the Trzebnica Hills north of Wrocław), Złota near San-
domierz and the river Vistula (Wisła), and Tyszowce in the
Volhynian Upland southeast of Lublin (Fig. 1). The spatial
context of the investigated sites and the ice advances of the
last glacial (Vistulian) SIS can be seen in Fig. 2. With the ex-
ception of the Zaprężyn site, luminescence dating results ob-
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Figure 1. Loess map of Poland, with locations of investigated sites framed by black rectangles (from Jary et al., 2011, modified).

Figure 2. Limits of the major glacial phases during the Late Vistulian in Poland and spatial context of the loess belt.

tained in Gliwice have been published in recent years (Moska
et al., 2011, 2012, 2015, 2017, 2018, 2019) including detailed
site descriptions, whereas the ages obtained in Bayreuth have
not been published so far. It should be noted that the two
luminescence laboratories did not work on identical shared
sample material, but with the exception of the lower part of

the Tyszowce site, the sampling points could be correlated
well, based on the lithostratigraphic subdivisions. Neverthe-
less, the present study offers a good opportunity to jointly
compare and discuss luminescence dating results obtained in
different laboratories.
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2 Material and methods – luminescence dating

This contribution deals with chronostratigraphic problems
and palaeoclimate-triggered geomorphological site forma-
tion of the investigated sites with loess exposures. Numerous
other investigations have been carried out into lithostratigra-
phy, grain size variations, periglacial features, and geochem-
istry, which can be mentioned only briefly here with the rel-
evant literature. Some radiocarbon ages are also mentioned
but without further going into details of their reliability and
specific problems.

Instead, this study deals mainly with the application of var-
ious established luminescence dating techniques. First of all,
OSL dating of quartz is presented because feldspars are of-
ten affected by so-called anomalous fading of their lumines-
cence signal, resulting in age underestimation (Preusser et
al., 2008). Whereas the Gliwice laboratory has executed OSL
dating mainly of middle-grain (45–63 µm) but also coarse-
grain (90–125 µm) quartz separates, the Bayreuth laboratory
contributes OSL fine-grain quartz ages, both laboratories us-
ing the single-aliquot regeneration (SAR) method (Murray
and Wintle, 2000). The rather low natural dose saturation
level of quartz OSL, however, limits the dating range of
loess to ca. 100 ka or less. It was demonstrated that the post-
infrared infrared stimulated luminescence (pIRIR) method
can reduce anomalous fading significantly and, thus, extend
the age range of IRSL dating far beyond the saturation limit
of quartz (Thiel et al., 2011; Murray et al., 2013). Therefore,
testing this method on the fine-grain feldspar-bearing frac-
tion of Polish loess is recommendable.

2.1 Sampling and sample processing

Both involved laboratories use a very similar sampling pro-
cedure for unconsolidated rocks such as loess. A steel tube
with an inner diameter of 40 mm (Gliwice) or more (50
to 60 mm, Bayreuth) is hammered horizontally into a well-
cleaned vertical part of the exposure. After pulling or dig-
ging out the filled cylinder under shadow, both ends are im-
mediately sealed with light-tight caps and taped. Additional
material is taken from the hole for dosimetry and moisture
measurements and sealed in airtight plastic bags. Some sam-
ples of more condensed layers for the Bayreuth laboratory
were, however, cut as blocks with ca. 10 cm length edges and
wrapped to be light-tight.

In the dark laboratory under subdued red light (in the
Bayreuth laboratory 640± 42 nm; no wavelengths are given
for the Gliwice laboratory) the cylinders and the blocks were
opened and the outer 1 to 2 cm thick rims which may have
seen some light during sampling were removed. It was thus
assured that only material completely unexposed to daylight
during sampling was processed for luminescence measure-
ments. In the Bayreuth laboratory the removed sediment was
later used for thick-source alpha counting (TSAC, for U and

Th contents) and for ICP-OES (for K content) because it was
situated closest to the further-processed sample material.

Further sample processing (sieving, chemical pretreat-
ment, grain size separation, mineral separation) was han-
dled slightly different in both laboratories, which did not
affect, however, the aim to receive well-defined grain size
classes and mineral separates. The procedures executed in
the Gliwice laboratory are mentioned in the cited publica-
tions, for example, in Moska et al. (2015); those applied in
the Bayreuth laboratory are described, for example, in Fuchs
et al. (2013) or in Zöller et al. (2014). In Bayreuth unlike in
Gliwice the fine-grain quartz fraction (4–11 µm) was mea-
sured by OSL and much attention had to be given to obtain
pure quartz in this fraction by etching it for a minimum of
7 d in hydrofluoric acid (H2SiF6). The purity of the quartz
enrichment was checked by IRSL measurements.

2.2 Luminescence measurements and data processing
in the Bayreuth laboratory

OSL measurements to determine the equivalent dose (De)
of fine-grain quartz separates were carried out on two
Risø TL/OSL DA-15 readers, equipped with blue LEDs
(470± 30 nm) for stimulation; a Thorn EMI 9235 QA photo-
multiplier combined with a Hoya U340 7.5 mm filter (290–
370 nm) for detection; and a 90Sr / 90Y β source (0.75 and
1.48 GBq, respectively) for irradiation, delivering a dose rate
of 2.72 Gy min−1 to fine grains on aluminium discs for the
Risø reader with the 0.75 GBq β source and 9.14 Gy min−1

for the Risø reader with the 1.48 GBq β source (reference
date August 2010; cf. Fuchs et al., 2013, recalculated for
the respective date of irradiation using the decay constant of
90Sr). OSL decay curves were measured for 40 s at elevated
temperatures (125 ◦C), using a cut heat for the test dose of
220 ◦C (same as preheat). Based on dose recovery and pre-
heat plateau tests, a preheat temperature of 220 ◦C was cho-
sen for the natural and regenerated OSL signals. For further
processing OSL signals were integrated from the first 0.6 s of
the decay curve minus a background averaged from the last
7.5 s.

For IRSL measurements the same readers were used but
with infrared LEDs (850 nm – main peak) for stimulation
and a 3 mm Chroma Technology D410/30× interference
filter, restricting the detection window to the blue-violet
wavelength band. For the fine-grain polymineral fraction of
12 samples from the new profile at Biały Kościół (2018),
we used the pIRIR290 protocol adopted from Murray et
al. (2013; see Table 1). The first 0.6 s (first six channels) of
the shine-down curves was evaluated for De determinations,
and the segments from 150 to 200 s were used as background.
Differently from Moska et al. (2019) no subtraction of an
experimentally approximated residual background dose was
executed (cf. Murray et al., 2013). The sequences are sum-
marized in Table 1.
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Table 1. Sequence of pIRIR290 (left) and OSL (right) measurements.

pIRIR Quartz OSL

Step Treatment Observed Step Treatment Observed

1 Dose 1 Dose
2 Preheat, 60 s at 320 ◦C 2 Preheat, 10 s at 220 ◦C
3 IR stimulation, 200 s at 50 ◦C Lx 3 OSL, 40 s at 125 ◦C Lx
4 IR stimulation, 200 s at 290 ◦C Lx 4 Test dose
5 Test dose 5 Cut heat to 220 ◦C
6 Preheat, 60 s at 320 ◦C 6 OSL, 40 s at 125 ◦C Tx
7 IR stimulation, 200 s at 50 ◦C Tx 7 Return to step 1
8 IR stimulation, 200 s at 290 ◦C Tx
9 Return to step 1

The program Analyst version 4.31.9 (Duller, 2015) was
used for processing and evaluation of OSL and IRSL data.
Regenerated growth curves were fitted to a single exponen-
tial saturation function. Plots of OSL decay curves and regen-
erated growth curves for three samples (fine quartz grains)
from the Biały Kościół section (BT 1672, BT 1673, and
BT 1675) are shown in Fig. S4 in the Supplement, and a
plot with preheat plateau test and recuperation for BT 1675
is shown in Fig. S5.

2.3 Dosimetry

U and Th concentrations were calculated from thick-source
alpha counting (TSAC) after powdering following Zöller and
Pernicka (1989) and after sealing the sample holders for
a minimum of 3 weeks. A Littlemore TSAC system 7287
with three photomultiplier heads standing in a dark quasi-
thermoconstant cellar room was used. Total counts reached
a minimum of ca. 4000 events including slow and fast pair
counts, allowing for ca. 10 % accuracy of calculated U and
Th concentrations. Secular equilibrium of the U and Th de-
cay chains was assumed for the samples consisting of loess
or loess-derived sediments. The TONY standard (Zöller and
Pernicka, 1989) was counted regularly in all three photomul-
tiplier heads and was always found to be within ±3 % of the
default count rate.

K concentrations were measured by ICP-OES in the
BayCEER central laboratory at the University of Bayreuth.
In the Gliwice laboratory high-resolution gamma spectrome-
try (HPGe detector) was used for determining activities of U
and Th decay chains and 40K, and conversion factors to the
dose rate were by Guérin et al. (2011). Due to the large dry
sample mass of 800 g (Marinelli beaker geometry), gamma
emissions at very low energies are not resolved with an ac-
curacy necessary to detect radioactive disequilibrium.

2.4 Age calculation

Luminescence ages were calculated using the program
ADELE v2015 021a beta which was a test version of the

recently released ADELE v2017 (Degering and Degering,
2020). It includes calculation of cosmic dose rates and dose
conversion rates updated by Guérin et al. (2011). The de-
termination of the alpha-efficiency factor (a value) for fine
grains is unjustifiably consuming machine time. Therefore,
a values for larger sets of Pleistocene samples are increas-
ingly adopted from the literature with rather wide error bars.
An a value of 0.035± 0.005 was taken for the OSL of fine-
grain quartz samples (Lai et al., 2008) and 0.1± 0.01 for
the pIRIR290 of fine-grain samples (cf. Kreutzer et al., 2014,
for pIRIR225), but pIRIR290 ages were also calculated with
0.085± 0.01 (cf. Schmidt et al., 2018). We decide, however,
in favour of the a value of 0.1± 0.01 for the time being over
the suggestion of Schmidt et al. (2018) (see below in Sect. 3,
Results).

Moisture contents ranging between 11 % and 23 % were
taken from measurements of bags sealed in the field as far as
the wet unit weight could be dug up; otherwise 15± 5 % was
inserted. Moisture contents used for age calculation are also
listed in Table S1 in the Supplement. Higher soil moisture ab-
sorbs more of the energy of ionizing irradiation than low soil
moisture, which is strongest for alpha particles, less for beta
radiation, and even less for gamma radiation (Aitken, 1998).
A lower moisture content used in the age equation will there-
fore yield a lower apparent age and vice versa. The prob-
lem of representative past moisture content needs a critical
evaluation for two reasons. Pleistocene loess was deposited
under climatic and environmental conditions quite different
from Holocene ones. The climate during loess formation in
central Europe was most of the time dryer and cooler than
at present with an impact on mean annual to centennial soil
moisture. Overall lower precipitation may, however, at least
partially been counterbalanced by lower evapotranspiration.
Furthermore, the last glacial–interglacial cycle experienced a
number of climatic fluctuations at a periodicity comparable
to Dansgaard–Oeschger cycles or even faster (Rousseau et
al., 2017; Moine et al., 2017). The greatest problem concern-
ing past soil moisture is posed by occurrence of permafrost,
which can produce ice lensing and, thus, water and/or ice
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oversaturation at a micro-scale to local scale for tens to sev-
eral thousands of years in the research area (probably longer
in higher latitudes). With respect to the diameter of the sam-
pling tubes, ice lensing on a millimetre scale is not as severe
as the formation of tabular ice many centimetres to decime-
tres thick, and most problematic are thick ice wedges. Even
if the persistence of ice lenses and wedges may have lasted
only a few per cent to 10 % of the total time span cover-
ing the last glacial cycle, the impact on water/ice content
of the ground due to oversaturation may not be negligible.
But the effect on the dose rate and, thus, on the lumines-
cence age cannot be quantified; it can only be estimated to
the best of one’s knowledge. For this reason it is honest to
assume higher-than-usual error limits for moisture content in
the error calculation of a luminescence age. Soil scientists
and palaeopedologists can give helpful advice to set limits
for minimum and maximum water saturation of loess soils in
the field. Systematic OSL dating studies in loess areas with
actual permafrost, for example, Alaska or Siberia, may be a
propellant to a better understanding of the problem.

3 Results

For all of the four LPS sections the new luminescence ages
from the Bayreuth laboratory will be presented first. Analyt-
ical data and ages are given in Table S1. Obtained ages are
then compared with already-available ages from the Gliwice
laboratory, except for the Zaprężyn section (OSL ages not yet
published).

3.1 The Silesian key section – Biały Kościół

The loess section is located near the village of Biały Kościół,
on the western slope of the Oława valley (50◦43′38.73′′ N,
17◦01′ 29.57′′ E) at about 180 m a.s.l. Already in 2014 three
test samples for the Bayreuth laboratory (BT 1482, BT 1483,
and BT 1484 – violet in Fig. 3) were taken by Ludwig Zöller
and Zdzisław Jary at a depth between ca. 4.4 and 5.7 m from
the older exploratory excavation (2009), from which the sam-
ples for the Gliwice laboratory had also been taken some
years before, but those three samples will not be further dis-
cussed. As this dig was severely endangered by collapses, a
new dig was created by Zdzisław Jary and his team in 2017
and 2018, 6 m aside from the older one. Lithostratigraphic
units could be followed from the older to the new dig; the
“upper younger loess” L1LL1 is, however, a few decimetres
thicker in the new dig. For optical dating between 3.7 and
9.5 m depth of the new section, 12 samples were extracted in
June 2018.

Litho- and pedostratigraphic units are described in detail
in Moska et al. (2019) together with physical and chem-
ical soil properties. Dating results from fine quartz grains
(OSL) and from fine polymineral grains (pIRIR290) obtained
in Bayreuth are shown in Fig. 3 (with an age–depth plot; see
also Fig. S3); those obtained in Gliwice are shown in Fig. 4.

Analytical results for the samples dated in Bayreuth are given
in Table S1.

Quartz ages (4–11 µm) from Bayreuth are in stratigraphic
order within their 1σ uncertainties. An arrangement in
groups is obvious: (i) from L1LL1 (BT 1679) to the upper
part of L1SS1 ranging from ca. 25 to ca. 35 ka, (ii) the L1SS1
lower brownish part and L1LL2 around ca. 60 ka, (iii) the up-
per part of the S1 complex at ca. 75 ka, and (iv) the lower part
of the S1 complex at 112± 8.6 ka (Figs. 3 and S3 left).

Fine-grain polymineral ages (pIRIR290) obtained in
Bayreuth (PM) were calculated with an a value of 0.1± 0.01
since evidence for a positive correlation between the IRSL
stimulation temperature and height of the a value was ob-
served (Kreutzer et al., 2014). The complex of problems
when using a common a value was, however, outlined
by Schmidt et al. (2018). Following their suggestion the
pIRIR290 ages were recalculated using 0.085± 0.01, result-
ing in 4 % to 5 % higher ages, but so far there has been
no proof of the trueness of this value, and the a-value de-
terminations of Kreutzer et al. (2014) predominantly origi-
nate from Saxonian loess in the proximity of Lower Silesia.
Therefore, in Fig. 3 only the pIRIR290 ages for a= 0.1 are
plotted. But for both a values, calculated ages are listed in
Table S1. The pIRIR290 ages are in stratigraphic order within
their 1σ uncertainties, and for samples extracted from the
L1LL1 loess (BT 1677 to BT 1679), they agree within er-
ror bars with the quartz ages. But from samples taken within
the L1SS1 palaeosol or deeper pIRIR290 ages are signifi-
cantly older than the quartz ages. For sample BT 1676 the
significant overestimate of the pIRIR290 age (40.2± 3.4 ka)
referred to the quartz age (28.0± 1.8 ka) is most likely due
to incomplete bleaching of pIRIR290 because this sample
originates from reworked L1SS1 material, as is visualized in
Fig. 3. An arrangement in groups is obvious (Figs. 3b and S3
right): (i) L1LL1 to L1SS1 from ca. 27 to ca. 45 ka, (ii) the
L1SS1 lower brownish part and L1LL2 at ca. 70 ka, (iii) the
upper part of the S1 complex at ca. 100 ka, and (iv) the lower
part of the S1 complex at > 300 ka. Although the apparent
pIRIR290 age of the lowermost sample BT 1668 needs to be
verified (because of dose saturation, only 4 of 15 aliquots
were suitable, and also due to possible dose overestimation
described by Avram et al., 2020), it points to a very long hia-
tus within the S1 complex. IRSL decay curves and a dose–
response curve of a suitable aliquot are shown in Fig. S6.
Another but not so long-lasting hiatus is apparent within the
grey and the brownish part of L1SS1 from both fine-grain
quartz and fine-grain polymineral ages. L1SS1 as character-
ized in Moska et al. (2019) appears therefore as a pedocom-
plex or a complex like in Saxonian loess (cf. Meszner et al.,
2013). This ca. 25 kyr long hiatus within L1SS1 is also ap-
parent from the pIRIR290 ages.

Ages obtained by the pIRIR290 protocol become signifi-
cantly older than quartz ages from sample BT 1676 (top of
L1SS1) downwards. This systematic behaviour of ages can
hardly be explained by assuming a sudden increase in resid-
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Figure 3. (a) OSL ages from fine quartz grains and pIRIR290 ages from fine polymineral grains obtained from the Biały Kościół section
(2018) in the Bayreuth laboratory. Litho-pedostratigraphic units (legend) are by Marcin Krawczyk. (b) Age–depth plot of fine-grain quartz
ages (blue) and pIRIR290 ages from fine polymineral grains (black) obtained from the Biały Kościół section (2018) in the Bayreuth laboratory.
Only samples from the 2018 section are regarded. The unconfident apparent pIRIR290 age of BT 1688 is off the scale (hand to the right).
Note the bulge of the pIRIR290 plot below ca. 5.5 m depth (hand downwards) and sample BT 1671 at ca. 8.2 m. The quartz plot betokens this
bulk less distinctly.

ual doses at deposition, even if the slightly higher pIRIR290
ages referred to the quartz ages in the higher part of the sec-
tion may be a sign of a residual dose in the range of some 10
to 15 Gy.

Dating results published by Moska et al. (2019) are pre-
sented from the coarse-grain quartz fraction (90–125 µm),
the middle-grain quartz fraction (45–63 µm), and the fine-
grain polymineral fraction (4–11 µm). Ages from the coarse-
grain fraction show some stratigraphic inconsistencies (sam-
ples BK18, BK13, and BK8) which is not the case for the

finer fractions within uncertainties. This cannot be attributed
to changes in dose rates over burial time as these would
have affected all dated fractions in the same direction. The
age–depth plot (Fig. 4 right) visualizes that in the lower part
(below L1LL2, samples BK1 to BK5) coarse-grain quartz
ages systematically underestimate middle-grain quartz ages,
which themselves underestimate the pIRIR290 ages. These
results argue for a longer-lasting hiatus within or at the base
of the L1SS1 palaeosol (see above) and a very long hia-
tus within the S1 pedocomplex. The pIRIR290 age of BK2
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Figure 4. OSL ages from middle and coarse quartz grains and pIRIR290 ages from fine polymineral grains obtained from the Biały Kościół
(2009) section in the Gliwice laboratory (from Moska et al., 2019).

(365± 30 ka) agrees with the pIRIR290 age of BT 1668
(343± 18 ka, with a= 0.085, which is similar to the value
used for BK2). Despite some differences between the ages
obtained in Gliwice and in Bayreuth, which will be discussed
later, the comparison of the dataset from both laboratories ev-
idences amazing accordance.

3.2 The surprise – Zaprężyn

The exposure near the village of Zaprężyn is situated at
51◦14′43.7′′ N, 17◦11′51.8′′ E at ca. 164 m a.s.l. in hilly
ground at the southern end of the terminal moraine belt of the
Wartanian stage (Saalian glaciation; Krzyszkowski, 1993).
At the city of Trzebnica the terminal moraine (Winna Góra)
is suggested to correlate to the Odranian stage (Jary and
Krzyszkowski, 1994). It is supposed that the LPS rests on
top of a Wartanian outwash cone; the hilly country in the
surroundings may, however, also reflect a number of rela-
tively small gredas (elongate loess ridge) (Różycki, 1967;
Léger, 1990). Two horizons with ice wedge pseudomorphs
were reported from the Zaprężyn section (Jary, 2009; Jary et
al., 2011; Jary and Ciszek, 2013), but during sampling for
OSL dating in September 2015, the lower one was no longer
visible due to collapse and overgrowth of this part of the ex-
posure. For sampling in 2015, we widened the excavation to
the left where the upper ice wedge pseudomorphs’ horizon
was seen best (Fig. 5, at the spade). An erosional unconfor-

mity rising from the left to the right could then be followed
over the whole length of the wall. It manifests itself as a tiny
bed of fine sand some millimetres thick and will have an im-
portant role for the interpretation of the OSL ages. Loess and
sandy loess above the unconformity are attributed to L1LL1
and loess below it to L1LL2 with a not yet clearly defined
lower boundary with S1 supposed to lie between 5.3 and
6.0 m depth.

An exposed section of the ice wedge cast network and
thermokarst features is shown in Fig. 6. At its top gelifluction
tongues dipping slightly to the left are a result of permafrost
decay. These elongated tongues are overlain by more or less
parallel bedded sandy loess.

Based on previous 14C AMS ages mentioned by
Jary (2007, their Table 7, Poz-7998 and Poz-7649), the ice
wedge pseudomorphs were supposed to originate from the
LGM. This would fit well for the upper ice wedge pseu-
domorphs. Our within-error-bar stratigraphically consistent
OSL quartz ages, however, contradict this opinion for the
ice wedge pseudomorphs shown in Figs. 5 and 6. The OSL
quartz ages are plotted in Fig. 7, together with the 14C
AMS ages. The OSL ages from Bayreuth suggest that the
ice wedge formed earlier than 52.5± 3.7 ka (sample 12) and
56.8± 4.7 ka (sample 11) and later than 68.2± 5.6 ka (sam-
ple 10) and 64.7± 4.7 ka (sample 9), respectively. The oldest
14C AMS age (> 50 ka BP, Poz-6939) from a humic layer
OSL-dated to 95.7± 6.6 ka (sample 3) does not conflict with
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Figure 5. The Zaprężyn exploratory excavation in September 2015. The unconformity is visualized by the dotted line. Sample ZAPR12
(Bayreuth) was taken immediately below the unconformity at the left margin of the photo at the red pocket knife (red arrow upwards) and
sample 13 immediately above the unconformity at the right (red arrow downwards). All other Bayreuth samples were extracted at the trench.

Figure 6. Detail of the Zaprężyn exposure in September 2015. Ice wedge pseudomorphs are visible to the left of the scraper (red tool) and
its handle. Gelifluction tongues traced by greyish gleyed loess bend to the left and are overlain by striped brownish sandy loess. The position
of OSL sample 12 is marked on top of the spade. Some of the gelifluction lobes are traced by dotted black lines.
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Figure 7. The Zaprężyn section with OSL ages (fine quartz grains) obtained in the Bayreuth laboratory and former 14C AMS ages (Jary,
2007, grey circles).

the OSL ages. Despite some evidence for age underestima-
tion also from quartz OSL ages, which will be discussed fur-
ther below, the mentioned unconformity appears to represent
a time span of ca. 29 to 39 ka in which the L1SS1 is to be ex-
pected but is denuded here. Formation of sandy loess above
the unconformity starts at 18.4± 1.2 ka (sample 13), and gley
horizons below the unconformity appear too old for L1SS1.

OSL ages from the 45–63 µm quartz fraction which were
taken for the Gliwice laboratory will be published and dis-
cussed elsewhere. Marcin Krawczyk plotted the sampling
positions (2015) for the Bayreuth laboratory in an infor-
mative design reflecting the soil colour, periglacial features
and spatial distribution of the samples along the exposure
(Fig. 7). Fine-grain quartz OSL ages obtained in Bayreuth are
shown together with earlier published (Jary, 2007) 14C AMS
ages. In Fig. S1 the results are plotted in an older diagram

which was used during sampling. Grain size composition of
the profile is presented in Fig. S7.

3.3 The Sandomierz Upland key section – Złota

The sampled wall of the Złota section is situated at the
southern margin of the Sandomierz Upland at 50◦39′11′′ N,
21◦39′53′′ E close to the Vistula. The exposed LPS includ-
ing the entire last glacial–interglacial cycle is 13 m thick
and reaches up to ca. 170 m a.s.l. The neighbouring but
no-longer-accessible former loess exposure Polanów Sam-
borzecki (Jary, 2007), which was studied for many years,
is only some 200 m away. Previous research is outlined in
Moska et al. (2015, 2018).

The L1SS1 pedocomplex is described to be up to 2 m thick
and, thus, offers a good opportunity to study this intersta-
dial soil complex and to contextualize it on the timescale.
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As a detailed luminescence chronology of the whole sec-
tion was already supplied by Moska et al. (2018, 2015) using
middle quartz grains and fine polymineral grains, our sam-
pling for the Bayreuth laboratory in September 2015 focused
on the L1SS1 pedocomplex. Six samples were extracted be-
tween 6.0 and 7.75 m depth. The exploratory excavation from
which the Gliwice samples were taken in 2012 had to be
cleaned again and some decimetres of material removed.
Thus, sample material for Gliwice and Bayreuth was not
identical, but the Bayreuth samples could be unambiguously
identified in the lithological profile of Moska et al. (2015).

Figure 8 shows on the right the whole profile at Złota,
exhibiting the 25 pedo-sedimentary units distinguished dur-
ing October 2013 fieldwork, with the zoomed-in part around
L1SS1 with OSL ages of samples ZL-1 to ZL-6 from the
Bayreuth laboratory on the left (field design by Pierre An-
toine). The ages are stratigraphically consistent with mean
ages of 26.5 to 27.6 ka (ZL-4, tundra gley, to ZL-6, all
from L1LL1) above the L1SS1 palaeosol. The ages of ZL-
3 (31.9± 1.9 ka, upper part of L1SS1, doubled tundra gley)
and ZL-2 (38.6± 3.6 ka, lower part of L1SS1, brown soil)
argue for a pedocomplex developed under different environ-
mental conditions. Sample ZL-1 (50.0± 5.4 ka) originates
from the unweathered loess L1LL2. If the L1SS1 pedocom-
plex is perceived as comprising units 13, 14, and 15a and
unit 12 is taken out as a discrete palaeosol (tundra gley), the
formation of L1SS1 at Złota can be narrowed down to be-
tween ca. 30 and ca. 40 ka.

Dating results obtained in the Gliwice laboratory are pre-
sented in Fig. 9 (from Moska et al., 2018, cut out from
their Fig. 3). Note that the older lithostratigraphic nomen-
clature (L1L1, L1S1, L1L2) was used in this figure. For the
L1LL1 and the top of L1SS1 (sample Złota9), loess quartz
OSL ages (45–63 µm) and pIRIR290 ages (fine polymineral
grains) agree well, with the exception of the quartz age of
sample Złota10 (inversion). For all stratigraphically older
samples (Złota1 to Złota8), the quartz ages significantly un-
derestimate the pIRIR290 ages, which are stratigraphically
consistent and correspond to geologically expected ages. It
is worthwhile noting that even for the oldest samples from
loess below S1 (142± 9 and 150± 12 ka, respectively), there
is no indication of age underestimation. Comparing the Gli-
wice ages with those from Bayreuth (Fig. 8a), agreement of
quartz ages is found despite the different grain sizes, with
the exception of Złota10. As the quartz ages of samples
Złota7 and Złota6 underestimate their pIRIR290 ages, this
must also be considered for the sample ZL-1 from Bayreuth
(50.0± 5.4 ka). For the other quartz ages (4–11 µm) from
Bayreuth, agreement with the pIRIR290 ages is observed.

3.4 Ice wedges and thermokarst features in Upper
Plenivistulian loess L1LL1 – Tyszowce

The village of Tyszowce is situated ca. 110 km southeast of
the city of Lublin in the very east of Poland (Volhynian Up-

land) close to the Ukrainian border. The profile with exposed
loess cover of 19 m (14 m thick L1LL1 above L1SS1!) was
studied by Moska et al. (2017); samples for luminescence
dating in Gliwice were taken in 2012 a few metres to the
right of our trench visible in Figs. 10a and 11a.

This section was, however, no longer fully accessible, and
for our own sampling in September 2015, a new 16 m deep
trench had to be created by a shovel excavator followed by
cleaning by hand. The coordinates were measured by GPS,
yielding 50◦36′29.1′′ N, 23◦42′38.6′′ E and the top of the sec-
tion at ca. 220 m a.s.l. In this new trench the L1SS1 was – in
contrast to the former profile – more or less eroded as a result
of periglacial dynamics (Fig. 10) and only some geliflucted
or cryoturbated lumps evidenced the former existence of the
pedocomplex (Fig. 10b). Thus, the ages published by Moska
et al. (2017) cannot always smoothly be transferred to the
new profile. Our sampling focused on the supposed remnants
of L1SS1 and the onset of L1LL1.

OSL samples TYS 1 to TYS 4 (Figs. 10a and 11a) are
closely spaced at intervals of 20 to 35 cm at depths of 11.0 m
(TYS 1), 11.2 m (TYS 2), 11.45 m (TYS 3), and 11.8 m
(TYS 4) on the right-hand side of the ice wedge pseudo-
morph which begins between TYS 3 and TYS 4. Samples
TYS 5 to TYS 7 were extracted to the left of the ice wedge
pseudomorph at 14 m (TYS 5) and ca. 16 m depth (TYS 6
and TYS 7, Fig. 11b). The position of all OSL samples in
the entire profile is shown in Fig. 11a, with OSL ages of the
fine-grain quartz fraction.

The ice wedge pseudomorph begins between samples
TYS 4 (pre-dating the ice wedging) and TYS 3 (post-dating
it as well as TYS 2 and TYS 1, horizontal bedding; Figs. 10a
and 12). The ice wedging can thus be bracketed anywhere
between ca. 30 and 25 ka, younger than L1SS1, which at
Tyszowce is dated at around 40± 3 ka (Moska et al., 2017).
The OSL age of TYS 7 (43.3± 3.0 ka, gley lump in a
deeper position of the thermokarst, Fig. 11b) is identical
within uncertainties and argues for affiliation of this gley
remnant to L1SS1. The OSL age of TYS 6 (brown clayey
loess, 67.9± 7.0 ka), however, attributes this material rather
to L1LL2 or even to S1 (cf. Moska et al., 2017). The strati-
graphic and geological storage conditions of this lump or bed
appearing like a foreign body could, unfortunately, not be
dug up further.

Comparing ages given by Moska et al. (2017) with our
own ages (Fig. 11b) is not always straightforward because
we did not use identical sample material and, in particular,
due to the strong periglacial destruction observed in the 2015
excavation. For the entire set of luminescence ages from the
Gliwice laboratory for the Tyszowce section, see Fig. 12, in
which L1LL2 is only ca. 1.5 m thick (15.5 to 17 m depth)
above S1. Some pIRIR ages from the Gliwice laboratory are
projected onto the 2015 profile. For the horizontally bedded
layers above the ice wedge cast (TYS 1, TYS 2, TYS 3),
a comparison should be justified and the fine-grain quartz
ages turn out to be older than the middle-grain quartz ages
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Figure 8. The profile at Złota (October 2013) (b) and the zoomed-in part around L1SS1 with OSL ages of samples ZL-1 to ZL-6 from the
Bayreuth laboratory (a) (Pierre Antoine).
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Figure 9. Luminescence ages from the Złota section obtained in the
Gliwice laboratory (from Moska et al., 2018, cut out of Fig. 3).

(TYSZ_11, TYSZ_10; see also TYSZ_9 and TYSZ_8 in
Fig. 12). The pIRIR ages of Moska et al. (2017) in the section
shown in Fig. 11b, however, confirm their quartz ages with
the exception of TYSZ_5 (55.5± 3.2 ka).

4 Discussion

The results presented above will be discussed from two as-
pects: (i) results for the individual profiles and (ii) general
discussion focusing on the implications of different lumines-
cence dating protocols.

4.1 Individual profiles

The fine-grain quartz ages from the Biały Kościół profile
(2018, Fig. 3) are in stratigraphic order within uncertain-
ties and do not conflict with the age conceptions of Jary
and Ciszek (2013), with the exception of the oldest sample
BT 1688, the quartz age of which is regarded as underesti-

mated with respect to its deposition prior to S1 pedogenesis.
It appears strange however that samples BT 1671 to BT 1674
from the L1LL2 loess yield a mean age value of 58.7 ka
without any noticeable increase with depth. These samples
under debate have equivalent doses of around 200 Gy (Ta-
ble S1), which are considerably beyond the threshold value
of ca. 100 Gy suggested for reliable OSL dating by Timar-
Gabor et al. (2017) without rigorously ruling out higher doses
as suggested by Avram et al. (2020), who estimate ∼ 150 to
∼ 250 Gy as a threshold value. Complete trust in these ages
would imply that this up to 2 m thick loess including some
weak tundra gleys was deposited very rapidly at the transi-
tion from MIS 4 to MIS 3. This is not impossible but sounds
challenging. Therefore some age underestimation of these
quartz ages must be taken into account (see also general dis-
cussion below). This assumption is supported by the pIRIR
ages, which, however, may be somewhat overestimated due
to a residual dose at deposition (in particular sample 1672,
which may be derived from a bed mixed up with geliflucted
material; see the bulge of the age–depth plot in Fig. 3 above
BT 1671 for both pIRIR and OSL ages). In the Bayreuth lab-
oratory it was not attempted to find a residual dose beyond
the background subtraction as explained above. There is no
proof at all that a subtraction of an experimentally approxi-
mated residual background dose would meet a natural resid-
ual at deposition better (cf. Avram et al., 2020). The close
parallel courses of the age–depth plots (Fig. 3) between sam-
ples BT 1679 and BT 1677 can in fact be interpreted as an
offset due to uncorrected residual doses of the pIRIR ages.
Apart from BT 1672 the pIRIR ages are in agreement with
the attribution of L1LL2 to MIS 4. A similar behaviour of
fine-grain quartz and polymineral ages is seen in the data
given by Moska et al. (2019). Their pIRIR ages in particu-
lar also argue for a MIS 4 age of the L1LL2, whereas quartz
ages from this loess are also ambiguous and are prone to un-
derestimation.

With respect to the stimulating publication by Lüthgens et
al. (2020), another solution imposes on the discussion. The
local LGM of the Ristinge (and probably Ellund–Warnow)
ice advance (50 to 55 kyr old) affected mainly the southwest-
ern part of the Baltic Sea and adjacent areas, most proba-
bly surrounded by a belt of harsh periglacial conditions. If
the fine-grain quartz ages around 55 to 60 ka (±5 % to 7 %)
are correct, the L1LL2 or at least its upper part including
periglacial features may be attributed to this ice advance mir-
roring its periglacial surroundings. This interpretation would
imply age overestimates of corresponding pIRIR ages.

Quartz ages (middle and coarse grains) from the L1LL1
obtained in Gliwice tend to be lower than those obtained in
Bayreuth (fine grains), but this cannot be confirmed for the
stratigraphically older samples. Our findings in the Gliwice
and Bayreuth laboratories appear opposed to those of Avram
et al. (2020) and Timar-Gabor et al. (2017) and may com-
plicate the problem further. But a general rule relating to a
grain size dependence of quartz ages cannot be supported
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Figure 10. Tyszowce section. (a) Ice wedge pseudomorph (lower left corner) and brownish and greyish cryoturbated remnants of an inter-
stadial soil. Explanatory drawing of the situation after a photo (Pierre Antoine). OSL ages (ka) of samples 1 to 4. A: very finely laminated
(≤ 5 mm thick) light yellowish grey calcareous loess with sub-continuous undulated black lines of manganese oxide (cryptogamic crust rem-
nants?). B: laminated calcareous loess with light brown to orange oxidation bands and hillwash stratifications (partly translocated by hillwash
processes/small cross laminations). C: irregular hydromorphic loessic infilling of a former large ice wedge pseudomorph (> 100 cm× 60 cm)
resulting from the collapse by gelifluction of the permafrost active layer (hydromorphic loess/greyish patches). D: homogeneous and dense
pale yellowish calcareous loess with some orange oxidation lines and abundant black manganese oxide patches and lines (upper horizon of
a former permafrost). (b) Thermokarst gelifluction lobe (grey, sample 7 lower left) from a clayey palaeosol (tundra gley, L1SS1?) beside the
ice wedge pseudomorph, kneaded with older brownish and clayey loess (sample 6). Sample 5 (upper right) is from greyish brown reworked
loess with streaks of a tundra gley, less compacted than samples 6 and 7.

by the data from the Biały Kościół section. It is suppos-
able that such dependence exists but is concealed by different
source areas of the lithological units. For Biały Kościół two
major source areas must be considered: the northern glacio-
genic area such as the Odra Pradolina (glacial valley, “Great
Odra Valley”; Badura et al., 2013; Waroszewski et al., 2021)
and the southern mountainous area dominated by Palaeozoic
rocks of the Sudetes Mountains. In a periglacial environment
with frequently changing wind directions, a frequent change
of these main source areas is conceivably delivering quartz
grains of different geological histories and different lumines-
cence characteristics. The aeolian transport distance of dif-
ferent grain sizes superimposes this effect. So far, however, it
can only be speculated about whether the unsteady behaviour
of quartz luminescence at Biały Kościół can be explained. As
a consequence, some geochronological questions at the Biały
Kościół section such as the exact timing of the L1SS1 at this
site can hardly be decided based on the quartz ages alone.

The pIRIR290 ages from both luminescence laboratories
are more consistent, but they are prone to age overestimates
due to incomplete bleaching, independent of the question of
whether a residual dose estimated by laboratory experiments

is subtracted or not. In the case of the Biały Kościół sec-
tion this subtraction as executed by Moska et al. (2019) ap-
pears to be justified. Nevertheless, the exact time bracketing
of the L1SS1 remains challenging. If it is accepted that the
quartz ages within and below L1SS1 are underestimated but
the pIRIR290 ages are perhaps overestimated, the true ages
should lie in between. The evidence for a hiatus lasting many
thousands of years within the L1SS1 suggests that at Bi-
ały Kościół the L1SS1 is not a pedocomplex but a complex
(of soil remnants separated by erosion events and sediments)
and, thus, a parallel to the Gleina Complex (Meszner et al.,
2013) in Saxonian loess, eastern Germany. Consequently, the
L1SS1 at the Biały Kościół section may not represent its
complete and typical development as described elsewhere,
for example, at Złota (see below). The unexpectedly high
pIRIR ages (> 300 ka) of the lowermost samples (BT 1668
and Bk 2 and 1) may be affected by the pIRIR290 dose over-
estimation recently described by Avram et al. (2020) and
should be interpreted very cautiously, as they found that be-
yond ca. 400 Gy the natural pIRIR290 signals overestimate
the laboratory signals, implying age overestimates.
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Figure 11. (a) The Tyszowce trench (16 m) from September 2015 with all OSL samples for the Bayreuth laboratory and their OSL ages
(red). (b) Attempt to compile quartz OSL and polymineral pIRIR ages for the two trenches (2012 and 2015) of the Tyszowce section in a
schematic plot (Marcin Krawczyk). Red characters: fine-grain quartz ages obtained in the Bayreuth laboratory. Black characters: selection of
fine-grain polymineral pIRIR ages obtained in the Gliwice laboratory (from Moska et al., 2017) which are relevant for comparison with ages
from the Bayreuth laboratory. Please note the different notation of Bayreuth samples (e.g. TYS 6) and Gliwice samples (TYSZ_6).
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Figure 12. Lithology, OSL and pIRIR ages, radiocarbon ages, and relative probability plots for ages obtained for all samples versus depth
at Tyszowce according to Moska et al. (2017). The ice wedge pseudomorph position is now marked.

At the Zaprężyn section the fine-grain quartz OSL ages
from the Bayreuth laboratory (Figs. 7 and S1) indicate that
the L1SS1 is completely missing. According to the fine-grain
quartz ages (ZAPR8, ZAPR9, and ZAPR10), the loess de-
posited prior to the ice wedging can be attributed to MIS 4
and the age of ZAPR11 (sandy loess, 56.8± 4.7 ka) cannot
clearly be allocated to MIS 4 or MIS 3, whereas ZAPR12
(lamellar sandy loess, 52.5± 3.7 ka) deposited after the melt
out of the thermokarst argues for MIS 3. The lithology
of the flashy loess with sand lamellas, however, supports
cold windy climate conditions rather than a more temper-
ate interstadial. Thus, this sandy loess (samples ZAPR11 and
ZAPR12) may also mirror periglacial conditions caused by
the Ristinge ice advance (see above).

From the profiles investigated in this study, Złota is best
suited to bracketing the duration of soil formation of the
L1SS1 pedocomplex between ca. 30 and 40 ka (see above).
It comprises a lower brown (cambic) soil and an upper tun-
dra gley soil with signs of gelifluction and cryoturbation. The

L1SS1 at the Złota section is comparable to but not identical
with the “Lohne Soil” in southern Germany (cf. Rousseau et
al., 2017; Moine et al., 2017). Before or during the forma-
tion of the tundra gley, deposition of fresh loess started, as
evidenced by the OSL age of ZL-3 (31.9± 1.9 ka) being sig-
nificantly younger than ZL-2 (38.6± 3.6 ka) from the brown
loess. ZL-3 gives evidence for the presence of ca. 32 kyr old
loess, which had not been identified so far in the previous
sections from Silesia. The age of the first great loess ac-
cumulation phase of what is called the Upper Pleniglacial
in northern France, Belgium, and western Germany is also
31–32 ka (Antoine et al., 2015). OSL characteristics of fine-
grained quartz confirm the change of parent material between
ZL-2 and ZL-3: ZL-1 and ZL-2 are characterized by unusu-
ally low OSL sensitivity, in contrast to ZL-3 and samples po-
sitioned farther upwards. The tundra gley on top of L1SS1
(ZL-4, 27.6± 2.0 ka, unit 12) is regarded as a separate soil
not included in L1SS1 but belonging to L1LL1. We attribute
the relative complete stratigraphy of this part of the profile to
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both the more continental climate referred to Silesia and to
the proximity of the main source of the loess (Vistula valley).
No inversions of fine-grain quartz ages were observed.

The reliability of the fine-grain quartz age of ZL-1
(50.0± 5.4 ka) from the L1LL2 loess (unit 17), however,
can hardly be judged due to the lack of further fine-grain
quartz samples from the L1LL2. Złota lies some 330 km
south-southeast of Zaprężyn, and it appears very question-
able whether the periglacial impact of the regional Ristinge
ice advance could reach up to Złota. The consistent pIRIR
ages by Moska et al. (2018) from the L1LL2 loess at Złota
(ca. 62 to 67 ka) argue for attribution to MIS 4 and for a se-
vere age underestimate of all the quartz ages from L1LL2.
The obvious presence of ca. 32 ka loess (ZL-3) may, how-
ever, be connected with the extended Odra ice lobe of the
Klintholm ice advance 30–34 kyr ago (Lüthgens et al., 2020;
Figs. 4 and 5). Despite its potentially speculative charac-
ter, this possibility deserves further discussion and atten-
tion, thereby considering that the ice-induced trigger of the
climatic deterioration 30–34 kyr ago was superimposed by
Heinrich Event 3 (H3), clearly reflected in LPSs of western
central Europe (Antoine et al., 2015; Moine et al., 2017) and
southwestern Europe (Wolf et al., 2018).

At the Tyszowce section two questions deserve discus-
sion: the timing of the ice wedging and of the thermokarst
processes and the age differences between the Gliwice
and the Bayreuth laboratories for samples from L1LL1.
As mentioned above, the two laboratories could not exe-
cute their dating using identical sample material. Moska et
al. (2017) did not mention the ice wedge pseudomorph and
the thermokarst, but strong periglacial reworking is evident
from their Fig. 4 above L1SS1 between ca. 13.5 and ca. 15 m
depth, connected with a considerable jump in luminescence
ages (middle quartz grains and fine pIRIR grains). In Fig. 12
all luminescence ages obtained in Gliwice are plotted to-
gether with some AMS 14C ages and the position of the ice
wedge pseudomorph. The timing of the ice wedging can-
not be directly derived from their ages but indirectly be-
tween ca. 29.5 ka cal BP (AMS 14C, GdA-3133 TYSZ_1)
and ca. 20 ka (TYSZ_11 and TYSZ_4). According to the
OSL ages from Bayreuth, the ice wedging and subsequent
thermokarst is bracketed between ca. 30 and ca. 25 ka, at the
beginning of MIS 2 but posterior to the Klintholm ice ad-
vance. It is interesting to note that ice wedging in loess of
northern France also occurred in the same time span at about
27–28 ka (levels F2–F3), whereas the main level F4 at ±32–
31 ka (Antoine et al., 2014) was in time with the Klintholm
advance. The ice wedging at Tyszowce, however, apparently
pre-dates the Pomeranian ice advance triggered by a slight
interstadial warming (Lüthgens et al., 2020) and rather wit-
nesses a very cold and continental climate phase starving a
major ice advance. Because of the limited depth and width
of the 2015 dredge hole, it cannot clearly be decided if the
thermokarst features in the lowermost part of the dredge hole

are genetically related to this ice wedging or if they are older
(MIS 3 or MIS 4; see Zaprężyn above).

The Bayreuth sample TYS 1 and the Gliwice sample
TYSZ_11 originate from the same loess bed (for sample
positions see Figs. 11b and 10a, unit “A”). Although non-
identical sample material was dated, these two quartz OSL
ages are particularly suitable for direct comparison. For sam-
ple TYSZ_11 (19.1± 1.4 ka for quartz 45–63 µm, differ-
ently from Fig. 4 in Moska et al., 2017, reproduced here as
Fig. 12), exemplarily the age is calculated by the ADELE
program using dosimetric and De values given in Moska et
al. (2017, their Table 2) and yields 19.9± 1.0 ka. The ratio
of effective dose rates ḊMoska/ḊAdele for sample TYSZ_11
is 1.04 (2.73 and 2.62 Gy ka−1). This demonstrates that the
dose rates calculated by different age calculation programs
cannot account for the observed discrepancy of ages. If from
the mean De obtained from fine quartz grains in Bayreuth
(76.8 Gy) the Ḋα (0.374 mGy a−1) acquired over 25 kyr
(9.35 Gy) is subtracted, 67.45 Gy remains as an approach for
the De of the 45–63 µm quartz fraction. Moska et al. (2017,
Table 2) find only 52.2 Gy, however. This crystallizes that
determination of De for different grain sizes of quartz is the
reason for the age discrepancies rather than dosimetry. How
far laboratory illumination, being more critical for the fast
OSL component from quartz than for IRSL from feldspars,
may have influenced the De values for quartz grains cannot
be currently assessed but should be a matter of further dis-
cussions. Different procedures for calibration of radioactive
sources should also be borne in mind.

4.2 General discussion

The preceding exemplary discussion of samples TYS 1 and
TYSZ_11 leads to a more general problem regarding grain
size dependence of quartz OSL ages. The question has been
addressed for several years (e.g. Lowick and Preusser, 2011;
Chapot et al., 2012; Kreutzer et al., 2012; Timar-Gabor and
Wintle, 2013; Timar-Gabor et al., 2015, 2017; Moska et al.,
2015, 2019; Avram et al., 2020; Schmidt et al., 2021). A gen-
eral rule cannot be proposed so far, however, because ob-
served grain size dependencies of quartz ages point in op-
posite directions. In contrast to the results from Polish loess
as well as from Saxonian loess (Kreutzer et al., 2012), ob-
servations from Romanian loess, for example, yield lower
ages for fine quartz grains than for coarse quartz grains. It
is furthermore astonishing that mean quartz OSL ages men-
tioned in this paper often “jump” in the stratigraphic order or
even show age inversions, whereas quoted mean pIRIR ages
by Moska et al. (2017, 2018, 2019) from identical samples
stay “well-behaved” in stratigraphic order. It can, however,
also be seen from the above-discussed sections that some
samples whose pIRIR ages appear overestimated with re-
spect to neighbouring samples also show a higher (mean)
quartz age referred to underlying samples (cf. BT 1672 and
BT 1678 from Biały Kościół). This probably indicates in-
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complete bleaching due to periglacial reworking, and such
samples are in general impeded for exact luminescence dat-
ing independent from the dated mineral fraction and should
be thoroughly checked sedimentologically and geomorpho-
logically.

Since the overall successful adaption of the quartz OSL-
SAR protocol to dating of loess from the last glacial cycle, it
has been favoured over IRSL or pIRSL because of higher
sensitivity to daylight and the absence of anomalous fad-
ing. The results presented and discussed here, however, cast
some doubts on the reliability of the quartz OSL ages un-
less the mentioned problems are better understood and ap-
parent age underestimates due to reasons other than anoma-
lous fading can be ruled out. Uncorrected OSL sensitivity
change and different growth curve shapes for natural and
laboratory-regenerated signal growth with doses are debated
(e.g. Schmidt et al., 2021). Even if the present database is not
yet sufficient, it is very likely that the quartz problems arise
from the origin and geological history of quartz grains and
mainly affect loess samples older than L1SS1. With respect
to feldspars, quartz appears to be a relatively simple mineral,
but the crystallization of quartz grains is very variable be-
tween magmatic, metamorphic, diagenetic or hydrothermal
origin. Furthermore, (optical) zeroing and dosing cycles dif-
ferentiate the luminescence characteristics of quartz. Due to
the high chemical and mechanical resistance of quartz, the
grains are often frequently recycled and eventually carry a
history of several hundred million years around with them.
As far as distinct source areas of quartz grains in certain sedi-
ment can be identified, quite similar OSL characteristics may
be expected, but aeolian sediments such as loess often consist
of quartz grains from very different source areas due to fre-
quent changes in wind directions and due to various transport
distances (and transport processes such as fluvial-induced
mixing). The latter are reflected in the mean grain size, and
coarser-grained quartz may originate from other more local
sources than far-travelled fine quartz grains. It is hypothe-
sized that these considerations are, besides diverging natural
and laboratory growth curves, a further key to understand-
ing the above-discussed problems with quartz OSL ages, in
particular the grain size dependence owing to various source
areas in a geologically manifold landscape with parent rocks
from the Precambrian to the Neozoic in the source areas, as
is the case for Polish loess areas.

The pIRIR290 lends itself as an alternative but implies a
higher risk for age overestimation due to incomplete bleach-
ing compared to OSL from quartz. Given the fact that no
pIRIR290 age underestimates have been evidenced from the
Polish loess sections discussed above, the problem of anoma-
lous fading has apparently been erased. In view of the pend-
ing question of whether a dose residual should be subtracted
from the De values and, if so, how to reliably estimate the
residual dose, pIRIR290 ages are prone to overestimation.

What should be done? “As you like it” is not passable.
From this point of view we can suggest utilizing a two- or

threefold strategy including pIRIR290 and quartz OSL ages,
reasoning that the true age lies anywhere between. As a pri-
ori it is unknown in which direction a possible grain size
dependence of quartz points, fine-grain quartz fractions and
middle- or coarse-grain quartz fractions should be dated and
the higher quartz age compared to the pIRIR290 age. Even
if this approach requires considerably more human resources
and machine time and the “bracketed true age range” may
often not be precise enough to decide the geoscientific ques-
tion involved (e.g. MIS 4 or MIS 3), it recommends itself as
the most honest way to interact with users from geosciences.
A well-dated marker horizon, ideally a volcanic tephra layer
such as the Campanian Ignimbrite tephra, would be most
helpful in this context but unfortunately is not known from
the sections studied here, other than in Romania (Fitzsim-
mons and Hambach, 2013; Scheidt et al., 2021).

Such missing reliable age control in particular for loess
> 30 ka also hampers the discussion about loess equivalents
of the Ristinge and the Klintholm ice advances, which can
so far only be assumed based on the fine-grain quartz ages.
With respect to the pIRIR290 ages, fine-grain quartz ages
from L1LL2 ≥ 50 ka also appear to be underestimated in
some profiles, whereas in other ones there is no proof. Un-
derestimation of representative past water content cannot ac-
count for the observed amount of quartz age underestimates
with De>∼ 150 Gy if referred to pIRIR290 ages. The de-
bate remains open at this stage and, thus, a too close backing
of MISs to loess chronostratigraphy not taking into account
other steering mechanisms in continental areas may be pre-
mature.

Despite the discussed pending problems, we can state
that for the first time basic agreement was found in an
inter-laboratory luminescence dating comparison of loess in
Poland. The Bayreuth and Gliwice laboratories have worked
completely independently with Zdzisław Jary acting as the
only link. The achieved progress with regard to previous at-
tempts is respectable. The advantage of independent dating
work implied, however, the unavoidable disadvantage of not
working with identical sample material. This gap is going
to be closed, as Piotr Moska kindly supplied remains of his
samples from Złota (< 45 µm) to the Bayreuth laboratory.
These samples are in progress in Bayreuth, and the results
will be published together elsewhere.

5 Conclusions

In the Bayreuth Luminescence Laboratory (Germany), self-
consistent chronologies for four loess palaeosol sequences
(LPSs) were achieved using OSL dating of fine-grained
quartz (4–11 µm). From one section (Biały Kościół) fine-
grain pIRIR290 dating yielded significantly higher ages for
samples older than ca. 30 ka. In comparison with quartz
(middle and coarse grains) OSL ages and fine-grain pIRIR290
ages obtained in the Gliwice laboratory (Poland), agree-
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ment to a large extent was found, unlike in previous inter-
laboratory comparison of Polish luminescence laboratories.
A meaningful agreement is the bracketing down of the
L1SS1 pedocomplex, a most important stratigraphic level in
Visutlian LPSs, to ca. 30 to 40 ka. Nevertheless some age dif-
ferences between the Bayreuth and the Gliwice data call for
further discussion.

An indication of grain size dependence from quartz ages
is observed but in a reverse direction to those reported from,
for example, loess in Romania (Avram et al., 2020, with
further references therein), and, with respect to our obser-
vations, no general rule concerning the quartz grain diame-
ter and OSL age underestimate can be established. For our
samples, quartz OSL ages of fine grains are higher than
(or at least equal to) those of middle and/or coarse grains.
Age underestimation may, however, also affect fine quartz
grains still far away from dose saturation (e.g. Złota, ZL-
1), and assuming permanent water saturation (25± 5 % in-
stead of 15± 5 %) for this sample would increase the age
by 10 % only (55.0± 5.9 ka; see discussion above in Sect. 2
on luminescence dating). Since such a general rule for grain
size dependence of quartz OSL ages cannot be derived from
the data discussed in this contribution, we suggest that the
strange behaviour of quartz ages from different grain sizes
is rather caused by various sources (ranging from Paleozoic
crystalline rocks to Quaternary glacial drift) with very dif-
ferent geological and thermal histories and, consequently,
different OSL characteristics of quartz grains. Local and re-
mote sources contribute to varying extents to individual sed-
imentary beds of LPSs, thereby being sorted by very vari-
able transport mechanisms (wind strength and wind direc-
tion). Thus, fine grains and coarser grains from an individual
sample may be derived from diverse sources.

From pIRIR290 ages mentioned here, we found, however,
no indication of age underestimates but some probability of
overestimates caused by residual doses which cannot be es-
timated accurately, in particular for samples reworked under
periglacial conditions. Determining pIRIR290 ages comple-
menting quartz ages is therefore advised for verification of
quartz ages.

In the Zaprężyn section (Lower Silesia) ice wedging and
subsequent thermokarst erosion more than 50 kyr old can be
proved in loess below a long-lasting but hardly visible discor-
dance, which completely removed the L1SS1 pedocomplex.
In combination with the Tyszowce section (Volyn Hills, east-
ern Poland) where ice wedging is bracketed between ca. 30
and ca. 25 ka, two intervals of very harsh periglacial cli-
mate are identified in the studied sections. Whereas the lat-
ter coincides with the lower MIS 2 (beginning of the Up-
per Pleniglacial), the ice wedging at Zaprężyn most proba-
bly occurred during MIS 4. This corresponds to the presum-
ably oldest ice wedge network and associated permafrost ev-
idence for the last glacial in Poland but also in western cen-
tral Europe (see Nussloch TK 2 before the lowest Gräselberg
soil; Antoine et al., 2015). The overlying loess below the

discordance in the Zaprężyn section with periglacial habi-
tus (but without ice wedging) yields quartz ages around 50
to 57 ka, which argue for lower MIS 3. We hypothesize that
this periglacial loess reflects the Ristinge ice advance (50–
55 ka) in the southwestern Baltic Sea area. But attribution of
luminescence ages to certain MISs is not yet always unam-
biguous. An analogue control by the Klintholm ice advance
(30–34 ka) may be discussed for the loess of the upper L1SS1
pedocomplex at the Złota section (ZL-3, ca. 32 ka). The ac-
tual database is, however, too sparse to prove these hypothe-
ses, and the discussed problems of optical dating need more
clearness.

In spite of the addressed uncertainties, we can so far for
honesty reasons recommend aiming at age bracketing as nar-
rowly as possible, using OSL from different quartz fractions
and pIRIR from fine polymineral grains. In the case of the
L1SS1 pedocomplex, for example, age bracketing between
ca. 30 and 40 ka demonstrates the helpfulness of this ap-
proach. Exact dating remains challenging, in particular for
a periglacial environment with strong heterogeneity of the
dated material (Fig. S2).
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Abstract: The analysis of the stable oxygen isotopes 18O and 16O has revolutionized paleoclimate research
since the middle of the last century. Particularly, δ18O of ice cores from Greenland and Antarctica
is used as a paleotemperature proxy, and δ18O of deep-sea sediments is used as a proxy for global
ice volume. Important terrestrial archives to which δ18O as a paleoclimate proxy is successfully ap-
plied are speleothems, lake sediments, or tree rings. By contrast, δ18O applications to loess–paleosol
sequences (LPSs) are scarce. Here we present a first continuous δ18O record (n= 50) for the LPS Cr-
venka in Serbia, southeastern Europe, spanning the last glacial–interglacial cycle (since 145 ka). From
a methodological point of view, we took advantage of a recently proposed paleoclimate/paleohydro-
logical proxy based on bulk δ18O analyses of plant-derived lipids. The Crvenka δ18Obulk lipid values
range between −10.2 ‰ and +23.0 ‰ and are systematically more positive in the interglacial and
interstadial (paleo-)soils corresponding to marine oxygen-isotope stage (MIS) 1, 3, and 5, compared
to the loess layers (MIS 2, 4, and 6). Our Crvenka δ18Obulk lipid record provides no evidence for the
occurrence of interstadials and stadials comparable to the Dansgaard–Oeschger events known from
the Greenland δ18Oice core records. Concerning the interpretation of our Crvenka δ18Obulk lipid record,
plant-derived lipids such as fatty acids and alcohols are certainly strongly influenced by climatic fac-
tors such as temperature (via δ18Oprecipitation) and relative air humidity (via 18O enrichment of leaf
water due to evapotranspiration). However, pool effects in the form of non-water-correlated lipids
such as sterols or the input of root-derived lipids need to be considered, too. Similarly, the input of
soil-microbial lipids and oxygen exchange reactions represent uncertainties challenging quantitative
paleoclimate/paleohydrological reconstructions based on δ18Obulk lipid analyses from LPSs.
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Kurzfassung: Die Analyse der stabilen Sauerstoffisotope 18O und 16O hat die Paläoklimaforschung seit Mitte des
letzten Jahrhunderts revolutioniert. Insbesondere wird δ18O von Eisbohrkernen aus Grönland und
der Antarktis als Paläo-Temperaturproxy sowie δ18O von Tiefseesedimenten als Proxy für das glob-
ale Eisvolumen verwendet. Wenngleich sich in terrestrischen Archiven, wie Speläothemen, Seesed-
imenten oder Baumringen, paläoklimatische Rekonstruktionen unter der Anwendung von δ18O als
Proxy bewährt haben, wurden solche Analysen bislang in Löß-Paläobodensequenzen (LPS) sel-
ten durchgeführt. In dieser Studie präsentieren wir einen ersten kontinuierlichen δ18O Datensatz
(n= 50) für die LPS Crvenka in Serbien, der den letzten Glazial-Interglazial-Zyklus (∼ 145 ka) ab-
deckt. Die δ18O-Werte basieren auf der Analyse von pflanzlichen Lipiden, deren Anwendung als
paläoklimatischer/hydrologischer Proxy vor Kurzem vorgeschlagen wurde.

Die δ18Obulk−lipid-Werte von Crvenka liegen zwischen −10.2 ‰ und +23.0 ‰ und sind in den in-
terglazialen und interstadialen (Paläo-)Böden, die den marinen Sauerstoff-Isotopenstufen (MIS) 1, 3
und 5 entsprechen, systematisch positiver als in den Lößlagen (MIS 2, 4 und 6). Sie liefern keine
Hinweise für das Auftreten von Interstadialen und Stadialen, die mit den aus den grönländischen
δ18Oice−core bekannten Dansgaard-Oeschger-Ereignissen vergleichbar wären. In Bezug auf die Inter-
pretation der δ18Obulk−lipid-Werte gilt es zu berücksichtigen, dass die Isotopie pflanzlicher Lipide,
wie z.B. von Fettsäuren und Alkoholen, stark durch die Klimafaktoren Temperatur (über δ18O-
Niederschlag) und relativer Luftfeuchtigkeit (über die 18O-Anreicherung des Blattwassers aufgrund
von Evapotranspiration) beeinflusst werden. Weiter zu beachtende Faktoren stellen Einträge von
Sterolen sowie von generell wurzel-bürtigen Lipiden dar (Pool-Effekte). In ähnlicher Weise bergen
der Einfluss von bodenmikrobiellen Lipiden und Sauerstoffaustauschreaktionen Unsicherheiten, die
quantitative paläoklimatische/hydrologische Rekonstruktionen auf der Grundlage von δ18Obulk−lipid-
Analysen aus LPS erschweren können.

1 Introduction

The analysis of the stable oxygen isotopes 18O and 16O has
revolutionized paleoclimate research since the middle of the
last century. Particularly, the oxygen isotopic composition
δ18O of ice cores from Greenland and Antarctica is used as a
paleotemperature proxy (e.g., NGRIP members, 2004), and
δ18O of deep-sea sediments is used as a proxy for global ice
volume (e.g., Lisiecki and Raymo, 2005). Important terres-
trial archives to which δ18O as a paleoclimate proxy is cur-
rently successfully applied are speleothems (e.g., Spötl et al.,
2006), lake sediments (e.g., Bittner et al., 2021), or tree rings
(e.g., Roden et al., 2000). In all these archives, the δ18O sig-
nal of paleoprecipitation (δ18Oprecipitation) plays a major role,
for which four effects can be highlighted. (1) The “tempera-
ture effect” describes that the colder the temperature is, the
more negative δ18Oprecipitation becomes. (2) The “amount ef-
fect” describes that δ18Oprecipitation becomes more negative
with increasing precipitation amount. (3) The “altitude ef-
fect” describes that δ18Oprecipitation becomes more negative
with increasing altitude. (4) The “source effect” explains that
air masses derived from different moisture sources can have
distinct and variable δ18Oprecipitation values (e.g., Dansgaard,
1964; Lachniet, 2009; Lemma et al., 2021).

In contrast to the aforementioned terrestrial archives,
δ18O applications to loess–paleosol sequences (LPSs) are
still scarce, although these represent unique and widespread
occurring paleoenvironmental archives. For instance, Pus-

tovoytov and Terhorst (2004) examined calcified root cells
in an LPS using δ13C and δ18O analyses to determine cli-
matic conditions based on the signal obtained during post-
sedimentary Holocene soil formation, and Prud’homme et
al. (2016) used δ18O of earthworm calcite granules from
an LPS to reconstruct paleotemperatures. Other approaches
with respect to isotope analyses in loess archives have lately
focused on the study of biomarkers (e.g., R. Zech et al., 2013;
Schäfer et al., 2016; Häggi et al., 2019). These biomark-
ers are primarily compounds derived from plants, such as
lipids or sugars (monosaccharides). For example, M. Zech
et al. (2013) applied compound-specific δ18O analysis of
plant-derived sugar biomarkers to a permafrost LPS from
Siberia. Similar to compound-specific δ2H analyses of leaf-
wax-derived n-alkane biomarkers (R. Zech et al., 2013),
δ18O of sugar biomarkers has a great potential to serve as
a paleoclimate proxy in sedimentary archives (Zech et al.,
2014). However, this latter approach could not be adopted
so far due to the considerable carbonate amounts in classi-
cal LPSs. To sum up, no continuous δ18O records could be
established for classical LPSs up to now.

Recently, Silva et al. (2015) and Maxwell et al. (2018) pro-
posed δ18O of plant-derived bulk lipids (δ18Obulk lipids) as a
proxy for reconstructing ecosystem water balances. Lipids
are important constituents of cuticular waxes and comprise,
e.g., non-oxygen-bearing long-chain n alkanes as well as
oxygen-bearing molecules such as long-chain alkanols and
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Figure 1. Map of the Carpathian basin with loess deposits according to Lehmkuhl et al. (2021) and location of the Crvenka study area
(created with ArcGIS Pro).

alkanoic acids. From an analytical point of view, total lipid
extraction from plants, soils, or sediments for yielding bulk
lipids is relatively simple and can be achieved, e.g., by Soxh-
let, ultrasonic, or microwave extraction. Lipids are gener-
ally hydrophobic and thus not specifically prone to translo-
cation by percolating water in soils. Moreover, they are rela-
tively persistent against biodegradation and can thus be stud-
ied even over geological timescales in paleosols and sed-
iments. According to our knowledge, δ18Obulk lipid analy-
ses have hitherto not been applied to paleoenvironmental
archives such as LPSs.

The aim of our pilot study presented here was therefore
to test the applicability of δ18Obulk lipid analyses to LPSs.
Given that abundant research, including numerical dating,
has already been conducted there, we chose the late Mid-
dle Pleistocene–Holocene LPS Crvenka in Serbia (Marković
et al., 2015; Stevens et al., 2011; R. Zech et al., 2013) and
followed the following specific research questions and ob-
jectives:

– How high are the bulk lipid contents in the LPS Cr-
venka, and are the extractable amounts sufficient for
δ18Obulk lipid analyses?

– In the case that a δ18Obulk lipid record can be established
for the LPS Crvenka, does it show variations coinciding
with the marine oxygen-isotope stage (MIS) or with in-
terstadials known from Greenland δ18Oice core records?

– Which factors need to be considered when interpreting
δ18Obulk lipid records?

2 Material and methods

2.1 Study site and sampling

The LPS Crvenka (45◦39.750′ N, 19◦28.774′ E; 108 m a.s.l.)
is located in the center of the Carpathian basin, southeastern
Europe, in a brickyard exposure on the southwestern edge of
the Bačka loess plateau in the Vojvodina region (see Fig. 1).
According to the effective classification of Köppen, the cur-
rent climate in the Carpathian basin is mainly classified as
Cfb (i.e., C – temperate, f – without dry season, b – warm
summers), but the regional climate can vary greatly due to its
location in the border area between the Atlantic, continen-
tal, and Mediterranean climate zones. In January the average
temperature is −0.1 ◦C, and in July it is 21.9 ◦C, while mean
annual precipitation is 612 mm with a maximum in spring
(Peel et al., 2007). We chose the LPS Crvenka (spanning
about the last 145 kyr) for our δ18Obulk lipid pilot study due
to previous detailed stratigraphic and pedologic descriptions,
geochemical analyses, and numerical dating (Marković et al.,
2015; Stevens et al., 2011; R. Zech et al., 2013). The chronos-
tratigraphy can be summarized as follows: vertically, the pro-
file extends over a depth of approximately 10 m (Fig. 2).

The oldest pale-yellow loess unit (“L2”) of the Crvenka
LPS consists mainly of penultimate glacial silts and ex-
tends only over the lowest 100 cm of the profile. The over-
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Figure 2. Stratigraphy of the LPS Crvenka after R. Zech et
al. (2013) and the δ18Obulk lipid record. Note that the luminescence
ages of Stevens et al. (2011) are “preferred” ages and that a numer-
ical age model could only be constructed for the last 50 to 60 kyr.
Lower luminescence ages than expected for older sediments prob-
ably indicate post-depositional effects on the luminescence signal
(Stevens et al., 2011).

lying reddish-brown, clay-rich, and strongly brunified pale-
osol complex, with a thickness between 215–235 cm (“S1”),
is correlated with MIS 5 and thus formed during the last
interglacial. Above there is a loess package (L1) up to 8 m
thick, which was deposited over the last glacial period. It is
composed of two loess layers L1L1 (top) and L1L2 (bot-
tom) separated by a weakly developed paleosol complex
(“L1S1”). The lower light-yellow-grey L1L2 layer correlates
with MIS 4 and is coarser-grained than the very porous L1L1
loess layer assigned to MIS 2. The interstadial, weakly de-
veloped paleosol complex (“L1S1”) corresponds roughly to
MIS 3. The uppermost part of the profile consists of a black-
to-reddish-brown Holocene soil (“S0”) that ranges in thick-
ness from 50 to 80 cm and can be associated with MIS 1.

For our δ18Obulk lipid pilot study, we used 50 loess and pa-
leosol samples that were taken by continuous sampling in
∼ 20 cm intervals by Zech et al. (2013) in 2009.

2.2 Total lipid extraction and δ18Obulk lipid measurement

Total lipid extraction from about 20 g of sample material was
performed using an ultrasonic bath for 15 min and 30 mL

of DCM :MeOH (9 : 1) as a solvent. In preceding tests,
we found that bulk lipid yields from loess–paleosol sam-
ples are much lower when, e.g., hexane is used as a sol-
vent instead of DCM :MeOH (9 : 1) and that the δ18Obulk lipid
results are less reproducible. The total lipid extracts were
centrifuged at 2000 rpm for 15 min and were subsequently
passed over pipette columns filled with glass fiber. The ex-
traction and purification procedures were repeated two more
times with 20 mL of solvent for each sample. After sol-
vent reduction using rotary evaporation, the total lipid ex-
tracts were transferred into silver capsules with DCM. Bulk
lipid yields were quantified by weighing the silver capsules
before and after the transfer and solvent evaporation. The
bulk δ18O measurements of the lipids were performed at
the Institute of Groundwater Management of the Technis-
che Universität (TU) Dresden using an EA IsoLink ele-
mental analyzer coupled to a Delta V Plus IRMS (isotope
ratio mass spectrometer; Thermo Fisher Scientific GmbH,
Bremen, Germany). For calibration, the reference materials
NBS 127, GISP, VSMOW2 (Vienna Standard Mean Ocean
Water), CH3, and CH6 (all from the International Atomic En-
ergy Agency, IAEA) were used. The standard deviation for
replication measurements of these reference materials was
on average 0.5 ‰ and never exceeded 1.2 ‰. All results are
reported in the usual δ notation versus the Vienna Standard
Mean Ocean Water (VSMOW).

3 Results and discussion

3.1 Bulk lipid contents and comparison of the Crvenka
δ18Obulk lipid record with marine oxygen-isotope
stages and Greenland δ18O records

The bulk lipid contents of the LPS Crvenka range from
0.023 to 0.140 mg g−1, and the absolute amounts range be-
tween 0.5 and 2.9 mg. These amounts allowed us to perform
δ18Obulk lipid measurements for all samples: the δ18Obulk lipid
values range between −10.2 ‰ and +23.0 ‰ and are sys-
tematically more positive in the interglacial (paleo-)soils
compared to the loess layers (see Figs. 2 and 3). The modern
Holocene soil, roughly corresponding with MIS 1, is char-
acterized by δ18Obulk lipid values around +14 ‰, and the in-
tensively brunified last interglacial paleosol complex V S1
coinciding with MIS 5 is characterized by δ18Obulk lipid val-
ues >+20 ‰. MIS 5 substages a–e are generally not differ-
entiated by pedogenetic or analytical features in the Serbian
LPSs (Marković et al., 2015; R. Zech et al., 2013). It is there-
fore not surprising that our δ18Obulk lipid record does not in-
dicate these substages either. The weakly developed intersta-
dial paleosol complex L1S1, coinciding with MIS 3, shows
a striking large fluctuation with a minimum δ18Obulk lipid
value of −1.4 ‰ in the middle and a maximum δ18Obulk lipid
value of +20.4 ‰ in the lower part. The δ18Obulk lipid val-
ues of the last glacial loess layers L1L1 and L1L2 (coincid-
ing with MIS 2 and 4, respectively) range between +2.0 ‰
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Figure 3. Comparison of (a) the landscape evolution zones after Sirocko et al. (2016), (b) the Crvenka δ18Obulk lipid record (based on the
MIS-based age–depth model of R. Zech et al., 2013), (c) the marine isotope stages after Lisiecki and Raymo (2005), and (d) the Greenland
δ18O records (based on data of NGRIP members, 2004). GI 13 and 14 represent Greenland Interstadial 13 and 14, respectively. ELSA-
LEZ: landscape evolution zones (LEZs) reconstructed from the Eifel Laminated Sediment Archive (ELSA). NGRIP: North Greenland Ice
Core Project.

and +11.7 ‰. Loess layer L2, representing the penultimate
glacial and coinciding with MIS 6, is characterized by the
most negative δ18Obulk lipid values of up to −10.2 ‰.

In order to enable the comparison of our Crvenka
δ18Obulk lipid record with Greenland δ18Oice core records, we
adopted the MIS-scale age–depth model of R. Zech et
al. (2013). Although the LPS Crvenka is one of the best
luminescence-dated LPSs in the Carpathian basin (Stevens
et al., 2011), we refrain from applying a luminescence-based
age–depth model (see Fig. 2 for preferred ages according
to Stevens et al., 2011) due to likely age underestimations.
Figure 3 shows that the Crvenka δ18Obulk lipid record only
partly resembles the Greenland δ18ONGRIP record. Partic-
ularly the Holocene and the time period from around 80
to 130 ka, including the Eemian interglacial, are character-
ized by more positive δ18Obulk lipid values. While one strik-
ing δ18Obulk lipid maximum occurs around 50 ka, our Crvenka
δ18Obulk lipid record does not reflect the succession of stadials
and interstadials known from the Greenland ice core records,
i.e., the famous Dansgaard–Oeschger events. When compar-
ing our southeastern European δ18Obulk lipid record with the
mid-European landscape evolution zones (LEZs) identified
by Sirocko et al. (2016) based on pollen and total carbon
analyses from laminated Eifel maar sediments, LEZ 8 rang-
ing from 49 to 55 ka is characterized by the unexpected domi-
nance of thermophilous tree taxa (see Fig. 3a). This suggests
that Greenland Interstadial 13 and 14 (see Fig. 3d; the lat-
ter is often referred to as the Glinde interstadial) were the

warmest periods of MIS 3. However, the chronological res-
olution of MIS 3 in the LPS Crvenka is quite limited. Thus,
similar to unresolved MIS 5 substages a–e, the absence of
stadial–interstadial successions in our δ18Obulk lipid record in
the LPS Crvenka does not necessarily mean that these cli-
mate variations did not occur in southeastern Europe. How-
ever, interestingly around this period very high δ18Obulk lipid
values are found in our LPS as well.

The last glacial maximum (around 25 to 20 ka) is not
characterized, as one might expect, by particularly negative
δ18Obulk lipid values. Last but not least, the amplitude of the
Crvenka δ18Obulk lipid values cover around double the ampli-
tude compared to the δ18ONGRIP amplitude (Fig. 3). Possi-
ble explanations for these two findings, as well as all fac-
tors needing consideration when interpreting δ18Obulk lipid
records from LPSs, are discussed in the following section.

3.2 Paleoclimatic interpretation of the Crvenka
δ18Obulk lipid record

δ18O analyses of cellulose are a widely applied tool in pa-
leoclimate research. Yet, its application to classical LPSs
is still hampered by analytical challenges mainly associated
with low cellulose and high carbonate contents, hindering the
acid-hydrolytic extraction of (hemi-)cellulose-derived sugar
biomarkers. In their groundbreaking study “Beyond the cel-
lulose: Oxygen isotope composition of plant lipids as a
proxy for terrestrial water balance”, Silva et al. (2015) ob-
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Figure 4. Conceptual diagram illustrating the major factors
influencing the oxygen isotopic composition of bulk lipids
(δ18Obulk lipid) in soils and sediments (modified after Zech et al.,
2014). Apart from climatic factors (blue colors) with, e.g., rela-
tive air humidity controlling the isotopic enrichment of leaf wa-
ter by evapotranspiration, “pool effects” (green colors) particularly
by the admixture of sterols and root-derived lipids need considera-
tion. Last but not least, the buildup of soil-microbial-derived lipids
is also a kind of a pool effect introducing uncertainty, too, and a part
of the oxygen bound in lipids is prone to exchange reactions with
soil water.

served a strong linear relationship between δ18Obulk lipid and
δ18Ocellulose. This corroborates that δ18O values of many
plant-derived lipids such as organic acids, carbonyls, alco-
hols, and esters are water-correlated, although this does not
hold true for plant-derived sterols that contain atmospheric-
derived oxygen (Schmidt et al., 2001). Accordingly, oxygen
from fatty acids or acyl-derived alcohols is about +19 ‰
more positive compared to water. Such systematic offsets
are usually described as biosynthetic fractionation factors
and are certainly one important factor needing consideration
when interpreting δ18Obulk lipid records from LPSs (Fig. 4).

Concerning plant water in which the lipids are biosynthe-
sized, it is generally accepted that the uptake of soil water
by plants is not associated with discernible isotopic frac-
tionation. Thus, in cases where significant evaporative en-
richment of soil water can be excluded, δ18O of root and
stem water reflects the mean isotopic composition of local
precipitation. In high latitudes δ18Oprecipitation is primarily
temperature-controlled. Hence, it is likely that the temper-
ature effect on δ18Oprecipitation is one important factor con-
trolling the glacial–interglacial variability of our Crvenka
δ18Obulk lipid record, with more positive/negative values dur-
ing the warm interglacials/cold glacials (Figs. 2, 3, and 4).
However, on the one hand, apart from the temperature effect
neither the amount effect nor the source effect can be ex-
cluded as possible factors that had influenced δ18Oprecipitation
in the Crvenka study area during the past. Unfortunately,
their quantitative assessment has been rather challenging so
far. On the other hand, δ18Oprecipitation changes alone can

certainly not explain the δ18Obulk lipid amplitude of our Cr-
venka record, ranging between −10.2 ‰ and +23.0 ‰. In-
deed, leaf-(wax-)derived lipids do not reflect the isotopic
composition directly of precipitation but instead of isotopi-
cally enriched leaf water (Fig. 4). This is well known for δ2H
of leaf-wax-derived n alkanes, where due to evaporation leaf
water can be isotopically enriched by up to ∼ 50 ‰ com-
pared to xylem water (e.g., Zech et al., 2015). In the case of
δ18O, leaf water enrichment of up to∼ 25 ‰ was for instance
reported by Zech et al. (2014). The main controlling factor
for this enrichment is relative air humidity (RH), with lower
RH values resulting in stronger 2H and 18O enrichment of
leaf water. Further minor influencing factors are temperature,
leaf–air temperature differences, and the so-called Péclet ef-
fect. The latter describes, in simplified terms, the mixing of
water from the xylem and from evaporation sites within plant
leaves. Water that flows to evaporation sites by transpiration
is enriched in H18

2 O at the evaporation sites by back diffusion
of the enriched water (cf. Farquhar and Lloyd, 1993; Ferrio
et al., 2012).

Next to the climatic factors temperature and relative air hu-
midity, also “pool effects” need to be considered when inter-
preting δ18Obulk lipid values in plants and soils. This is compa-
rable to bulk δ2H results of soils and sediments, where pool
effects exert influence, too (cf. Zech et al., 2015). On the one
hand, as mentioned above δ18O of plant-derived sterols is not
water-correlated, and thus sterols dilute the climate signal of
the leaf-derived fatty acids and alcohols (Fig. 4). On the other
hand, root and stem input of fatty acids and alcohols likely
introduces a δ18O signal that does not carry the 18O enrich-
ment of leaf water (Fig. 4). For instance, in the MIS 2 part
of our Crvenka δ18Obulk lipid record, one might have expected
more negative values in the case of a mere climate control
(Figs. 2 and 3). Hence, postsedimentary Holocene root input
of oxygen-bearing lipids into the L1L1 layer could possi-
bly explain the absence of a more pronounced δ18Obulk lipid
minimum. Moreover, bulk lipids extracted from soils and
sediments not only are plant-derived but also contain soil-
microbial-derived lipids. Variable and unknown contribu-
tions of such soil-microbial-derived lipids introduce another
source of uncertainty that is difficult to quantify based on the
current state of knowledge. In addition, a part of the oxygen
bound in lipids is prone to exchange reactions with soil wa-
ter (Fig. 4). For instance, using laboratory incubation studies
with isotopically enriched water, Maxwell et al. (2018) found
that 22 % of oxygen from bulk soil lipid extracts is exchange-
able.

4 Conclusions and outlook

Our pilot study suggests that δ18O analyses of bulk lipids
(δ18Obulk lipid) can successfully be applied to loess–paleosol
sequences, since absolute bulk lipid yields for the LPS Cr-
venka ranged between 0.5 and 2.9 mg per 20 g of sample
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material. Our Crvenka δ18Obulk lipid record reflects the alter-
nation between loess layers and (paleo-)soils (more negative
and more positive δ18Obulk lipid values, respectively) and thus
marine oxygen-isotope stage (MIS) 1 to 6. Yet, this does not
involve MIS 5 substages a–e, which are not differentiated in
the LPS Crvenka. Similarly, our Crvenka δ18Obulk lipid record
does not provide evidence for the occurrence of interstadials
and stadials comparable to the Dansgaard–Oeschger events
known from the Greenland δ18Oice core records. This will re-
quire further and higher-resolution data in combination with
more robust age models in the future.

Concerning the interpretation of our Crvenka δ18Obulk lipid
record, plant-derived lipids such as fatty acids and alco-
hols are certainly strongly influenced by climatic factors
such as temperature (via δ18Oprecipitation) and relative air hu-
midity (via 18O enrichment of leaf water due to evapotran-
spiration). However, also pool effects in the form of non-
water-correlated lipids such as sterols or the input of root-
derived lipids should not be overlooked. Furthermore, also
the input of soil-microbial lipids and oxygen exchange re-
actions represent uncertainties that are challenging quanti-
tative paleoclimate/paleohydrological reconstructions based
on δ18Obulk lipid analyses.
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Abstract: Vegetation and climate reconstruction in the forest–steppe of Mongolia is still challenging regarding
the pattern of forest and grassland distribution during the Holocene. Different sediments containing
paleosols and humic layers provide geomorphological archives for landscape development in Mongo-
lia. n-Alkane and macro-charcoal ratios represent specific indicators to distinguish the share between
grasses and trees. In a preliminary study, we investigated the applicability of these two paleo-proxies
from soils for vegetation reconstruction comparing different relief positions and site conditions in the
northern Khangai Mountains of Mongolia.

n-Alkanes that are deposited from leaf waxes in the soil have the potential to indicate vegetation
composition on a local scale. Depending on site-specific environmental conditions, n-alkanes are
subjected to different degrees of microbiological decomposition, which is more intensive in soils
of dry steppe than of forests. Mongolian forests are often underlain by permafrost that may reduce
microbiological activity. In steppe soils, the decomposition of n-alkanes increases the quantity of
mid-chain n-alkanes that adulterate the biomarker proxy signal to indicate more forest share. Macro-
charcoals in soils have a site-specific component, but additional eolian input of macro-charcoals from
long-distance transport can provide a distinct proportion in sediments. Thus, eolian influx of wood-
derived macro-charcoal can dominate the proxy signal at sites where trees were few or had never
existed.

Radiometric dating of several paleosols and humic layers has shown that both proxies coincide as
evidence for high grassland-to-forest ratios during the Early Holocene. By contrast, the proxy signals
diverge for the Late Holocene. For this period, n-alkanes generally indicate more grassland, whereas
macro-charcoals show increased wood-derived proportions. We imply that this difference is caused
by increased forest fires and simultaneously spreading steppe area.
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A main portion of leaf waxes and charcoal particles in soils directly derive from the covering and
nearby vegetation, whereas large lakes and glacier may receive these biomarkers from a larger catch-
ment area. Thus, we conclude that soil archives provide proxies on a more local and site-specific
scale than other archives do. Although the temporal resolution of soil archives is lower than for
the other ones, biomarker proxies for paleosols and humic layer can be related to periods of dis-
tinct geomorphological processes. Further investigations comparing the multi-proxy data of different
geomorphological archives are necessary to improve the paleo-ecological reconstruction for landscape
development in Mongolia.

Kurzfassung: Die Rekonstruktion von Klima und Vegetation in der mongolischen Waldsteppe stellt nach wie vor
eine große Herausforderung in Hinsicht auf die Verbreitungsmuster von Wald- und Grasslandschaften
im Laufe des Holozäns dar. Verschiedenartige Sedimente mit Paläoböden und organischen Schichten
können dafür als hervorragende Archive für die Analyse der Landschaftsentwicklung in der Mongolei
dienen. Die proportionalen Verhältnisse verschiedener n-Alkane und Typen von Holzkohlepartikeln
lassen sich als Indikatoren zur Bestimmung der Grass und Baumanteile heranziehen. Im Rahmen
einer Vorstudie haben wir die Anwendbarkeit dieser zwei Paläoproxies für die Vegetationsrekonstruk-
tion aus Bodenarchiven untersucht. Dafür wurden Profile mit unterschiedlichen Reliefpositionen und
Standortbedingungen aus einem Untersuchungsgebiet im Norden des Khangai-Gebirges in der Mon-
golei verglichen.

n-Alkane von der Wachsschicht der Blätteroberflächen gelangen in den Boden und bieten die
Möglichkeit die Zusammensetzung der Vegetation auf lokaler Ebene zu analysieren. Abhängig
von den standortspezifischen Umweltbedingungen werden n-Alkane mikrobiell unterschiedlich stark
abgebaut, wobei der Abbau in Böden der Trockensteppen intensiver ist als in den Wäldern. In den
Wäldern der Mongolei ist häufig Permafrost im Boden vorhanden, der die mikrobiologische Aktivität
verringert. In den Steppenböden erhöht sich durch die Zersetzung von n-Alkanen den Anteil an mit-
telkettigen n-Alkanen, was das Biomarker-Proxysignal in Richtung eines höheren Waldanteils ver-
fälscht. Holzkohlepartikel in Böden haben eine standortspezifische Komponente. Allerdings kann ein
zusätzlicher äolischer Eintrag von Holzkohlepartikeln aus dem Ferntransport einen deutlichen Anteil
in den Sedimenten ausmachen. Durch den äolischen Anteil können holzspezifische Kohlepartikel in
den Proxysignalen an Standorten dominieren, an denen es nur wenige oder niemals Bäume gab.

Radiometrische Datierungen von Paläoböden und organischen Schichten zeigen, dass beide Proxys
einen hohen Anteil von Grasland gegenüber Wald im frühen Holozän aufweisen. Im Gegensatz dazu
divergieren die Proxysignale für das späte Holozän. Für diesen Zeitraum deuten n-Alkane allgemein
auf mehr Grasland hin, während die Holzkohlepartikel einen höheren Waldanteil erkennen lassen. Wir
vermuten, dass dieser Unterschied durch vermehrte Waldbrände und die gleichzeitige Ausbreitung
von Steppenflächen verursacht wurde.

Allgemein lässt sich folgern, dass Bodenarchive mehr lokale und ortsspezifische Proxies liefern
als es bei Archiven aus Seen und Gletschereis zu erwarten ist. Diese Archive erhalten einen Mate-
rialeintrag aus wesentlich größeren Einzugsgebieten. Obwohl die zeitliche Auflösung von Bodenar-
chiven geringer ist als bei den anderen Archiven, können Biomarker aus Paläoböden und humosen
Schichten mit Perioden spezifischer geomorphologischer Prozesse verknüpft werden. Weitere De-
tailuntersuchungen zum Vergleich von Multiproxy-Daten aus verschiedenen geomorphologischen
Archiven sind notwendig, um die paläoökologischen Rekonstruktionen zur Landschaftsentwicklung
in der Mongolei auf regionaler Ebene zu verbessern.
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1 Introduction

The Mongolian forest–steppe represents a zonal ecotone at
the southern fringe of the Siberian boreal forests (Breckle
et al., 2002; Erdős et al., 2018). Due to the continental and
semi-arid climate, the vegetation pattern of forest patches
and open grassland is controlled by local geo-ecological con-
ditions (Dulamsuren and Hauck, 2008; Hais et al., 2016;
Khansaritoreh et al., 2017). Paleo-environmental reconstruc-
tion based on vegetation distribution is the key for interpret-
ing climate and human impact on the Holocene landscape
development.

Pollen analyses are most commonly used to produce proxy
data for paleo-vegetation. Peat bogs and lake sediments rep-
resent efficient archives for pollen analysis that can provide
long-term and high-resolution paleo-environmental records
(Fowell et al., 2003; Rudaya et al., 2009; Unkelbach et al.,
2021). However, the pollen influx depends on near- and
long-distance transport and plant-specific pollen productiv-
ity. Thus, pollen spectra represent a mixture of different veg-
etation types from a wide catchment area (Odgaard, 1999;
Zech et al., 2010b). Pollen analyses from soil material may
be hampered by selective pollen decomposition under aer-
obic conditions. In contrast, charcoal particles from burned
vegetation and long-chain n-alkanes originating from leaf
waxes (Eglinton and Hamilton, 1967; Kolattukudy, 1976) are
relatively resistant against physical, chemical and biologi-
cal degradation. The long-lasting persistence of charcoal and
long-chain n-alkanes in soil provides a valuable archive tool
for reconstruction of local paleo-vegetation (Patterson et al.,
1987; Bliedtner et al., 2020; Thomas et al., 2021).

Few investigations on charcoal and n-alkane distribution
exist for different paleo-environmental archives in Mongo-
lia and central Asia. Charcoal records from Mongolia have
been reported from lacustrine archives (Umbanhowar et al.,
2009; Unkelbach et al., 2019, 2021) and glaciers (Brugger et
al., 2018). These records have predominantly been used for
the reconstruction of fire chronologies. Furthermore, Miehe
et al. (2007) found charcoal pieces from birch, willow and
coniferous trees in soils of the Gobi Altai Mountains as ev-
idence for forest distribution in southern Mongolia before
4 ka. In addition to charcoal, long-chain n-alkane patterns
and ratios were used for the reconstruction of past vegeta-
tion composition (Zech et al., 2010b; Tarasov et al., 2013).
In a case study along several transects in Mongolia, Struck
et al. (2020) have shown that the total n-alkane concentra-
tion (TAC) and the odd-over-even predominance (OEP) from
topsoils significantly correlate with climate parameters. OEP
and TAC increase with low temperatures and high precipi-
tation. The authors explain low n-alkane concentrations in
topsoils by low biomass production, enhanced alkane degra-
dation and livestock grazing intensity. Furthermore, Struck et
al. (2020) found no climate effect on the average chain length
(ACL) and the n-alkane ratio (nC31/(nC29+nC31)) of plants
and topsoils. Thus, the authors proposed the applicability of

these indices to distinguish between vegetation dominated by
grasses and woody shrubs.

According to literature data, vegetation composition con-
sisting of deciduous trees and shrubs is characterized by
dominant n-alkane chain lengths of nC27 and nC29, whereas
grasses and herbs show dominant n-alkane chain lengths of
nC31 and nC33 (Zech et al., 2010a, b; Schäfer et al., 2016).
Apart from leaf waxes, charred biomass and soil, micro-
bial biomass may also contribute to the n-alkane fractions
in paleosols (Zech et al., 2017). Wiesenberg et al. (2009) in-
vestigated the thermal degradation of rye and maize straw
and found that short-chain n-alkanes in soils may serve as a
marker for charred grass biomass. Hence, Zech et al. (2017),
who evaluated post-depositional contamination of n-alkane
biomarkers in paleosols, interpreted nC18 as a proxy for
charred sedimentary organic matter. In addition, decomposi-
tion by soil microorganisms generates short- and mid-chain
n-alkanes (Buggle et al., 2010; Zech et al., 2017). In semi-
arid regions of central Asia, different relief positions and
topographic asymmetries in soil moisture and vegetation
cover induce specific variations in soil ecological conditions
(Iijima et al., 2012; Kopp et al., 2014; Hais et al., 2016;
Pelletier et al., 2018) and control the distribution of discon-
tinuous permafrost (Klinge et al., 2021). The differing geo-
ecological conditions lead to differences in the soil forma-
tion rate and microbiological activity. Thus, the degree of n-
alkane decomposition varies between different topographic
sites and soil conditions that may influence effectively the
n-alkane pattern and its relevance for paleo-environmental
interpretation in terms of paleo-vegetation.

Geomorphological mapping and investigation of soil pro-
files for reconstruction of Holocene landscape development
comprise a general aim of the research project (Klinge et al.,
2022). As part of the general aim, we intended to evaluate
the applicability of macro-charcoal and n-alkanes for recon-
struction of past vegetation composition from paleosols and
humic layers in the semi-arid forest-steppe region of Mon-
golia by executing two different approaches for proxy-data
analysis. We calculated macro-charcoal and n-alkane ratios
for data interpretation. Furthermore, we evaluated mid-chain
n-alkane contents related to soil properties to estimate micro-
biological activity and biomass decomposition in humic lay-
ers and paleosols and distinguish their paleo-environmental
relevance between different site conditions.

2 Material and methods

2.1 Study area

The study area is located near the town of Tosontsengel
(48◦46′ N, 98◦16′ E; 1670 m a.s.l.) in the northern Khangai
Mountains of central Mongolia (Fig. 1). At Tosontsengel, the
mean monthly temperatures range between −31.7 ◦C in Jan-
uary and 14.7 ◦C in July (National Agency for Meteorology
and Environment Monitoring of Mongolia, Ulaanbaatar).
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The annual precipitation amounts to 220 mm and reaches up
to 500 mm in higher altitudes (Academy of Sciences of Mon-
golia and Academy of Sciences of USSR, 1990). Most of the
precipitation occurs in summer during the growing season,
whereas winters are mostly dry. Forest–steppe is the dom-
inating vegetation under the continental and semi-arid cli-
mate. Cold conditions lead to the distribution of discontinu-
ous permafrost. Permafrost mainly occurs in valley bottoms,
on upper mountains and partially on north-facing slopes un-
der large forest stands (Klinge et al., 2021). In the central
Khangai Mountains in the south, the mountains reach up to
3200 m a.s.l., whereas the main river in the north, the Ider
Gol, is situated around 1600 m a.s.l. The upper treeline rises
southward from 2400 to 2600 m a.s.l., while a lower treeline
occurs at around 1800 m a.s.l. (Klinge et al., 2018).

Fragmented forests with Siberian larch (Larix sibirica) are
generally limited to north-facing slopes. Steppe vegetation
covers south-facing slopes and the pediments in the basins
(Artemisia spp., Chenopodiaceae, Poaceae, Potentilla fruti-
cosa). Steppe-like grass vegetation spreads into small forest
patches and open forest fringes, whereas the ground vege-
tation of large forests mostly consists of mosses, herbs and
shrubs (Lonicera altaica, Vaccinium vitis-idaea, Vaccinium
myrtillus). Large forest stands are often accompanied by a
belt of broadleaf trees and bushes (Salix spp., Betula spp.)
at toe slopes and in slope depressions, where increased soil
moisture is available. Along the rivers, riparian woody veg-
etation including willow (Salix spp.), poplar (Populus spp.)
and larch (Larix sibirica) occurs. The semi-arid conditions
promote frequent forest fires in this region, which occur si-
multaneously with droughts and are often caused by human
fire setting (Nyamjav et al., 2007; Hessl et al., 2016). Due to
these conditions, tree regrowth on burned sites strongly de-
pends on soil hydrological properties and occurs irregularly
(Schneider et al., 2021). Forest distribution in the study area
since 9.5 ka has been shown by Unkelbach et al. (2021), and
fire intensity increased after 4.5 ka (Klinge et al., 2022). Epi-
lobium angustifolium is a common fire indicator that spreads
in burned forests (Khapugin et al., 2016).

2.2 Soil sampling and dating

Sampling of soil and vegetation was carried out during field-
work in Mongolia in the summers of 2018 and 2019. We took
sediment samples from 12 soil profiles for analyses. Organic
matter from paleosols and humic layers was used for 14C
dating, whereas intermediate eolian layers were analyzed by
infrared stimulated luminescence (IRSL) dating. Details on
dating methods and soil properties and results for geomor-
phological processes were published by Klinge et al. (2022).
All 14C ages are given as calibrated 14C ages in thousands
of years before present (ka BP) here. Samples for biomarker
and charcoal analyses were taken parallel to soil samples by
a separate sampling procedure.

2.3 Sample preparation and element analyses

Analyses of leaf-wax-derived n-alkanes were carried out on
35 soil samples and 6 modern vegetation samples that were
collected at the study site. n-Alkane analyses as well as to-
tal carbon and total nitrogen measurements were executed at
the laboratory facilities of the Department of Soil Biogeo-
chemistry, Institute of Agricultural and Nutritional Sciences,
Martin Luther University Halle-Wittenberg, in Halle (Saale).
Soil samples were air-dried and sieved (< 2 mm) for prepara-
tion. Vegetation samples were dried, and whole leaves were
used for analysis.

The contents of total carbon (TC) and total nitrogen (TN)
were measured using a EuroVector EA3000 elemental an-
alyzer (Hekatech, Wegberg, Germany) coupled via a Con-
flow III interface to a Delta V Advantage isotope ratio mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany).

2.4 Lipid biomarker analyses

n-Alkane preparation and quantification followed the pro-
cedure described by, e.g., Lerch et al. (2018) and Zech
et al. (2013). In brief, the total lipid extracts (TLEs) of
all soil and modern vegetation samples were gained using
Soxhlet extraction in 24 h and of ∼ 180 mL dichloromethane
(DCM) : methanol (MeOH) (9 : 1) as the solvent mixture. The
necessary sample amount for n-alkane analysis depends on
the total organic carbon content (TOC). The sample weight
for the investigated soil material ranged from ∼ 3 to 8 g.
A sample weight of ∼ 1 g was chosen for plant material,
and 5α-androstane was added as an internal standard to
each vegetation and soil sample. Additionally, we inserted
∼ 1 g of glass wool into extraction thimbles for prevention
of the splash effect before extraction started. Afterwards,
the TLE was dried with a rotary evaporator and dissolved
again with n-hexane. For separation of the TLE, amino-
propyl silica gel (45 µm; Supelco) pipette columns were
used (Struck et al., 2018). The dissolved TLE was sepa-
rated as well as eluted over these pipette columns into (i) an
aliphatic fraction (apolar) including the n-alkanes using n-
hexane (3× 1 mL), (ii) an alcoholic fraction (polar) using
DCM : MeOH (9 : 1, 3× 1 mL) and (iii) an acid fraction us-
ing diethyl ether : acetic acid (95 : 5, 3× 1 mL) for each sam-
ple. Afterwards, separated fractions were dried under nitro-
gen. The aliphatic fraction was transferred into 1.5 mL gas
chromatography vials with 2× 0.5 mL n-hexane for mea-
surements. n-Alkanes were identified and quantified with a
gas chromatograph coupled with a flame ionization detec-
tor (GC-FID, 2010 series, Shimadzu, Kyoto, Japan). Ex-
ternal n-alkane standards with a known concentration (n-
alkane mix nC8–nC40; Supelco 49452-U) were repeatedly
run with each sequence at different concentrations (25, 50
and 100 µg mL−1) for quantification and identification (Hepp
et al., 2017; Bliedtner et al., 2018; Bittner et al., 2020). De-
tailed results of n-alkane analysis are shown in Table S2 in
the Supplement.

E&G Quaternary Sci. J., 71, 91–110, 2022 https://doi.org/10.5194/egqsj-71-91-2022



M. Lerch et al.: Leaf waxes and macro-charcoals in soils of Mongolia 95

Figure 1. (a) Study area and sample sites. The shaded relief is based on TanDEM-X data (© DLR 2011), and the background image is based
on Copernicus Sentinel data (31 July 2019). (b) Regional overview with red rectangle indicating the position of the study area.

2.5 Macro-charcoal analysis

For macro-charcoal analysis, 27 subsamples of 0.5 cm3 were
taken from organic layers and paleosols. All subsamples
were processed based on the method established by Steven-
son and Haberle (2005), including KOH (10 %), H2O2 (4 %)
and wet sieving with low water pressure to avoid further
fragmentation of the charcoal material. All charred macro-
particles (> 125 µm) of each subsample were counted us-

ing a binocular dissecting microscope. To reconstruct dom-
inating vegetation types (forest, steppe), all charred parti-
cles were divided into four different morphological types
while counting: wood (rather 3-dimensional, long), leaf
(rather 2-dimensional, irregularly shaped), grass (rather 2-
dimensional, long and mostly rectangular) and other (includ-
ing mosses, roots, seeds and unidentifiably small fragments).
Macro-charcoal identification was based on the examples
given in Umbanhowar and Mcgrath (1998) and Mustaphi and
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Pisaric (2014). Additionally, macro-charcoal concentrations
(particle sum per cubic centimeter) were calculated for each
subsample (Supplement File S1).

2.6 Data analysis

Macro-charcoals were classified as originating from wood,
leaf and grass. Approx. 25 % of particles could not be identi-
fied or had another source and were classified as other and ex-
cluded from statistical analysis. The share of charcoal classes
was determined to evaluate steppe / forest ratios (Csf) that
could indicate vegetation composition:

Csf =
grass
wood

. (1)

The OEP (odd-over-even predominance) ratio considers
long-chain n-alkanes and can be used as proxy for n-alkane
degradation (Zech et al., 2012). High OEP values correspond
to fresh plant material, whereas lower OEP values indicate an
increased degradation of soil organic matter (Schäfer et al.,
2016).

OEP=
nC27+ nC29+ nC31+ nC33

nC26+ nC28+ nC30+ nC32
, (2)

defined as odd-over-even predominance (OEP) according to
Hoefs et al. (2002).

The C /N ratio serves as an additional soil parameter for
biological decomposition.

Based on n-alkane patterns of the analyzed vegetation
samples and their dominant n-alkane chain lengths, calcu-
lated n-alkane proxy data can be applied for soils regard-
ing vegetation reconstruction (Zech et al., 2012). Here, we
used the ACL (Poynter et al., 1989), defined as the average
chain length of n-alkanes, in the modified version reported
from Schäfer et al. (2016) to address the grassland–woodland
composition:

ACL=
27× nC27+ 29× nC29+ 31× nC31+ 33× nC33

nC27+ nC29+ nC31+ nC33
. (3)

To indicate fire marker and soil microbial degradation, we
checked the short-chain n-alkane fraction by elevated val-
ues of nC18 and

∑
nC17–nC20 to be compared with OEP,

C /N and macro-charcoal distribution. Elevated nC18 con-
tents along with higher OEP and C /N ratios indicate an in-
put of charred biomass.

The relationship between charcoal and n-alkane parame-
ters was assessed by producing bivariate scatterplots and per-
forming a series of correlation analyses. Each relationship
was assessed based on correlation coefficients (Pearson’s r)
with a significance threshold (p value) set at 0.5.

3 Results and discussion

3.1 Soil profiles and dating results

Paleosols and humic layers containing abundant charcoal
were found in various soil profiles in topographic positions

on slopes under forest and steppe, dunes, and alluvial plains
(Fig. 1). Figure 2 illustrates the soil profiles with positions
of samples for soil analyses and dating, which are described
in detail in the following section. We classified the soil pro-
files into three site groups. Group A contains all sites where
trees exist or have existed before. Group B comprises sites
of exclusively steppe vegetation. All sites with inconsistent
dating results and where a mixture of different solum mate-
rial was found were assigned to group C, which represents
problematic profiles for correlation analyses.

Profile P-B (Fig. 2, group A) was located in a toe-slope
position inside a dense larch succession at a formerly burned
forest site. The profile was composed of colluvial sediments
with an imbricated layering that derived from downslope
transport of solum after repeated forest fires (Klinge et al.,
2021). The solum material was rich in soil organic mat-
ter (SOM), and 14C dating of charcoal from different lay-
ers provided upward consistent calibrated 14C ages of be-
tween 3.8 and 2.0 ka. This dating indicates the ages of the
trees that burned in an upslope position during distinct fire
events. Two IRSL ages at around 10 ka from intermediate
yellowish sand layers pointed to the time of primary eolian
deposition further upslope before this sand was transported
downslope by colluvial and/or periglacial processes that oc-
curred after 3.3 ka (Klinge et al., 2022). Permafrost occurred
at a depth of > 90 cm. Soil profile P-S (Fig. 2, group C)
was located at a valley bottom under dense broadleaf vege-
tation (Betula, Salix). Intensively cryoturbated colluvial and
eolian sediments with paleosols, humic layers and charcoal
were found, and permafrost ice occurred at a depth of 70 cm.
Carbon-14 dating of charred material and SOM provided cal-
ibrated ages of between 2.7 and 0.45 ka, whereas eolian ma-
terial yielded an IRSL age of 12.1 ka. The time–depth incon-
sistency of the ages may be due to colluvial, cryoturbation
and solifluction processes (Klinge et al., 2022).

Section P-C (Fig. 2, group B) was exposed in a gully in a
basin under steppe vegetation. The sediment consisted of two
units. The lower unit rested on Pleistocene fanglomerates and
was composed of homogeneous eolian sand which provided
IRSL ages of between 11.0 and 8.9 ka. Two 14C dating analy-
ses of SOM from a distinct paleosol upon the lower sediment
unit provided calibrated ages of 1.8± 0.1 and 0.9± 0.1 ka,
whereas IRSL dating from the upper sediment obtained an
age of 1.1 ka (Klinge et al., 2022). In the transition to the
upper sediment unit, the paleosol layers diverged into sev-
eral sub-units, where a humpy upper boundary pointed to en-
hanced dust trapping around tussock grass. The 60 cm thick
upper sediment unit above the paleosol consisted of layered
sediments that derived from repeated slope wash processes.
A conspicuous black layer at 6 cm depth contained abundant
charcoal. Section P-R (Fig. 2, group A) was located at an
alluvial fan under steppe vegetation adjacent to an alluvial
forest. The sediments consisted of colluvial and slope wash
layers including three paleosols with charcoal and several
dark brown humic layers. Carbon-14 dating of SOM pro-
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Figure 2.

vided time–depth-consistent calibrated ages of 3.1, 4.4 and
8.2 ka, which were complemented by two IRSL ages of 7.4
and 13.5 ka. In contrast to the profiles P-B and P-S that were
located under forest, no permafrost was found at sections P-C
and P-R under steppe. This difference in permafrost distribu-
tion may have an important influence on biological activity
and decomposition.

Section P-J (Fig. 2, group C) was exposed at a dune
field upon Pleistocene gravel and under sparse vegetation
cover. Carbon-14 dating of a distinct paleosol obtained a cali-
brated age of 1.3 ka. IRSL dating from sand provided ages of
0.29 ka above the paleosol and 9.2 to 11.7 ka below the pale-

osol. The eolian sediment of section P-L (Fig. 2, group B)
was located in the valley bottom near the Ider Gol under
dense steppe. IRSL dating of eolian sand provided ages of
7.1 and 13.8 ka, whereas 14C dating of SOM and charcoal
from paleosols obtained calibrated ages of 8.0 and 9.5 ka.

Sections P-F and P-K (Fig. 2, group A) were located in a
valley bottom under dense meadow steppe. A paleo-channel
cut into alluvial sediments that were composed of eolian and
alluvial layers, paleosols, and humic layers, containing char-
coal and small pieces of wood. No permafrost was found,
whereas slight deformation of sediment layers indicated for-
mer weak cryoturbation. At section P-F, several calibrated
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Figure 2.

14C ages of wood and bone artifacts (Ovis) provided a con-
sistent chronology between ca. 4.3 and 3.7 ka, which was
complemented by two IRSL ages of 3.5 and 5.0 ka. At sec-
tion P-K, IRSL ages of 5.1 and 7.8 ka were somewhat older
compared to section P-F. However, the 14C ages of < 0.8 ka
obtained from SOM of three humic layers did not fit into the
chronological framework based on the other ages. Contam-
ination by young organic material may have adulterated the
dating, and therefore P-K was assigned to group C.

Single samples were taken from three profiles that were
not analyzed by radiometric dating. Profile P-M (Fig. 2,
group C) was a section in a Pleistocene terrace near a river
and was covered by eolian sediments, which contained sev-
eral cryoturbated paleosols. Profile P-N (Fig. 2, group B) was
situated in eolian sand that contained several cryoturbated

paleosols above basal moraine. Profile P-09 (Fig. 2, group A)
was located at a burned forest site in slope debris above till
and contained many charcoals. The paleosol of section P-E
(Fig. 2, group A) was developed upon eolian sand and was
covered by colluvial sediments. Carbon-14 dating of SOM
provided a calibrated age of 12.8 ka. No n-alkane analysis
was conducted on P-E.

3.2 Macro-charcoal distribution

Macro-charcoal occurred in all samples from paleosols and
humic layers. The total amount of macro-charcoal per sam-
ple varied between a minimum of 22 and a maximum of
338 particles cm−3, with a mean of 100 particles cm−3 (Fig. 3
and Supplement File S1). Charcoal of leaves generally had a
lower proportion than charcoal of wood and grass. The ratios
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Figure 2.
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Figure 2. Soil profiles with sampling positions, n-alkane and charcoal ratios. Ages for radiometric dating were adapted from Klinge et
al. (2022). Grey bars indicate parameters for enhanced biological decomposition, and light brown rectangles indicate parameters for decom-
position by fire. Note the different scaling of the horizontal axes.

between charcoal of wood and grass per sample were sig-
nificantly highly negatively correlated (r =−0.92), whereas
charcoal of leaves occurred mostly independently from the
other two morphotypes (Table 1). The charcoal particle con-
centration showed no distinct correlation pattern with the site
type, sample depth and charcoal type ratio (Fig. 3). At the
dune profile P-J, the total amount of charcoal was too low
for further interpretations.

3.3 Patterns of long-chain n-alkanes in plants and
topsoils

One sample of fresh plant material per species was analyzed
for the n-alkane distribution from the main species of the

Table 1. Correlation coefficient (r) between different charcoal-
morphotype distributions (n= 23, excluding profile P-J).

Charcoal type r p value

Wood–grass −0.93 < 0.001
Wood–leaf −0.01 0.969
Grass–leaf −0.36 0.088

study area (Fig. 4). Siberian larch is the dominant tree in
the Mongolian forest–steppe, and its n-alkane pattern shows
dominance in nC27 and nC29 (Fig. 4), which was also re-
ported by Zech et al. (2010b). In contrast, Struck et al. (2020)
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Figure 3. Charcoal concentration and morphotype distribution in paleosols and humic layers at different study sites.

stated a dominance of nC25 for their larch samples from
Mongolia, whereas Diefendorf et al. (2011) stated a domi-
nance of nC29 for Larix decidua from North American sam-
ples. We detected a low total n-alkane concentration (TAC)
of 19.7 µg g−1 dry plant material for our Siberian larch sam-
ple, which is in agreement with literature data. Thus, larch is
unlikely to significantly contribute to the n-alkane patterns of

the soils. Birch (Betula platyphylla) and willow (Salix spp.),
which often occur at moist and open sites in forest stands,
also have a predominance of nC27 and yielded TACs of 248.8
and 96.4 µg g−1, respectively (Fig. 4). Comparable n-alkane
distributions with a predominance of nC27 for birch species
were also reported by Tarasov et al. (2013) (B. exilis, B. fru-
ticosa) and Zech et al. (2010b) for eastern Siberia and by

https://doi.org/10.5194/egqsj-71-91-2022 E&G Quaternary Sci. J., 71, 91–110, 2022



102 M. Lerch et al.: Leaf waxes and macro-charcoals in soils of Mongolia

Strobel et al. (2021) (B. nana) for the Mongolian Altai. Zech
et al. (2010b) and Tarasov et al. (2013) also reported a pre-
dominance of nC27 for willow, whereas the nC23 content in
our sample was exceptionally high. We assume that moist
environmental conditions promote the formation of a higher
content of mid-chain n-alkanes such as nC23 and/or nC25 in
leaf waxes of willow (Tarasov et al., 2013). Lonicera altaica,
Vaccinium vitis-idaea and Vaccinium myrtillus are common
shrubs that are restricted to dense pristine forests and thus
may serve as secondary indicators for forests. We found a
distinct predominance of nC29 and high TAC of 493.3 µg g−1

for Lonicera altaica (Fig. 4), whereas a predominance of
nC31 was reported for both Vaccinium vitis-idaea and Vac-
cinium myrtillus (Tarasov et al., 2013). The authors stated
that TAC for Vaccinium vitis-idaea was 4070 µg g−1 and for
Vaccinium myrtillus was ∼ 3000 µg g−1.

Poaceae that prevail in the grassland reveal a predomi-
nance of nC31 and a TAC of 246.6 µg g−1 (Fig. 4), which
was also shown by Bush and McInerney (2013) and Struck
et al. (2020). The same is true for Potentilla fruticosa,
which represents a dominant forb in the steppe with a TAC
of 1200 µg g−1 (Fig. 4), as well as for Cyperaceae (Bush
and McInerney, 2013; Struck et al., 2020). Furthermore,
Potentilla fruticosa as a steppe-dominant plant has an in-
creased relative n-alkane contribution of nC33. By contrast,
Artemisia spp., which contribute many prevalent genera of
the steppe, as well as Caragana spp. have a predominance of
nC29 (Struck et al., 2020).

Most of the long-chain n-alkanes detected in the investi-
gated topsoils show similar patterns with increasing relative
contributions of odd n-alkanes from nC25 to the predomi-
nant homologue nC31 (Fig. 5), which confirms the results
from Schäfer et al. (2016) and Struck et al. (2020). We ob-
served the highest relative abundances of nC33 in topsoils of
the profiles P-B, P-09 and P-C. This finding can be likely
explained with the input of litter from Potentilla fruticosa,
being characterized by high nC33 contents. The OEP ratios
of topsoils range between 7.5 and 16.1. A distinct exception
of the n-alkane pattern in the topsoils occurs at profile P-S.
The dominant carbon-chain length for this soil profile is nC27
(Fig. 5). Abundant birch and willow trees at this site may
have caused this high content of nC27. TAC ranges from 4.5
to 26.7 µg g−1 soil and from 107 to 280 µg g−1 TOC for the
investigated topsoils.

The ACL (Fig. 5) of different topsoils shows marginal re-
lationships to the modern vegetation. Currently, no trees exist
at the sites P-C and P-F and dense larch succession occurs at
the site P-B. These sites are among those with the highest
ACL values in the topsoils. Leaf trees like willow and birch
occur in the vicinity of the steppe-dominated sites P-M and
P-N and are mixed with larch at the sites P-09, P-R and P-S.
Topsoils of P-09 and P-S are characterized by higher content
of nC27 compared to the other topsoils. The high production
rate of nC27 of willow and birch produces a distinct signal
in the n-alkane distribution in topsoil, which decreases the

ACL compared to steppe- and larch-dominated sites. Stro-
bel et al. (2021) have shown comparable n-alkane patterns in
topsoils with nC31 predominance at steppe-dominated sites
and with nC27 predominance at sites with Betula nana.

3.4 Correlation of n-alkane and macro-charcoal ratios in
soil profiles

The correlation between n-alkane ACL and charcoal ratios
as indicators for steppe and forest distribution of all sam-
ples without site classification is low (Table 2), although a
common trend in the wood- and grass-dominated share ex-
ists (r > 0.5).

A detailed statistical analysis considering specific n-
alkanes and charcoal types (Table 2) has shown that correla-
tions of wood-driven charcoal are significantly positive with
nC27 and significantly negative with nC31 and nC33, whereas
these correlations are inverse for grass charcoal. Charcoals
from leaves have no significant correlations, which point to
the minor relevance of these morphotypes for vegetation re-
construction.

A closer look at n-alkane and macro-charcoal ratios shows
that grouping the profiles by vegetation pattern and site con-
ditions increases the statistical correlations significantly (Ta-
ble 3, Fig. 6). In group A, the profiles P-B and P-R are located
at forested sites. At profile P-F no trees occur at present, but
the analyzed sample at 151 cm depth included fragments of
wood alongside charcoal pieces and alluvial forest grows ca.
1 km upstream. Group A shows highly significant correla-
tions between wood, grass, the grass /wood ratio and C /N
on the one hand with ACL and OEP on the other hand (Ta-
ble 3). Increasing OEP and ACL occurred parallel with the
increasing share of grass, which is caused by higher contents
of long-chain n-alkanes (nC31) in grasses than in other plants
and is in agreement with results from Struck et al. (2020)
and Strobel et al. (2021). In addition, the C /N ratio corre-
lates positively with Csf, OEP and ACL, which indicates less
biological decomposition when the portion of grass vegeta-
tion increased at forest-related sites. Permafrost distribution
in forest stands, which hampers microbial activity, is related
to herb and moss ground vegetation, whereas grass inside for-
est indicates less canopy closure inducing warmer soil con-
ditions.

Group B includes the profiles P-C and P-L, which are
located under dry steppe without any trees, and profile P-
N occurs under dense meadow steppe in the vicinity of ri-
parian trees. Group B shows generally lower and inverse
correlations between charcoal and n-alkane ratios compared
to group A (Fig. 6, Table 3). In addition, the total quan-
tity of charcoal particles correlates positively with the short-
and mid-chain n-alkanes nC18 and

∑
nC17–nC20. These n-

alkane chain lengths can be produced by microbial degrada-
tion or in the case of nC18 by charring (Wiesenberg et al.,
2009; Zech et al., 2010a). The C /N and OEP values do not
show significant correlation with charcoal and n-alkane ra-
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Figure 4. Long-chain n-alkane patterns of plants from the study area at Tosontsengel (OEP, odd-over-even predominance; TAC, total n-
alkane concentration of dry plant material; ACL, average chain length of n-alkanes; n= 1).

Table 2. Correlation (r) between the relative distribution of charcoal types and ACL (average chain length of n-alkanes, n= 20, excluding
profile P-K).

Charcoal nC25 nC27 nC29 nC31 nC33 ACL

Wood 0.20 0.47∗ 0.23 −0.48∗ −0.46∗ −0.55∗

Leaf 0.03 0.17 −0.08 −0.13 −0.08 −0.17
Grass −0.18 −0.46∗ −0.16 0.45∗ 0.42 0.53∗

Grass /wood (Csf) −0.20 −0.45∗ −0.19 0.47∗ 0.40 0.52∗

Grass+ leaf /wood −0.20 −0.44 −0.22 0.48∗ 0.41 0.51∗

∗ p< 0.05.

tios in group B, which may point to less influence of micro-
bial decomposition on these ratios.

Sediment stirring and inverse ages from radiometric dat-
ing indicate disturbances and transformations in the organic
matter of profiles P-K and P-S, which become visible in the
extreme outmost relations between n-alkane and charcoal ra-
tios (Fig. 6). Due to these inconsistencies, these profiles were
classified as group C, which is problematic for environmental
interpretation.

Figure 2 shows the vertical distribution of charcoal and
n-alkane parameters in several soil profiles that were investi-

gated in greater detail. Layers where low values of OEP and
C /N and high values of nC18 occur are highlighted in grey
to indicate the potential of increased microbiological decom-
position. Layers where high values of OEP and C /N and
nC18 occur are highlighted in light brown to indicate the po-
tential of degradation by fire.

The dark-brown-colored humic layers (18–23 cm; 40 cm)
of profile P-B show low TAC, OEP and C /N and high
nC18 and

∑
nC17–nC20 values (Fig. 2), which confirm the

assumption of relocated topsoil from an upslope position
for these humic layers (Klinge et al., 2021). In contrast,
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Figure 5. Relative long-chain n-alkane content (%), OEP, TAC and ACL of topsoils and mean vegetation at different profiles in the study
area (OEP, odd-over-even predominance; TAC, total n-alkane concentration of soil; ACL, average chain length of n-alkanes).

the bright yellowish sediment (23–38 cm) tends to have in-
creased values for TAC, OEP and C /N and low nC18 and∑
nC17–nC20 values, pointing to more parent material that

was subjected to less soil formation. A similar n-alkane and
C /N pattern occurs in profile P-C, where low OEP and C /N
and high nC18 of a layer at ∼ 6 cm and a paleosol at 45–
50 cm indicated microbiological activity, whereas the other
layers were less affected. The inverse distribution of n-alkane
and macro-charcoal ratios in the pronounced paleosol at 45–
50 cm depth in P-C is probably related to the intense decom-
position that led to a decrease in long-chain n-alkanes and
increase in short- and mid-chain n-alkanes. The same is true
for profile P-L, where the differences in OEP and C /N be-
tween the upper layer (58 cm; OEP, 15.6; C /N, 20.1) and
lower layer (116 cm; OEP, 9.3; C /N, 14.9) indicate more de-
composition related to the decrease in long-chain n-alkanes
in the latter, which again explains the inverse charcoal ratio
(Fig. 2).

At profile P-R, the n-alkane pattern is comparable with
profile P-B. However, the decomposition rate was already
high in the topsoil of profile P-R in contrast to P-B. Al-
though decomposition may have influenced the n-alkane pat-
tern of the profiles P-B and P-R, the parallel pattern of macro-
charcoal ratios confirms the vegetation proxy. At the top and
at the bottom of profile P-F, the OEP, C /N and mid-chain
n-alkanes indicate similar microbiological activity and soil
formation, but ACL points to more forest in the lowest layer.

In the steppe profiles P-C and P-L (group B), higher
macro-charcoal ratios that indicate increased grassland share
are combined with increased degradation of n-alkanes,
shown by a lower OEP. This phenomenon is reverse in the
forest-related sites (group A, profiles P-B, P-R, P-F). An in-
tensive cryoturbation in profile P-S and substrate infiltration
at the profile P-K is underlined by the obtained ages, which
diminished the analysis of the n-alkane patterns, charcoal ra-
tios and chronology.
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Table 3. Correlation matrix between macro-charcoal and n-alkane parameters (r). TAC denotes total n-alkane content; OEP denotes odd-
over-even predominance; ACL denotes average chain length of n-alkanes.

nC18 C /N
∑
nC17–nC20 TAC OEP ACL

(%) (%)

Group A: profiles P-B, P-R, P-F; n= 8

Wood 0.18 −0.59 −0.03 −0.40 −0.78∗ −0.91∗∗

Leaf −0.02 −0.51 −0.38 0.23 −0.23 −0.14
Grass −0.24 −0.37 −0.61 0.27 0.86∗∗ 0.93∗∗∗

Grass /wood; Csf −0.13 0.85∗∗ −0.28 0.25 0.82∗ 0.94∗∗∗

Particles 0.02 −0.55 −0.29 0.35 −0.22 −0.35
C /N −0.04 −0.11 −0.15 0.59 0.78∗

Group B: profiles P-C, P-L, P-N; n= 8

Wood 0.97∗∗∗∗ −0.53 0.94∗∗∗ 0.54 0.69 0.83∗

Leaf 0.69 −0.43 0.65 −0.10 0.10 0.23
Grass 0.94∗∗∗∗ −0.55 0.92∗∗ −0.33 −0.56 −0.75∗

Grass /wood; Csf −0.31 0.19 −0.27 −0.41 −0.66 −0.84∗∗

Particles 0.96∗∗∗∗ −0.55 0.93∗∗∗ 0.06 −0.46 −0.17
C /N −0.45 −0.34 −0.59 0.38 0.13

Macro-charcoal particle quantity Macro-charcoal particle
proportion

∗ p< 0.05. ∗∗ p< 0.01. ∗∗∗ p< 0.001. ∗∗∗∗ p< 0.0005.

Figure 6. Linear regressions between ACL and Csf grouped by dif-
ferent site conditions (ACL, average chain length of n-alkanes; Csf,
macro-charcoal grass /wood ratio).

3.5 Evaluating the impact of geomorphological
processes, climate and vegetation on n-alkanes and
macro-charcoal distribution in soils for their
suitability as proxy data

The horizontal distribution of n-alkane and macro-charcoal
ratios in different profiles show parallel patterns in group A
and inverse patterns in group B (Fig. 2). A distinct environ-

mental difference between both groups is the occurrence of
modern or past forest at the sites of group A, whereas forest
was probably absent at the sites of group B. Positive correla-
tions between both ratios may prove the delineation of paleo-
vegetation at the specific sample sites, whereas diverging ra-
tios derive from different sources, pathways and degradation
degrees of elements. Irregular biomarker and charcoal distri-
butions in disturbed profiles show inconsistent dating results
too, which clearly points to problematic samples that should
be interpreted with caution or rejected.

Most of the n-alkanes in topsoils originate directly from
the litter of the covering vegetation. A paleosol most likely
received n-alkanes that indicate the local vegetation compo-
sition, whereas distinct humic layers as deposits of translo-
cated paleosol contain SOM that comes from distant posi-
tions. Thus, n-alkanes of colluvial layers represent a mix-
ture of solum material from the upslope area, whereas allu-
vial layers may receive additional organic material from a
larger area of the fluvial catchment. Furthermore, reworked
leaf waxes and fossil n-alkanes may have deposited along
with eolian influx and may have biased the biomarker signals
(Haas et al., 2017). However, it can be presumed that the eo-
lian portion of n-alkanes in soils is negligible compared to
those directly deriving from vegetation.

Paleosols and humic layers contain organic carbon from
different sources such as reworked solum material, charcoal,
plant material, living roots and dissolved organic matter,
which produces uncertainties of > 100 years by 14C dating
(Pessenda et al., 2001). Carbon-14 dating of charcoal pro-
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vides the age of tree growth before fire. Carbon-14 dating
on n-alkanes reflects the age of modern vegetation or paleo-
vegetation (i.e., n-alkane-producing vegetation) and its input
into soils. Therefore, we decided to focus the age determina-
tion of our soils using 14C and IRSL dating on bulk material.
The n-alkane assemblage in the SOM covers the entire pe-
riod of soil development. Although soil formation may last
for a long time, when no soil erosion or sediment covering
occurred, the high age frequency of humic layers and pale-
osols found in our soil profiles (Fig. 2) limits most of the soil
formation periods to a few hundred years.
n-Alkanes are subjected to microbiological degradation,

which is controlled by different ecological factors relating to
moisture and temperature regimes in the investigated soils
(Struck et al., 2020). Our results have shown that decompo-
sition of organic matter was generally higher in dry steppe
soils and lower under forest that is often underlain by per-
mafrost. The degradation of n-alkanes in Mongolian topsoils
from semi-arid and arid regions was also investigated for two
transects by Struck et al. (2020). OEP values for these top-
soils range from 1.5 to 19 and agree with our OEP results
(Struck et al., 2020) (Fig. 5).

Although small pieces of charred wood were found in
many profiles, the “macro-charcoals” that were analyzed
here are particles of microscopic size in the scope of pollen
and dust. Thus, macro-charcoals of local origin and eolian
input were deposited in different shares. Increasing particle
concentration may serve as an indicator for a macro-charcoal
source of nearer rather than long-distance fire. Treeless sites
of the steppe area (profiles P-C, P-L) must have received
their wood-derived macro-charcoal portion in particular by
eolian influx. In contrast, the n-alkane patterns of steppe soils
represent the local vegetation cover consisting of grasses
and herbs. The increased share of short- and mid-chain n-
alkanes (nC18–nC26) in combination with a decreased OEP
ratio suggests a more intense microbial degradation of n-
alkanes (Lerch et al., 2018). Furthermore, statistical analysis
(Table 3) proved that a combination of macro-charcoal and n-
alkanes yields inconsistent results for steppe soils (group B).

The information of macro-charcoal and n-alkane distri-
bution (ACL) and the dating results from the paleosols
and humic layers provide a chronological framework of the
Holocene vegetation evolution in the study area (Fig. 7).
Both indices show that grassland dominated in the period
before 7.5 ka, although forests had already existed in the
Khangai Mountains since at least 9.5 ka (Gunin et al., 1999;
Wang et al., 2009; Unkelbach et al., 2021). After 5.0 ka,
the indices are more diverse and the vegetation pattern be-
comes more complex. The site-specific n-alkane proxy tends
to indicate more grassland compared to the macro-charcoal
proxy, which was probably influenced by eolian deposi-
tion of allochthonous charcoal particles upon topsoils. The
widespread dispersal of charcoal particles after forest and
steppe fires represents a distinct sedimentation factor that can
even be traced to the high mountains as dust in glacier ice

Figure 7. Chronological distribution of macro-charcoal ratio and
ACL (ACL, average chain length of n-alkanes; Csf, macro-charcoal
grass /wood ratio).

(Eichler et al., 2011; Brugger et al., 2018). Thus, the higher
share of wood-derived macro-charcoal in soils points to in-
creased forest fires in the region. In addition, the n-alkane
patterns that represent more local proxies in soils indicate
an expanded steppe area for most of the soil profiles, estab-
lished by a high content of nC31, since the beginning of the
Late Holocene. The observed change in the pattern of forest
and steppe distribution as well as the increased fire activity
in Mongolia since the Late Holocene is related to climatic
and/or anthropogenic impact (Klinge and Sauer, 2019). Fur-
thermore, desertification processes and increased geomor-
phological activity occur concordantly with a cultural change
since the early Bronze Age when humans developed a pas-
toral economy (Fernández-Giménez et al., 2017; Klinge et
al., 2022). Nevertheless, these initial findings need further
evaluation due to the limited number of samples presented
here.

4 Conclusions

Based on our results of comparing two different paleo-
proxies, n-alkanes and macro-charcoals, we have shown that
it is essential to consider their different element sources,
paths and catchment areas for interpretation of the local and
regional paleo-environment. Additional information about
soil properties as well as radiometric dating provides fur-
ther evidence. The analysis of lipid biomarkers, such as n-
alkanes, on samples from soil profiles of central Mongo-
lia gives insight into local vegetation conditions. n-Alkanes,
which are organic molecules in leaf waxes, are directly accu-
mulated in the soils by local vegetation (Zech et al., 2010b).
Translocation of soil material may occur by slope wash and
solifluction processes. Decomposition of organic matter and
n-alkanes is generally more intense in dry steppe soils and
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less intense under forest that is often underlain by permafrost.
Macro-charcoals in soils represent a mixture of both lo-
cal and long-distance sources. Due to the eolian transport,
the dominating wind direction frames the catchment area of
macro-charcoal influx.

We have shown that paleosols and humic layers repre-
sent a valuable archive for reconstruction of the detailed
paleo-environment at a high site-specific spatial resolution.
The application of lipid biomarker analysis to paleosols can
help to prove local differences in topographic site condi-
tions over time such as the aspect-dependent vegetation dif-
ferentiation of the Mongolian forest–steppe. Charcoal in pa-
leosols indicates periods of increased fire impact on land-
scape evolution and geomorphology. However, the tempo-
ral resolution of paleosol and sediment archives is often low
and discontinuous due to irregular deposition intensity and
soil-forming periods, but the biomarker proxies are related
to distinct geomorphological periods in a local scale. In con-
trast, lake sediments may provide a more continuous sed-
imentation chronology, but the sediment input depends on
fluvial and eolian catchments. Thus, these archives contain
proxy data that represent a larger area than soil archives do.
Furthermore, stratified charcoal particles in glacier ice and
snow fields solely derive from long-distance eolian transport.
Their paleo-proxies depend on the main wind direction that
frames the catchment area and thus the region for the paleo-
environmental representation of their proxies. In summary,
there is further need for multi-proxy analysis (biomarkers,
macro-charcoal, pollen, microorganisms, ancient DNA, sed-
iment properties) comparing the different soils, lake and
glacier archives in combination with radiometric dating to
enhance and refine the paleo-environmental records in Mon-
golia.
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Abstract: Glacial trimlines are important features for constraining 3-dimensional palaeoglaciological recon-
structions, but relatively little is known about the processes of their formation and preservation. A new
classification scheme for the expression of glacial trimlines was presented by Rootes and Clark (2020),
with the aim to encourage further research into the processes of formation and preservation for trim-
lines. Here we present the first application of the trimline classification scheme to a case study location
in central western Spitsbergen, Svalbard. Little Ice Age trimlines were mapped using remotely sensed
imagery and the classification scheme applied. These data are presented and used to examine the fac-
tors that may influence the distribution and expression of trimlines in order to explore controls on
their formation and preservation. Preliminary analysis suggests that the type of glacier, and geology,
particularly the bedrock erodibility, may have an influence over the location and expression of glacial
trimlines in Svalbard. These findings open the potential for trimlines to be used as part of diagnos-
tic landsystems for specific types of glacier, such as marine-terminating tidewater glaciers, terrestrial
glaciers or surge-type glaciers, and indicates that further research into glacial trimlines may enable
these landforms to yield additional information about palaeo-ice masses than has previously been the
case.

Kurzfassung: Schliffgrenzen sind wichtige Merkmale für die Ableitung dreidimensionaler paläoglaziologischer
Rekonstruktionen, jedoch ist relativ wenig über die Prozesse ihrer Entstehung und Erhaltung bekannt.
Ein neues Schema zur Klassifikation der Ausprägung von Schliffgrenzen wurde von Rootes und
Clark (2020) vorgestellt, mit dem Ziel, weitere Forschung zu den Prozessen der Bildung und Er-
haltung von Schliffgrenzen anzuregen. Hier stellen wir die erste Anwendung des Schliffgrenzen-
Klassifikationsschemas auf das Gebiet einer eine Fallstudie im zentralen westlichen Spitzbergen,
Svalbard, vor. Die Schliffgrenzen der Kleinen Eiszeit wurden mit Hilfe von Fernerkundungsaufnah-
men kartiert und dem Klassifikationsschema unterzogen. Diese Daten werden vorgestellt und dazu
verwendet, zu untersuchen, welche Faktoren die Verbreitung und Ausprägung von Schliffgrenzen
beeinflussen, um die Kontrollfaktoren ihrer Entstehung und Erhaltung zu identifizieren. Vorläufige
Analysen deuten darauf hin, dass der Gletschertyp und die Geologie, insbesondere die Erodierbarkeit
des Gesteins, einen Einfluss auf die Lage und Ausprägung der Schliffgrenzen in Spitzbergen haben.
Diese Befunde eröffnen die Möglichkeit, Schliffgrenzen als Teil des diagnostischen Formenschatzes
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für bestimmte Gletschertypen, wie ins Meer mündende Gezeitengletscher oder terrestrische Gletscher,
verwendet werden können. Sie weisen zudem darauf hin, dass bei weiterer Erforschung der Schliff-
grenzen diese das Potential haben, mehr Informationen über Paläoeismassen zu liefern als dies bisher
der Fall war. (Abstract was translated by Daniela Sauer.)

1 Introduction

Glacial trimlines are defined as glaciogenic features ex-
pressed as a break or transition in the vegetation, weath-
ered material, erosion pattern, deposited material or trun-
cated slope landforms (e.g. talus cones, gullies) on the
slopes of a glacierised or glaciated valley (Rootes and Clark,
2020). These features are important in helping produce 3-
dimensional (3D) reconstructions because they provide con-
straints on both the vertical and horizontal position of palaeo-
ice margins (Ballantyne, 2010; Rootes and Clark, 2020).

In spite of the importance of glacial trimlines they remain
relatively under-studied in comparison to other glaciogenic
landforms which have received far more research regarding
their processes of formation and presentation, such as for
moraines (e.g. Barr and Lovell, 2014; Reinardy et al., 2013;
Lukas, 2012; Lukas et al., 2012; Cooley, 2012). The lack
of research means that the processes of trimline formation
and preservation remain largely unknown (Rootes and Clark,
2020). This makes it difficult to confidently interpret glacial
trimlines and to use them in conjunction with other, better
studied glaciogenic features in the production of 3D recon-
structions. Trimlines often find themselves in the category
of only being seen in the “eye of the beholder”, with field
parties vigorously arm-waving and debating whether a trim-
line reliably exists on that flank of valley. Annoyingly, they
sometimes disappear the closer you approach them. Some of
these problems surely come from a lack of understanding as
to how they are manifested in the landscape, which makes it
difficult to reliably identify and map trimlines.

A recent attempt at classifying the full range of pos-
sible trimline expressions was presented by Rootes and
Clark (2020), but this classification scheme has not yet been
tested in a case study example. They categorised trimline ex-
pression into contrasts in glacial deposition or erosion, in dis-
continuities in landforms reflecting slope process, or by sur-
face ageing contrasts (see Fig. 3). Here we apply this trimline
classification scheme to a case study example in Svalbard.
We also investigate the extent to which trimline expression
varies with glacier type, such as marine versus terrestrially
terminating and surge and non-surging glaciers. The trim-
lines in the study area have not been the subject of previous
research or mapping. The methods used to map and classify
the glacial trimlines will be presented, alongside the maps
and data files. The utility of the new classification scheme
will be assessed, and notable patterns in the expression and
distribution of the trimlines across the area will be high-

lighted and discussed. From these findings we suggest poten-
tial directions for further research into the expression, forma-
tion and preservation of glacial trimlines.

Study area

The Svalbard archipelago is situated in the Barents Sea and
was chosen for this case study because the recent retreat of
Svalbard glaciers since their Little Ice Age (LIA) maximum
extent has exposed a wide range of glacial trimlines, rep-
resenting many different trimline expressions. The trimlines
are relatively young, with the local LIA maximum ice mar-
gin position thought to have been reached between 1850 and
1940 (Ziaja, 2005; Mangerud and Landvik, 2007; Flink et al.,
2015; Farnsworth et al., 2020). The relatively recent nature of
trimlines on Svalbard mean that these features are generally
clear, well-defined and often closely associated with a mod-
ern ice margin, making them more straightforward to identify
and map than older trimlines.

An area in central western Spitsbergen, the largest of the
Svalbard islands, was identified for this study (Fig. 1). Spits-
bergen has been well-studied, and the glacial history is rea-
sonably well constrained, particularly along the west coast
(Ingólfsson, 2011) where the study area is located. The study
area is in a predominantly mountainous area bounded by two
prominent fjords: Kongsfjorden in the north and St. Jons-
fjorden in the south (Fig. 1). This area was chosen because
the glacial geomorphological evidence and stratigraphy have
been previously documented, but the trimlines have not been
mapped in detail. Previous studies have attempted to produce
3D reconstructions of the LIA ice thickness (e.g. Lønne and
Lyså, 2005; Navarro et al., 2005; Ziaja, 2005; Kohler et al.,
2007; Mangerud and Landvik, 2007; Nuth et al., 2007) but
have made little to no use of glacial trimlines despite the fact
that these landforms are very widespread in the study area.

The area is heavily glacierised, with 78 glaciers cover-
ing 69 % of the land area (Fig. 2). There are a wide range
of valley and cirque glaciers, as well as 15 large marine-
terminating valley or icefield outlet glaciers. The study area
features 31 surge-type glaciers, which have phases of com-
paratively rapid flow (“surges”) interspersed with longer pe-
riods of slower flow (Benn and Evans, 2010). The surge-type
glaciers in the study area have been identified either due to
being observed during a surge or because they are associated
with glacial or geomorphological features that are diagnostic
of surging (Heïde Sevestre, personal communication, 2015).
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Figure 1. (a) The Svalbard archipelago with the study area in central western Spitsbergen outlined in red. (b) The study area with place
names referred to in the text. Map from the Norwegian Polar Institute.

Central western Spitsbergen has an Arctic maritime cli-
mate, which is typical for Svalbard and produces predom-
inately polythermal bed conditions in all but the smallest
of cirque glaciers (Nuth et al., 2007). The study area geol-
ogy can be broadly divided into three categories: (1) meta-
morphic Precambrian and Caledonian Hecla Hoek basement
around St. Jonsfjorden, to the north of Kongsfjorden, and in
the mountains of Oscar II Land; (2) sedimentary Permian
and Triassic platform cover on the Brøggerhalvøya penin-
sula; and (3) Tertiary and Quaternary deposits on the coastal
plains of Oscar II Land (Dallmann, 2015; Fig. 1). Previous
research has suggested that glacial trimlines can be influ-
enced by the underlying geology (e.g. Kelly et al., 2004),
so the varied geology of the study area may be expected to
be associated with differing patterns of trimline expression
and/or distribution.

2 Methodology

2.1 Trimline mapping methodology and data sources

The trimlines of central western Spitsbergen were mapped
from remotely sensed imagery using ArcGIS 10.1. The pri-
mary mapping was conducted using band 8 (panchromatic)
of the Landsat 7 Enhanced Thematic Mapper + scene cap-
tured on 1 August 2015. To refine the trimline mapping and

to assist in the classification of the modes of trimline ex-
pression, the 15 m resolution Landsat scene was compared
with very high-resolution (40–50 cm) aerial imagery from
the Norwegian Polar Institute (NPI). The aerial images were
acquired by the NPI during the summers of 2008–2012. A
20 m resolution digital elevation model (DEM) was also used
to provide elevation and slope information for the trimline
features and to enable analysis of the surrounding topogra-
phy. The DEM was produced by the NPI in 2014 from stereo
aerial imagery.

Secondary data used in the mapping and analysis of the
glacial trimlines included geological maps, acquired from
the NPI, and modern glacier margin shapefiles, also acquired
from the NPI and produced between 2001 and 2010. A list
of the surge-type glaciers in central western Spitsbergen was
compiled using Sevestre’s Svalbard surging glacier inventory
(Sevestre, 2015). Field photographs of several trimlines in
central western Spitsbergen were acquired by Mona Henrik-
sen and Camilla M. Rootes during July and August 2015.

All features that could be trimlines or other associated
landforms, such as lateral moraines, were identified and
mapped onto the Landsat image. Following the terminology
outlined in Rootes and Clark (2020), these “apparent trim-
lines” were then investigated to identify any potentially non-
glacial features. This involved consulting the NPI aerial im-
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Figure 2. Surge-type (labelled with their names) and non-surging glaciers of central western Spitsbergen. Large surge-type glaciers dominate
(many of them with tidewater margins), accounting for roughly half of the glaciated area. Glacier outlines and DEM are from the Norwegian
Polar Institute. The surge-type glaciers were identified from Sevestre’s inventory of Svalbard surging glaciers (Sevestre, 2015).

agery alongside geological and glacier margin maps to iden-
tify any apparent trimlines that were likely to be of geologi-
cal origin, i.e. marking a fault line or rock boundary, or were
probably debris-covered ice margins.

2.2 Classifying trimline expression

The new trimline expression classification scheme (Rootes
and Clark, 2020; Fig. 3) was applied to the trimlines in the
study area. The classification scheme was used to determine
the primary mode of expression for each trimline feature and

to separate the glacial trimlines from other associated linear
landforms, such as moraines and ice marginal meltwater fea-
tures (Fig. 3).

The modes of trimline expression were identified by vi-
sual analysis using the Landsat scene and the high-resolution
NPI aerial imagery. This technique generally allowed one or
more of the expression categories to be easily identified for
each trimline. In some cases, it was not possible to clearly
identify the primary mode of trimline expression, in which
case additional methods were applied. For example, a nor-
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Figure 3. The classification scheme used to determine the mode of expression for glacial trimlines in the study area (Rootes and Clark,
2020). No trimlines were classified in the “invisible trimlines” category. These would need to be identified by analysing soil or rock samples
collected in the field, which was beyond the remit of the study. However, all of the remaining trimline expression categories were found to
be present in central western Spitsbergen, as well as moraines and ice margin meltwater landforms.

malised difference vegetation index (NDVI), computed from
the Landsat data, was used to identify the changes in vege-
tation that characterised some of the surface ageing trimlines
in the study area. Other additional methods involved consult-
ing true and false colour Landsat data composites, the DEM,
and any available field photos.

3 Results

The primary mapping identified 407 apparent trimlines, of
which 11 were then found to be potentially not glaciogenic
landforms. These features were excluded from further anal-
ysis, leaving a data set of 396 confirmed glacial trimlines
or associated linear glacial features. Of these, 200 apparent
trimlines were identified as either moraines or ice marginal
meltwater landforms, leaving a final dataset of 196 confirmed
glacial trimlines.

Classification of the final dataset determined that the most
common mode of expression was as depositional trimlines,
such as glacial drift limits, accounting for 93 features, 47 %
of all trimlines in the study area. Erosional trimlines, such
as limits of warm-based glacial erosion, were also very com-
mon; accounting for 90 features or 46 % of all trimlines in
the study area. Other modes of expression were found sig-
nificantly less common, with only eight trimlines expressed
primarily as a discontinuity in slope landforms and just five
expressed primarily as a contrast in surface ageing. However,
both of these less common modes were commonly identified
as secondary modes of expression, with either erosional or
depositional identified as the feature’s primary mode of ex-
pression. For example, trimlines primarily identified as de-
positional were often also found to include discontinuities
in slope landforms, whilst primarily erosional trimlines are
often associated with surface ageing contrasts. In total, 113
trimlines, representing 58 % of all trimlines in the study area,

were identified as composite features that are linked to at
least two different modes of expression.

So-called invisible trimlines (Fig. 3), those only apparent
from field assessments of relative or absolute dating of the
surfaces, were not investigated.

3.1 Trimline distribution and expression

Trimlines were found to be abundant and evenly distributed
across the area (Fig. 4a) with most of the modern glaciers
having at least one trimline. Four trimlines not associated
with any modern glacier were identified: three on Brøgger-
halvøya (Fig. 4b) and one in a cirque just west of Comfort-
lessbreen in Oscar II Land (Fig. 4c). These record the exis-
tence of glaciers that likely existed during the Little Ice Age
cold event but have since disappeared.

Further evidence for loss of ice mass in the study area is
shown by the altitudinal sequences of trimlines associated
with several of the larger glaciers, which indicate widespread
glacial thinning. A particularly good example are the trim-
lines on Colletthøgda, defining a nunatak that is emerging
as Kongsbreen and Kronebreen lower in elevation (Fig. 4b).
Trimline evidence for frontal retreat of glaciers is appar-
ent in that Bullbreen was once a marine-terminating tidewa-
ter glacier, but it has retreated and now terminates on land
(Fig. 4d). On the coastal plains of Oscar II Land, trimlines
along the lateral ice margins can be used in conjunction with
the large lateral and frontal moraine complexes to demon-
strate both glacial retreat and thinning in large outlet glaciers,
such as Aavatsmarkbreen (Fig. 4c). Trimline evidence also
points to former confluences between glaciers that are now
distinct. For example, following the line of the trimlines of
Konowbreen and Osbornebreen in St. Jonsfjorden allows a
potential palaeo-confluence point to be identified (marked in
Fig. 4d). In some cases, the distribution of trimlines suggests
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Figure 4. Trimlines and glaciers in central western Spitsbergen. (a) Entire study area with areas covered by panels (b), (c) and (d) indicated
in orange; (b) greater detail of Kongsfjorden and the Brøggerhalvøya peninsula; (c) coastal Oscar II Land; and (d) the area around St. Jons-
fjorden. These maps show that trimlines are found throughout the ice-free areas of central western Spitsbergen, associated with most glaciers,
with many glaciers linked to multiple trimlines. The glacier outlines and background DEM are from the NPI.

possible topographic pinning points, where the shape of the
topography stabilised a glacier, such as the frontal margin
of Blomstrandbreen on the island of Blomstrandhalvøya in
Kongsfjorden (Fig. 4b).

Trimlines of all modes of expression are distributed
throughout the study area (Fig. 5a). Depositional and ero-
sional trimlines are often found associated with the same
glacier and especially so around the surge-type and tidewa-
ter glaciers of St. Jonsfjorden (Fig. 5d) and Kongsfjorden

(Fig. 5b). Surface ageing contrasts can also be found primar-
ily in St. Jonsfjorden and Kongsfjorden but are particularly
common as secondary classifications of erosional trimlines,
in which form they are well distributed throughout the study
area. Slope landform discontinuities are mainly found alone
in Kongsfjorden and are most often identified as a secondary
classification for depositional trimlines, in which form they
are well distributed throughout the study area but remain the
least common mode of trimline expression. Trimlines of all
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Figure 5. Distribution of the different modes of trimline expression and associated ice marginal landforms. (a) Whole study area; (b) Kongs-
fjorden and Brøggerhalvøya; (c) coast of Oscar II Land; and (d) area around St. Jonsfjorden. Note that many slope landforms and surface
ageing trimlines are not visible because the classification here is by the predominant mode of trimline expression, usually erosional or
depositional.

types are less common in the coastal plains in Oscar II Land,
where limited numbers of mostly erosional and surface age-
ing trimlines are largely found on the lateral ice margins
(Fig. 5c).

3.2 Factors influencing the distribution and expression

Trimlines are most commonly found (55 %) in the regions
of the study area underlain by erosion-resistant Hecla Hoek
metamorphic basement, which is found around St. Jonsfjor-
den, to the north of Kongsfjorden, and in the mountains of
Oscar II Land. A further 39 % of trimlines are located on sed-
imentary Permian and Triassic platform cover on the Brøg-
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gerhalvøya peninsula, with just 6 % associated with the soft
and highly erodible Tertiary and Quaternary deposits that
make up the plains of Oscar II Land. This suggests that the re-
sistance to erosion of the bedrock geology may have an influ-
ence over the distribution of glacial trimlines, a link that has
been previously made (e.g. by Kelly et al., 2004) but which
is fraught with the difficulty of disentangling geological from
topographical factors given that the two so often co-vary.

Surface ageing contrasts are especially common (63 %) in
regions underlain by the erosion-resistant Hecla Hoek base-
ment. In the regions of softer Tertiary and Quaternary de-
posits, trimlines are relatively uncommon, but erosional trim-
lines exist in a slightly greater proportion (12 %) compared
to all trimlines (6 %), as might be expected.

Slope angle appears to be potentially relevant in influenc-
ing the distribution of trimlines and their expression. Trim-
lines are found across almost the full range of ice-free to-
pographic slopes in the study area but are more common
on lower slopes (10–30◦) than the typical range of ice-free
slope angles (15–35◦) (Fig. 6). Trimlines found on slopes
steeper than 30◦ tend to be either erosional, slope landform
discontinuities or surface ageing trimlines (Fig. 6). Deposi-
tional trimlines can occasionally be found on these steeper
slopes, but, as expected, this mode of trimline expression is
predominantly found on shallower slopes (< 30◦) (Fig. 6).
This reversal in the most common mode of trimline expres-
sion at a slope angle of around 30◦ may indicate a relation-
ship between topographic slope and the processes of trimline
formation or preservation for specific modes of trimline ex-
pression.

Trimlines have been previously described as landforms
that can form above the equilibrium line altitude (ELA),
making them an important tool for reconstructing palaeo-ice
surfaces in glacier accumulation areas (Kelly et al., 2004).
The local modern ELA in the study area is thought to be at an
elevation of 350 m a.s.l. (Nuth et al., 2007), and 8 % of trim-
line features were found above this elevation. However, the
majority of trimlines are thought to be LIA in origin, when
the ELA would likely have been lower. The local ELA at
the peak of the LIA is estimated to be at around 273 m a.s.l.
(Rootes, 2018). Of the trimlines in the study area, 20 % are
located above this altitude. Our mapping thus supports pre-
vious findings that trimlines can indeed be formed above
the ELA. Depositional trimlines (19 %) and slope landform
discontinuities (22 %) are slightly more common above the
LIA ELA than erosional trimlines or surface ageing contrasts
(11 %), the majority of which are found in the LIA ablation
zone.

Regarding glaciological factors potentially influencing
timeline expression, the study area usefully contains a mix
of marine-terminating tidewater (19 %) and terrestrially ter-
minating glaciers, as well as surge-type (40 %) and non-
surging glaciers. The majority (53 %), however, are terres-
trial and non-surging. These glaciers will be termed “normal”

glaciers to distinguish them from “tidewater” or “surge-type”
glaciers.

It might be expected that larger glaciers, having longer
perimeters, might produce more trimlines. However, whilst
there is a weak correlation between glacier size and num-
ber of trimlines, neither glacier area nor glacier length is
strongly related to the number of trimlines a glacier produces
(r2 < 0.3). This appears to be due to a high degree of vari-
ability in the number of trimlines associated with medium
and large glaciers, which have lengths > 5 km and areas
> 25 000 km2. This variability suggests that another glacio-
logical variable, possibly glacier type, is more important than
glacier size for controlling the number of trimlines associated
with medium and large glaciers.

The number of trimline features associated with each
glacier type was compared to the relative abundance of that
glacier type in the study area (Fig. 7). This shows that nor-
mal glaciers, despite being the most common type of glacier
in the study area (53 %), have a lower proportion of trimlines
(26 %) than the other glacier types. Both tidewater and tide-
water surge-type glaciers, on the other hand, produce many
more trimlines than would be expected given the proportion
of these glaciers in the study area. Tidewater glaciers account
for 23 % of all trimline features but only 8 % of study area
glaciers, whilst tidewater surge-type glaciers produce 26 %
of all trimlines from 12 % of glaciers. This suggests that the
behaviour or glaciology of tidewater glaciers may promote
trimline formation and/or preservation.

Comparing the mode of trimline expression to the type
of glacier also suggests a connection between glacier type
and how trimlines are expressed. Depositional trimlines ex-
ist across all glacier types in roughly equal proportion to
their relative abundance, but some other modes of expres-
sion are associated with particular glacier types. Erosional
trimlines and surface ageing contrasts are slightly more com-
monly associated with surge-type glaciers compared to non-
surging glaciers, but a much stronger connection appears to
exist between these modes of trimline expression and tide-
water glaciers. Tidewater glaciers, both surge-type and non-
surging, are associated with 38 % of all trimlines, but these
are predominately erosional trimlines (62 %) or surface age-
ing contrasts (60 %). Marine-terminating glaciers appear to
promote the formation or preservation of these particular
modes of trimline expression.

4 Discussion

It is clear that the distribution of glacial trimlines in the
area records a wealth of information about the former size,
shape and configuration of the local glaciers and is a valu-
able record of glacier recession.
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Figure 6. Comparison of types of trimline expression (coloured lines) against the slope angle of the ice-free host landscape (bars and black
line). Trimlines of all expressions tend to exist on slightly shallower than average slopes in the study area and with notable preferences per
type of trimline expression. There is a reversal in the most common mode of trimline expression at around 30◦; below this most trimlines are
depositional, whereas the trimlines on steeper slopes are more likely to be expressed as contrasts in erosion, as slope landforms or by surface
ageing.

Figure 7. Variation in number of trimlines compared with glacier type, scaled according the abundance of each glacier type in the study area.
The main signals are that normal glaciers have fewer trimlines than would be expected and that tidewater glaciers (surge and non-surge) have
more than expected given the prevalence of these glacier types in the study area.

4.1 Insights into trimline formation and preservation

Glacial trimlines have been shown to be present both above
the modern ELA and above the LIA ELA in central western
Spitsbergen. This supports previous suggestions that trim-
lines can form in the accumulation areas of glaciers (Kelly

et al., 2004) and makes these landforms valuable constraints
on the vertical dimensions of palaeo-ice masses. This is im-
portant for 3D reconstructions and enables the potential to
determine rates of thinning in both the ablation and accumu-
lation areas.
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Geology, topography and glacier type all appear to influ-
ence the distribution and expression of glacial trimlines in
central western Spitsbergen. This suggests that these factors
may act as controls over either the processes of trimline for-
mation, their preservation or both. Whilst difficult to disen-
tangle between these variables, it appears that underlying ge-
ology and glacier type exert a stronger influence than topog-
raphy on the distribution and expression of glacial trimlines.
That trimlines of all expressions are found across nearly the
full range of topographic slope angles in the study area may
indicate that slope angle is not a strong control over the
formation and preservation of glacial trimlines. Since topo-
graphic slope may be linked to the rates and mechanics of
ice flow and the rates of erosion or deposition of a glacier,
it could be that any relationship between trimlines and topo-
graphic slope is more a reflection of glaciology than topog-
raphy.

Alternatively, the location of shallow slope angles within
glacial valleys, rather than the slope angle itself, could be the
primary influence of topography over glacial trimlines. For
example, depositional trimlines may only form where there is
sufficient glacially transported material to build a drift limit,
which may only be the case at the downstream end of the
valley, coinciding with the location of shallower slope angles.

Geology appears to exert a stronger influence than topog-
raphy, with a clear link identifying a higher prevalence of
trimlines in areas of more resistant bedrock. This suggests
that trimlines may be better preserved in these environments,
a point also made by Kelly et al. (2004) in their study of trim-
lines in the European Alps. Kelly et al. (2004) also found that
erosional trimlines in particular were more common in areas
of more resistant bedrock. Erosional trimlines often manifest
as a boundary between areas of glacial erosion and regions
of periglacial weathering. Therefore, these features may not
preserve well in more erodible sediments, where other pro-
cesses (e.g. fluvial action, mass wasting) could remove or
cover erosional trimlines. However, this study has found that,
whilst no trimlines were particularly common in the areas of
the most easily eroded geology, erosional trimlines were ac-
tually the most common mode of expression in these regions.
It is hypothesised that this may be due to the relatively young
LIA age of the trimlines in central western Spitsbergen com-
pared to the older Last Glacial Maximum trimlines studied
by Kelly et al. (2004). It may be that erosional trimlines form
relatively easily in areas of more erodible geology but that
they are not well preserved in these settings, explaining their
relative abundance in these settings on Svalbard compared to
areas with older trimline features. The lack of other modes
of trimline expression in the coastal area of Oscar II Land,
where the geology is very erodible, could indicate that the
formation or preservation of most trimlines is hampered by
less resistant rocks and sediments. In particular, surface age-
ing contrasts are likely to take a long time to form and may
either not form at all or not be preserved in more rapidly
eroding environments, which may explain why these features

are markedly more common in the areas of resistant Hecla
Hoek basement. Slope landform discontinuities require the
presence of existing slope landforms, such as talus cones or
gullies, in order to form. These landforms are perhaps less
likely to form in areas with softer bedrock because the topog-
raphy is more likely to be subdued, without steep slopes that
encourage the mass wasting and fluvial processes required to
form slope landforms.

The finding that tidewater glaciers produced more trim-
lines than terrestrial glaciers might be due to their greater
ice flow velocities, which promote higher levels of glacial
erosion and create more material that is then available for
glacial deposition. Whilst tidewater surge-type glaciers pro-
duced larger numbers of trimlines than might be expected
from the number of glaciers, the same is not true of ter-
restrial surge-type glaciers (Fig. 7). This might be because
surge-type glaciers only have high velocities for short peri-
ods of time, generally 3–10 years for Svalbard surge-type
glaciers, with lower velocities during quiescent phases of
50–500 years (Sevestre and Benn, 2015; Dowdeswell et al.,
1991). It appears that high ice flow velocities do not promote
greater numbers of trimlines unless velocities are sustained
for extended periods of time, as is the case for most tidewa-
ter glaciers but not for terrestrial surge-type glaciers.

Erosional and surface ageing trimlines are much more
likely to be associated with tidewater glaciers, both surge-
type and non-surging. This connection is probably due to the
high velocities of these glaciers which promote the processes
of glacial erosion that produce these modes of trimline ex-
pression.

In summary, we have identified some potentially useful
links between the distribution of glacial trimlines, different
modes of trimline expression, the underlying geology and
the type of glacier. These relationships, if found to hold in
further research in a wider range of settings, could enable
a more confident interpretation of trimlines and may enable
more information to be extracted from them, analogous to
landsystem models that have been constructed for terrestrial
(Evans and Rea, 2003) and tidewater (Ottesen et al., 2008)
surging glaciers in Svalbard. Can trimlines be reliably added
to such models?

4.2 Assessment of the trimline expression classification

A new classification scheme for trimline expression (Fig. 3;
Rootes and Clark, 2020) was applied here in a case study.
No trimlines were identified that could not be matched with
one of the modes of trimline expression listed in the classi-
fication scheme. In all cases, remotely sensed satellite and
aerial images were the primary data used to identify trim-
line expression, which was carried out by eye. Even when
using the lower-resolution (15 m) Landsat imagery, the sys-
tem worked well and was accurate when compared to the
higher-resolution (40–50 cm) aerial images. Identification of
the mode of trimline expression using satellite imagery was
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aided by the use of minor post-processing to produce com-
posite images, particularly true and false colour images and
to conduct NDVI analyses. The use of the digital elevation
model (DEM) also assisted in identifying the mode of trim-
line expression, particularly by altering the angle of illumina-
tion in relief shading tools across the trimline. It is therefore
recommended that the trimline expression classification sys-
tem is used with aerial imagery where possible, but it can be
applied to lower-resolution satellite imagery, in which DEMs
and compound images can be utilised to aid the classification
process.

Whilst it was generally possible to separate the different
modes of trimline expression, a majority of trimlines (58 %)
were found to be expressed in more than one way – these fea-
tures are referred to as “composite trimlines”. The compos-
ite trimlines were classified according to their most dominant
expression, which was generally easy to identify, but this was
necessarily a subjective decision. The most common com-
posite trimlines were dominantly erosional or depositional
contrasts, combined with either slope landform discontinu-
ities or surface ageing contrasts. Although the slope landform
and surface ageing modes of trimline expression were most
commonly used as secondary classifications, both of these
modes of expression were found as the sole classification for
some trimline features. This suggests that it is worth contin-
uing to identify these modes of expression as distinct from
erosional or depositional trimlines.

Overall, the trimline expression classification system was
easy to use with both satellite and aerial imagery, although it
is best used with higher-resolution images. Utilising DEMs
and composite images works well to improve the accuracy
of trimline expression classification without significantly
adding to the workload required. The insights drawn from
exploring the expression of trimlines in central western Spits-
bergen suggest that more widespread consideration of the
expression of glacial trimlines is likely to be worthwhile.
Therefore, the expression classification presented in Rootes
and Clark (2020) is recommended as a tool to explore glacial
trimline expression, although it would benefit from being
tested in more locations. Whilst more time consuming for
large areas, field investigation of trimlines can include other
types of evidence not visible from remotely sensed data, such
as the variable spreads of erratic blocks or striae inscribed on
bedrock.

5 Conclusions

Previous research into glacial trimlines has generally not
considered the full range of possible trimline expressions,
and little attempt has been made to explore the processes of
trimline formation and preservation. Rootes and Clark (2020)
reviewed the literature of glacial trimline research and sug-
gested a new classification scheme for the various modes of
trimline expression (Fig. 3). Here we applied this classifica-

tion scheme for the first time, using it to investigate glacial
trimlines in central western Spitsbergen. Trimlines and asso-
ciated ice marginal landforms were mapped from aerial and
satellite imagery (Fig. 4a) and classified according to the ex-
pression classification presented by Rootes and Clark (2020)
(Fig. 5a). The classification was found to be straightforward
to apply to the remotely sensed imagery and included all
of the observable modes of trimline expression in the study
area. It is suggested that further applications of the trimline
expression classification in a wider range of settings may
prove fruitful at illuminating processes of trimline formation
and preservation, an area that has seen only limited research.

Preliminary exploration of the possible factors influenc-
ing trimline distribution and expression found that the type
of glacier and geology, particularly bedrock erodibility, ap-
pears to exert control over the distribution and expression of
glacial trimlines. Topographic factors were found to have less
impact. The findings of this study suggest that analysis of the
expression and distribution of glacial trimlines has the poten-
tial to shed light on the type of glacier that formed the trim-
lines, potentially enabling the identification of surge-type and
tidewater glaciers in Quaternary settings. This study has also
confirmed that trimlines can be formed above the ELA, sup-
porting the conclusions of previous research and validating
the use of these features as indicators of palaeo-ice thickness
in the accumulation area.

A better understanding of trimline formation and preser-
vation could lead to a significant expansion in the potential
uses for glacial trimlines in palaeoglaciological reconstruc-
tions. Where previously trimlines have been used only as a
constraint on the ice margin position and as a measure of ice
thickness, they can now potentially be used to diagnose the
type of glacier, but further research is required to confirm
this.
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Abstract: This study investigates the surroundings of Munigua (municipium Flavium Muniguense), a small Ro-
man town in the ancient province of Hispania Baetica (SW Spain). The city’s economy was based
primarily on copper and iron mining, which brought financial prosperity to its citizens. Local produc-
tion of agricultural goods is thought to have been of little importance, as the regional soil conditions
do not seem to be suitable for extensive agriculture.

To evaluate the recent soil agro-potential and to find evidence for prehistoric and historic land use
in the surroundings of Munigua, we applied a pedo-geomorphological approach based on the physico-
chemical analysis of 14 representative soil and sediment exposures. Selected samples were analyzed
for bulk chemistry, texture and phytoliths. The chronostratigraphy of the sequences was based on
radiocarbon dating of charcoal samples. The site evaluation of the present-day soil agro-potential was
carried out according to standard procedures and included evaluation of potential rootability, available
water-storage capacity and nutrient budget within the uppermost 1 m.

The results show that moderate to very good soil agro-potential prevails in the granitic and flood-
plain areas surrounding Munigua. Clearly, recent soil agro-potential in these areas allows the produc-
tion of basic agricultural goods, and similar limited agricultural use should also have been possible in
ancient times. In contrast, weak to very weak present-day soil agro-potential prevails in the metamor-
phic landscape due to the occurrence of shallow and sandy to stony soils.

In addition, the study provides pedo-geomorphological evidence for prehistoric and historic land
use in pre-Roman, Roman and post-Roman times. Catenary soil mapping in the vicinity of a
Roman house complex reveals multi-layered colluvial deposits. They document phases of hills-
lope erosion mainly triggered by human land use between 4063± 82 and 3796± 76 cal BP, around
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2601± 115 cal BP, and between 1424± 96 and 421± 88 cal BP. Moreover, geochemical and phytolith
analyses of a Roman hortic Anthrosol indicate the local cultivation of agricultural products that con-
tributed to the food supply of Munigua.

Overall, the evidence of Roman agricultural use in the Munigua area indicates that the city’s econ-
omy was by no means focused solely on mining. The production of basic agricultural products was
also part of Munigua’s economic portfolio. Our geoarcheological study thus supports the archeologi-
cal concept of economically diversified Roman cities in the province of Baetica and in Hispania.

Kurzfassung: Diese Studie untersucht die Umgebung von Munigua (municipium Flavium Muniguense), einer
kleinen römischen Stadt in der antiken Provinz Hispania Baetica (Südwestspanien). Die Wirtschaft der
Stadt basierte in erster Linie auf dem Kupfer- und Eisenbergbau, der den Bürgern finanziellen Wohl-
stand bescherte. Es wird angenommen, dass die lokale Produktion von landwirtschaftlichen Gütern
von geringer Bedeutung war, da insbesondere die regionalen Bodenbedingungen für eine extensive
Landwirtschaft nicht geeignet zu sein scheinen.

Um das rezente landwirtschaftliche Potenzial der Böden zu bewerten und mögliche Hinweise
für prähistorische und historische Landnutzung in der Umgebung von Munigua zu finden, wur-
den geoarchäologische Untersuchungen durchgeführt, im Zuge derer 14 repräsentative Boden-
und Sedimentaufschlüsse bearbeitet wurden. Ausgewählte Proben wurden auf ihre physikalisch-
chemischen Eigenschaften sowie Phytholiten untersucht. Die chronostratigraphische Einordnung
erfolgte auf der Grundlage von Radiokohlenstoffdatierungen. Die Standortbewertung des heutigen
landwirtschaftlichen Potenzials der Böden wurde nach Standardverfahren durchgeführt und umfasste
die Bewertung der potenziellen Durchwurzelbarkeit, der verfügbaren Wasserspeicherkapazität und
des Nährstoffhaushalts.

Die Ergebnisse zum landwirtschaftlichen Potenzial der Böden zeigen, dass in Granit- und
Auengebieten rund um Munigua ein mäßiges bis sehr gutes Ertragspotenzial vorherrscht, dass die
begrenzte Produktion von landwirtschaftlichen Erzeugnissen erlauben würde. Eine vergleichbar be-
grenzte landwirtschaftliche Nutzung dürfte auch in der Antike möglich gewesen sein. Die Bö-
den in der umgebenden Metamorphitlandschaft besitzen im Gegensatz dazu ein nur schwaches
bis sehr schwaches Agrarpotenzial und Hinweise auf eine antike Agrarnutzung sind nicht vorhan-
den. Darüber hinaus liefert die Studie weitere Hinweise auf prähistorische und historische Land-
nutzung in vorrömischer, römischer und nachrömischer Zeit. So zeigt eine Catena, die in der Nähe
eines römischen Hauskomplexes angelegt wurde, eine reliefabhängige Bodenabfolge mit mehrgliedri-
gen Hangkolluvien, die anthropogene Bodenerosion zwischen 4063± 82 und 3796± 76 cal BP, um
2601± 115 cal BP, und zwischen 1424± 96 und 421± 88 cal BP dokumentieren. Darüber hinaus
weisen geochemische und Phytolithen-Analysen eines untersuchten römischen Gartenbodens (Hor-
tic Anthrosol) auf den lokalen Anbau landwirtschaftlicher Produkte hin, die zur Nahrungsmittelver-
sorgung von Munigua beitrugen.

Die im Rahmen dieser Untersuchung erzielten Belege für eine landwirtschaftliche Nutzung im Ge-
biet von Munigua zeigen, dass die Wirtschaft der Stadt keineswegs nur auf den Bergbau ausgerichtet
war. Auch die Produktion von landwirtschaftlichen Grunderzeugnissen gehörte zum wirtschaftlichen
Portfolio Muniguas. Die Hypothese, dass die lokale Produktion von landwirtschaftlichen Gütern auf-
grund eines unzureichenden Ertragspotentials der Böden unbedeutend war, kann somit nicht bestätigt
werden. Vielmehr unterstützt diese Studie das archäologische Konzept einer wirtschaftlich diversi-
fizierten römischen Stadt.
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1 Introduction

During the imperial period, the economy of small Roman
cities in the Roman Empire and particularly in the Roman
province of Baetica is assumed to have been very diverse and,
depending on the city, typically specialized around a certain
economic good (Bowman and Wilson, 2009, 2011). In ad-
dition to archeological evidence, abundant historical sources
provide a vivid and rich picture of ancient agriculture, fishing
and mineral resources, basic foodstuffs, and luxury products
(e.g., Blázquez Martinez, 1967; Remesal Rodríguez, 2020).

This study was carried out in the surroundings of the
Hispano-Roman municipium Flavium Muniguense, in mod-
ern times known as Castillo de Mulva or Munigua (Schattner,
2003), a small urban center in the ancient province of His-
pania Baetica. From a historiographic perspective, Munigua
is a key site for understanding Roman urbanization on the
Iberian Peninsula (Schattner, 2005) since it is one of the few
places in Spain that has been systematically excavated for the
past 65 years. The local economy was particularly based on
copper and iron mining in the surroundings of the town, and
Munigua was the largest iron-producer in the Sierra Morena
in the 1st and 2nd centuries CE (Schattner, 2019b). Income
from the mining activities provided financial prosperity for
the citizens and an architectural climax, which culminated in
the construction of the impressive terrace sanctuary situated
on the highest point in the west of the city (Schattner, 2019a,
2021). In addition to the mining industry, olive oil presses
and an oil cellar (cella olearia) were located inside the city,
indicating the processing of agricultural by-products within
the urban area (Schattner, 2003; Peña Cervantes, 2010; Te-
ichner and Peña Cervantes, 2012). Furthermore, wine pro-
duction and quarrying contributed to economic output even
though they were much less significant than the mining op-
erations (Hanel, 1989; Schattner, 2019b).

Current opinion on the food supply strategy of Munigua is
based on the assumption that food was obtained in particu-
lar from the fertile lower Guadalquivir valley, which was and
still is the agricultural center of the region, located just 10 km
south of Munigua. Additionally, fish bones and oyster shells
indicate connections to the sea (Boessneck and von den Dri-
esch, 1980). In contrast, the local production of agricultural
goods is thought to have been of minor relevance (Schattner,
2019b). In this context, it has been suggested that regional
soil conditions are currently unsuitable for extensive agricul-
ture and therefore seem to suggest that an ancient agrarian
use of the region was also unlikely (Schattner, 2019b). How-
ever, so far there has been a lack of evidence-based studies
on the agricultural suitability and potential agricultural use
of the surroundings of Munigua, and it is only recently that
an archeological study has challenged the idea of food im-
ports having been dominant (Krug, 2018). Based on the in-
vestigation of small finds, the study stated that tools such as
shovels, spades, sickles and billhooks suggest the existence
of gardens, meadows for smaller animals and trees which had

to be tended and harvested in the wider surroundings of the
town (Krug, 2018).

In this paper, we present initial findings from a geoarche-
ological pilot project and provide new insights into the re-
gional land use history of the Munigua site. Firstly, physico-
chemical analysis of 14 representative soil and sediment ex-
posures provides a first evidence-based evaluation of present-
day agro-potential. Secondly, we present site-specific evi-
dence of prehistoric and historic land use in the surroundings
of the city and thus improve understanding of its food supply
strategy. In this way we, thirdly, aim to contribute a pedo-
geomorphological view to the archeological debate on the
diversification of the urban economy in the Roman province
of Baetica (e.g., Bowman and Wilson 2009, 2011), a topic
that has not yet been developed for this region of the Roman
Empire.

2 Study area

2.1 Environmental setting

Munigua is located in the southern part of the Sierra Morena
about 50 km northeast of the Andalusian capital Seville
(Fig. 1a). To the south the region is bordered by the wide
valley of the lower Guadalquivir River, which drains large
parts of Andalusia and today flows into the Atlantic Ocean
southwest of Seville. The region experiences a dry, sub-
humid, semi-oceanic Mediterranean climate, with arid sum-
mers and winter rains due to low-pressure systems from
the Atlantic Ocean (Zazo et al., 2008). Average rainfall is
around 580 mm yr−1, and the annual average temperature
is 18.0 ◦C (Gómez-Zotano et al., 2015), leading to species-
rich Mediterranean vegetation cover with evergreen woody
plants such as Quercus faginea, Quercus suber, Quercus ro-
tundifolia, Olea europaea L. and Chamaerops humilis (Frey
and Lösch, 2010). In steeper areas, the taller trees are re-
placed by maquis shrubland, mainly composed of hardwood
bushes (e.g., Cistus spp.). However, as in the entire Sierra
Morena, vegetation has been greatly altered by centuries of
agrosilvopastoral farming, in Spanish known as dehesa farm-
ing (Joffre et al., 1988), resulting in scattered forest cover
accompanied by grassland (Fig. 1c and d).

Geologically, the region belongs to the Ossa-Morena Zone
(OMZ), a geotectonic unit of the Iberian Massif (Strauss and
Madel, 1974; Tornos et al., 2004; Ribeiro et al., 2010). Gran-
ite dominates the petrography in the region (Sanz et al., 1973;
Schattner et al., 2005). Geomorphologically, the granite area
is mainly characterized by flat to slightly undulating land-
forms with moderately steep slopes, small depressions and
ridges (Fig. 1b). They frequently show linear erosion chan-
nels (gullies) and are mostly located close to animal path-
ways. Steep gully flanks and exposed roots of the existing
vegetation crossing the gullies indicate modern gully forma-
tion (Fig. 1d).
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Figure 1. (a) Location of Munigua (grey box) in modern SW Spain. (b) Investigated soil and sediment exposures within the surroundings
of Munigua. GP8, GP13 and GP14 are located in a metamorphic landscape southeast of the city. GP2, GP4, GP6, GP9, GP10, GP11, GP12
and GP15 are in granite areas, and GP3, GP5 and GP7 are within the floodplain of the Tamohoso River. (c) South view of Munigua’s terrace
sanctuary surrounded by scattered forests and grassland. (d) Undulated granite landscape with loose holm oak (Quercus rotundifolia) and
grass understory, typical for the Munigua region. The surface is dissected by a gully about 1.3 m in depth, indicating modern linear soil
erosion processes.

The granite landscape is surrounded by mountains con-
sisting of metamorphic Paleozoic rocks, mainly shale, meta-
greywacke and quartzite (Sanz et al., 1973). This landscape
is located in the east of the city and is characterized by much
steeper relief, exceeding the altitude of the granite landscape
by up to 100 m (Fig. 1b). The main settlement of Munigua
with its residential houses and monumental buildings is situ-
ated on a morphologically very resistant rhyolite dike (Sanz
et al., 1973; Schattner et al., 2005), forming a gently inclined
hill that is up to 30 m higher than the adjacent granite land-
scape (Fig. 1c). Along the Tamohoso River, flowing through
the west of Munigua and draining into the Guadalquivir
River via the Huesna River (Fig. 1a), a flat alluvial plain has

developed in wider valley sections, covering the denudated
granite basement (Sanz et al., 1973).

Regional soil investigations in the western sector of the
Sierra Morena show poorly developed Regosols, Leptosols
and Cambisols. There are frequent erosional features which
are often associated with increases in land use over the past
two millennia. In consequence, more advanced soil devel-
opment, leading to the formation of Luvisols or Acrisols, is
restricted to small areas (e.g., Paneque and Bellinfante, 1964;
Nuñez and Recio, 2002; Recio et al., 2002).
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2.2 Archeological background

Munigua is located on the edge of the Iberian Pyrite Belt
(IPB), one of the largest and most important volcanogenic
polymetallic sulfide districts worldwide, which has been ex-
ploited since late prehistoric times (Nocete et al., 2011).
The mining importance of Munigua is based in particular
on the copper- and iron-bearing ores (e.g., pyrite, chalcopy-
rite) found near the town (Schattner et al., 2005; Schattner,
2019a).

The oldest archeological finds indicate the presence of
humans since the Epipaleolithic period. Especially for the
Early (approx. 1750–1550 BCE) and Middle Bronze Age
(approx. 1550–1150 BCE), several fortified settlements have
been identified and linked to copper mining and the pro-
cessing and export of mining products to the Guadalquivir
valley, a region with limited mineral resources that was
highly dependent on continuous supplies from the Sierra
Morena mines (Schattner, 2019b). In the 4th century BCE
(approx. 360–330 BCE), a small pre-Roman (Turdetan) set-
tlement was founded on the top of the aforementioned rhy-
olite dike. Traces of urban structure are noticeable from the
first half of the 1st century BCE, for instance documented by
the construction of thermae (Chic García, 1997; Gutiérrez-
Rodríguez et al., 2019; Schattner, 2019b). In 74 CE the set-
tlement was awarded the rank of a municipium after Em-
peror Vespasian’s edict and experienced its heyday. This is
revealed by comprehensive urban development and the con-
struction of imposing religious and public buildings like, for
example, the terrace sanctuary and the forum. Thus, Munigua
possessed a large variety of the typical structural features of a
Roman city, although the total size of the settlement was only
about 3.8 ha (Ullrich et al., 2007; Schattner, 2019b). Some
villas and smaller settlements were established in the sur-
roundings of the city in this period, for example the Roman
house complex Casa de Alcántara 1, 2 and 3 located about
1 km southeast of the city (Fig. 1b; Meyer et al., 2007; Schat-
tner, 2019b). At this time, Munigua was part of a dense urban
network consisting of some 195 towns and nucleated settle-
ments established in central and western Baetica between ap-
prox. 500 BCE and 200 CE (Keay and Earl, 2011).

In the late and post-Roman period (3rd century CE), ur-
ban development reached an inflection point expressed by
massive depopulation and drastic changes in urban structure.
This is thought to be related to seismic activities that caused
structural damage to the city, and similar occurrences are also
recorded in other Roman cities of the Baetica province (e.g.,
Rodríguez-Pascua et al., 2011; Giner-Robles et al., 2016;
Ruiz-Bueno, 2017). Smaller population groups retreated to
the hills in the surroundings where there are traces of a hu-
man presence until the end of the 4th century CE (Grün-
hagen, 1959). The existence of a settlement is documented
for Munigua until at least the 7th century CE, even though it
is uncertain if ore mining and smelting were still practiced at
that time (Eger, 2016). An Arab coin, typical Islamic vessels,

oil lamps made of terracotta and burials of Muslim individ-
uals indicate an Islamic settlement on the hill of Munigua
from approximately the 8th to the 12th century CE (Teich-
ner, 1998; Eger, 2016). Probably due to its exposed location,
Munigua was not reoccupied until its rediscovery in the 16th
to 17th century CE (Schattner, 2005). With the industrial ex-
pansion of carboniferous coal extraction in the nearby city
of Villanueva del Río y Minas (Fig. 1a), regional population
density and land use intensity (especially grazing) massively
increased during the 19th and 20th centuries CE (Tomás Gar-
cía, 1991).

3 Methods

3.1 Field methods

A total of 14 representative exposures were selected for field
investigations: three sites with metamorphic lithology (GP8,
GP13 and GP14), eight sites in granite areas (GP2, GP4,
GP6, GP9, GP10, GP11, GP12 and GP15) and three flood-
plain sites (GP3, GP5 and GP7; Fig. 1b). Taking the local
relief conditions into account, the soil profiles were arranged
in a catenary manner along hillslopes (Semmel, 1977; Evans
and Hartemink, 2014; Borden et al., 2020).

Macroscale features were subsequently described by fol-
lowing the German soil mapping instructions (Ad-hoc-
AG Boden, 2005). Identified soil horizons were desig-
nated according to Jahn et al. (2006) and Zádorová and
Penížek (2018). Soil classifications were conducted accord-
ing to the IUSS Working Group WRB (2015). An exception
was made only for colluvium or colluvial deposits, which
were used as geoarchives documenting human-induced soil
erosion (Dotterweich, 2008; Kittel, 2014), following the def-
inition by Leopold and Völkel (2007, p. 134). Accordingly,
colluvium and colluvial deposits are defined as “sediments
deposited due to anthropogenic-induced soil erosion, caused
by settling, clearing, mining, grazing, and/or farming.” Ac-
cording to Zádorová and Penížek (2018) the soil horizon
symbol “M” (migrare [lat.]; Ad-hoc-AG Boden, 2005) was
added, and multiple layers of colluvial deposits within a pro-
file were separated by using suffix numbers, in which the
number 1 was always given to the uppermost colluvium. If
the overall thickness of colluvial deposits exceeded 50 cm,
the soil type was classified as Colluvisol. Otherwise, the term
“colluvic” was used as a prefixed qualifier.

In contrast, slope sediments that were mainly mobilized
and relocated by natural erosion were classified as slope de-
posits. Field diagnostic properties have been used to sepa-
rate colluvial and slope deposits. Slope deposits dominated
by properties from the geological subsurface show a denser
packing and do not contain anthropogenic remains. In con-
trast colluvial deposits frequently show a comparable loose
packing and anthropogenic remains like pottery shards, slag
fragments and bricks.
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3.2 Laboratory methods

A total of 57 samples were taken from 10 of the 14 pro-
files studied in the field and were subjected to further lab-
oratory treatment (Table S1 in the Supplement). Prior to
physico-chemical analyses, samples were air dried and the
fine-earth fraction (≤ 2.0 mm) was sieved. Grain size analy-
ses utilized a combination of the Köhn pipette method (silt
and clay fractions) and wet sieving (sand fractions) (DIN
ISO 11277, 2002). Samples were pre-treated with 0.4 M
sodium pyrophosphate (Na4P2O7) overnight and afterwards
shaken for 6 h. When soil organic matter (SOM) exceeded
2.0 %, the samples were additionally pre-treated with 17.5 %
hydrogen peroxide (H2O2). The sand fraction was divided
into coarse (2000–630 µm), medium (630–200 µm) and fine
(200–63 µm) sand by wet sieving using the vibratory sieve
shaker AS 200 (Retsch). Coarse silt (63–20 µm), medium
silt (20–6.3 µm), fine silt (6.3–2.0 µm) and clay (< 2.0 µm)
were identified by the Köhn pipette method using the SEDI-
MAT 4–12 (UGT).

Total carbon (Ct) and total nitrogen (Nt) were measured
on milled samples using the CN analyzer vario EL cube (El-
ementar). Due to the absence of inorganic carbon, as proven
in pretests using hydrochloric acid (10 %), the Ct is equal to
the amount of total organic carbon (TOC). TOC values were
multiplied by 1.724 (Amelung et al., 2018) in order to ob-
tain contents of soil organic matter (SOM). C /N ratio was
calculated by dividing TOC by Nt (Blume et al., 2011).

The plant-available macronutrients magnesium (Mg), cal-
cium (Ca), sodium (Na) and potassium (K) were extracted
with 1 M NH4NO3 and quantified by an atomic absorption
spectrophotometer (Perkin Elmer PinAAcle 900T). Addi-
tionally, K2O and P2O5 were measured according to the
calcium–acetate–lactate method (Schüller, 1969) using a
Spectronic C301 spectrophotometer (Milton Roy). The pH
value was measured in a 1 : 2.5 suspension in 0.01 M CaCl2
(Jahn et al., 2006).

The content of total phosphorus (Pt), used in archeology as
an important indicator for human activity in agricultural and
pre-agricultural societies (e.g., Holliday and Gartner, 2007;
Weihrauch, 2018), was determined by colorimetry with the
spectrophotometer C21 (Milton Roy) following ignition and
then acid extraction based on Bleck (1965).

The soil agro-potential of the site was evaluated accord-
ing to standard procedures (Blume et al., 2011; Amelung
et al., 2018), including assessment of potential rootability,
the available water-storage capacity and the nutrient budget
within the uppermost 1 m. All evaluations consider the total
particle-size fractions (coarse and fine-earth fractions) and
further take account of the field-estimated bulk density (Ad-
hoc-AG Boden, 2005). For stony soils and sediments, deduc-
tions have to be made from the available soil volume, which
influences the nutrient budget and the water-storage capacity
accordingly (Blume et al., 2011). The evaluation was based
on a five-step classification including the following classes:

(1) very favorable/very good, (2) favorable/good, (3) mod-
erate, (4) unfavorable/weak and (5) very unfavorable/very
weak. Blume et al. (2011) suggested the following values
for the classification of potential rootability: (1) > 120 cm,
(2) 70 to 120 cm, (3) 30 to < 70 cm, (4) 15 to < 30 cm and
(5) < 15 cm. The available water-storage capacity was as-
sessed according to the following values: (1) > 200 L m−2,
(2) 140 to 200 L m−2, (3) 90 to < 140 L m−2, (4) 50 to
< 90 L m−2 and (5) < 50 L m−2. The classification of the
nutrient budget was mainly derived from the contents of
macronutrients (Mg, Ca, Na and K), grain size distribution,
SOM content and pH values, which primarily determine the
base saturation and effective cation exchange capacity (Ad-
hoc-AG Boden, 2005; Blume et al., 2011). Possible defi-
ciencies in nitrogen and calcium-lactate-soluble phospho-
rus (P2O5) and potassium (K2O) contents were additionally
checked and included in the assessment of the nutrient bud-
get. For GP5, GP9, GP10 and GP14, the evaluation is based
on field assessments and conclusions drawn by analogy, con-
sidering comparable nearby profiles from this study.

Phytolith extraction followed the procedures outlined by
Albert et al. (1999). Approximately 1 g of air-dried sam-
ple (< 2 mm) was treated with 3 N HCl, 3 N HNO3 and
H2O2 to remove carbonates, phosphates and organic mate-
rial. The mineral components of the samples were separated
according to their densities using∼ 2.4 g mL−1 sodium poly-
tungstate solution [Na6(H2W12O40)H2O]. Slides were pre-
pared by weighing out about 1 mg of sample onto a micro-
scope slide and mounting with Entellan new (Merck). Count-
ing was performed using a KERN OBE-114 microscope at
400× magnification. A total of 200 phytoliths were identi-
fied and counted in each sample wherever possible. Uniden-
tifiable phytoliths were counted and recorded as weathered
morphotypes. Images of selected phytoliths were recorded
using a KERN ODC 825 microscope camera. The numbers
of phytoliths per gram of sample were estimated by relat-
ing the phytolith amounts and weights of the processed sam-
ple material to the initial sample weights. The morphologi-
cal identification of phytoliths was based on standard litera-
ture (Twiss et al., 1969; Brown, 1984; Mulholland and Rapp,
1992; Piperno, 2006), as well as on modern plant reference
collections from the Mediterranean area (Albert, 2000; Al-
bert and Weiner, 2001; Tsartsidou et al., 2007; Portillo et al.,
2014; Meister et al., 2017). The International Code for Phy-
tolith Nomenclature was followed where possible (Madella
et al., 2005; Neumann et al., 2019).

Radiocarbon dating was carried out on 17 charcoal
samples at the Curt-Engelhorn-Centre of Archaeometry
(MAMS) and at Beta Analytic (BETA) using the accelera-
tor mass spectrometer (AMS) technique (e.g., Hajdas, 2008).
Charcoal samples were pretreated using the acid–alkali–acid
method to remove contamination by carbonates and humic
acids (de Vries and Barendsen, 1954). Conventional 14C
ages (BP) were calibrated using the IntCal 13 calibration set
(Reimer et al., 2013).
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4 Results

4.1 Granite landscape

4.1.1 Casa de Alcántara house complex

A granite area southeast of urban Munigua was chosen for a
detailed survey (Fig. 1b) since a Roman rural house com-
plex known as Casa de Alcántara 1–3 and a nearby an-
cient well document the presence of Roman settlers who
may have worked as farmers in ancient times (Meyer et
al., 2007; Schattner, 2019b). The schematic catena (Fig. 2)
shows shallow Leptosols (GP11) and moderately deep Cam-
bisols (GP15) in upper slope positions and flatter ridge areas.
Soil erosion has led to a shallowing of these profiles and fre-
quently to the deposition of a thin colluvial cover (Fig. 2).
Here, potential rootability, water-storage capacity and nutri-
ent budget is very weak to weak (Fig. 3, Table S1).

At the transition from upper to middle slopes Cam-
bisols (GP9) and Colluvisols (GP12, GP6, GP10 and GP4)
were mapped. They are deeper, favoring potential rootabil-
ity and improving water-storage capacity (Fig. 3). Essen-
tial nutrients (Mg, Ca, Na, K, P2O5 and K2O) are avail-
able (Table S1) although with relatively low values of P2O5
(median= 5.8 mg kg−1, SD= 10.1, n= 18). The pH values
range from 4.5 to 6.1 (median= 5.5, SD= 0.5, n= 18) and
can accordingly be predominantly classified as slightly acidic
(Table S1). The SOM (median= 0.5 %, SD= 1.4, n= 18)
and Nt contents (median= 0.04 %, SD= 0.06, n= 18) de-
crease with depth and are generally low. In sum the nutrient
budget of Cambisols and Colluvisols in the surroundings of
the Roman house complex Casa de Alcántara 1–3 is moder-
ate (Fig. 3).

For the temporal reconstruction of soil erosion processes
around the Casa de Alcántara house complex, seven char-
coal samples from three colluvial sequences (GP4, GP10 and
GP12) were 14C-dated (Fig. 2, Table 1). The results indicate
prehistoric soil erosion phases between around 4063± 82
and 3796± 76 cal BP (Copper Age to Early Bronze Age), as
well as around 2601± 115 cal BP (Early Iron Age). Four ad-
ditional 14C datings from GP10 and GP4 provided ages of
1424± 96, 1094± 155, 606± 51 and 421± 88 cal BP.

4.1.2 Profile GP2

Profile GP2 is located less than 100 m north of the fortified
urban area of the Muniguan granite landscape (Fig. 1b) in the
immediate surroundings of a small, temporary stream and an
ancient well (Fig. 4a).

The profile was excavated down to granite-derived slope
sediments (3BC horizon) present below approximately
64 cm. The uppermost 23 cm are formed by loosely deposited
yellow-brown fluvial sediments (Fig. 4b). Missing pedogenic
features and an oral report of a recent flood of the above-
mentioned adjacent stream suggest that the sediments were
deposited relatively recently. The texture is sandy (sand con-

tents between 61 % and 93 %, Fig. 4), and the fluvial deposits
mainly show moderate gravel contents (Table S1). Sharply
defined, finer-grained substrate follows below 23 cm. This
can be further subdivided into an upper (2MAhub, 23–46 cm)
and a lower (2Mub, 46–64 cm) horizon by grain size and
minor differences in color (10YR 3/3 vs. 2.5YR 3/3). Both
horizons contain numerous pottery shards, slag fragments
and bricks, all of which can be assigned to the Roman in-
ventory and thus allow these horizons to be archeologically
dated to the Roman period (terminus post quem). A 14C-
dated charcoal taken at a depth of 56 cm revealed a Roman
age of 2147± 147 cal BP (Fig. 4b, Table 1). A second piece
of charcoal from a depth of 38 cm could not be dated due
to its young age (after 1950). The lowermost profile section
(64–70 cm) is formed by yellow-brown slope deposits (3BC
horizon) showing a loamy texture and does not contain arche-
ological remains.

Measured pH values are moderately acidic and vary
slightly from 5.8 to 5.4 (Fig. 4, Table S1). SOM values are
between 0.4 % and 2.3 %, and, interestingly, increased SOM
content (1.7 %) is found in the lower section of the Ro-
man horizon (2Mub horizon; 46–64 cm). C /N ratios vary
between 10.75 (MAhb2 horizon) and 12.63 (2Mub hori-
zon). Calcium-lactate-soluble phosphorus (P2O5) and to-
tal phosphorus (Pt) show a first maximum of 108 mg kg−1

and 1.895 mg kg−1, respectively, in the uppermost sample
(MAh horizon; 0–7 cm), decreasing downwards. However,
this trend reverses, and, especially within the lower section
of the Roman horizon (2Mub horizon; 46–64 cm), a second
maximum is noticeable (123 and 2786 mg kg−1). The same
holds true for the macro-nutrient elements Mg, Ca, Na, K and
K2O, which are generally increased in the lower part of the
Roman horizon and the lowermost slope deposits (Fig. 4, Ta-
ble S1). Based on diagnostic criteria (color, determine base
saturation, SOM, P2O5, thickness) the Roman horizon was
classified as a hortic horizon (IUSS Working Group WRB,
2015). In terms of soil agro-potential this site is categorized
as good to moderate (Fig. 3).

The amounts of phytoliths in the samples vary consider-
ably, ranging from 6483 phytoliths per gram of sediment to
323 253 phytoliths per gram of sediment, while the highest
concentrations were reached in the Roman hortic horizons
(Fig. 6a; Table S2.2). A total of 33 different phytolith mor-
photypes were identified in the six samples studied (Fig. 5,
Table S2.1). Overall, the samples are similar in their mor-
photype assemblages (Fig. 6b, Table S2.2). While about
26.8 % (SD= 3.8, n= 6) of the phytoliths were not morpho-
logically identifiable, grass phytoliths, occurring at an aver-
age rate of 50.8 % (SD= 4.6, n= 6), were the most com-
mon group. The amounts of dicotyledonous leaf, wood and
bark phytoliths are relatively low, with an average value of
17.1 % (SD= 4.8, n= 6). Parallelepipedal blocky phytoliths,
one of the most common wood/bark morphotypes, for in-
stance, were observed at an average concentration of 10.2 %
(SD= 5.9, n= 6). Spheroid echinate phytoliths, commonly
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Figure 2. Schematic soil catena for a granite landscape in the surroundings of the Roman house complex Casa de Alcántara 1–3. Soil horizon
designations are shown in white boxes. Physico-chemical results are summarized in Table S1. White stars within the photographs indicate
the positions of 14C-dated charcoal samples (the calibrated ages are given in ka). The shown catena is exaggerated for illustration purposes.

Table 1. Results of radiocarbon dating in the Munigua region.

Site Depth Facies Lab. no. Dated 14C age BP Calibrated 14C age δ13C
(cm) material BP (2σ range) (‰)

GP2 38 hortic MAMS 43603 charcoal modern modern −31.2
GP2 56 hortic BETA 551526 charcoal 2120± 30 2147± 147 −26.0
GP3 44 fluvic MAMS 43604 charcoal 165± 21 196± 89 −25.7
GP3 84 fluvic MAMS 43605 charcoal 121± 20 141± 128 −19.0
GP3 112 fluvic MAMS 43606 charcoal 126± 21 140± 130 −22.8
GP4 40 colluvic MAMS 43607 charcoal 396± 21 421± 88 −28.2
GP4 58 colluvic MAMS 43608 charcoal 622± 19 606± 51 −25.1
GP4 98 colluvic MAMS 43609 charcoal 1175± 22 1094± 84 −32.4
GP7 50 fluvic MAMS 43610 charcoal 163± 18 159± 159 −19.4
GP7 115 fluvic MAMS 43611 charcoal 243± 20 157± 156 −29.3
GP7 140 fluvic MAMS 43612 charcoal 172± 18 155± 155 −24.6
GP7 169 fluvic MAMS 43613 charcoal 264± 20 290± 134 −29.6
GP7 190 fluvic MAMS 43614 charcoal 206± 18 157± 157 −18.8
GP10 53 colluvic BETA 562782 charcoal 1510± 30 1424± 96 −24.3
GP10 100 colluvic MAMS 43615 charcoal 3525± 21 3796± 76 −26.8
GP10 145 colluvic MAMS 43616 charcoal 3710± 22 4063± 82 −25.8
GP12 39 colluvic MAMS 43617 charcoal 2481± 20 2601± 115 −26.4
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Figure 3. Site evaluation of investigated soil and sediment exposures in the Munigua area, subdivided according to the studied geological
and geomorphological units.

associated with palms (Arecaceae), reached an average con-
centration of 5.3 % (SD= 4.2, n= 6).

The short cell morphologies of the grass phytoliths reveal
them to belong mostly to the C3 Pooid subfamily, with rondel
and trapezoid short cells commonly produced in the leaves,
stems and inflorescences of Pooids. Concentrations between
59.1 % in the uppermost sample and 32.7 % in the upper part
of the Roman hortic horizon were found (mean= 45.6 %,
SD= 9.3, n= 6; Fig. 6c; Table S2.2). The proportion of in-
florescence phytoliths varies slightly around an average con-
centration of 15.2 % (SD= 6.2, n= 6). The concentrations of
phytoliths from grass stems and leaves are higher in the lower
profile section (23–70 cm), reaching a maximum of 50.8 % in
the upper part of the Roman hortic horizon (mean= 39.2 %,
SD= 10.1, n= 6). Due to the absence of multicellular phy-
toliths in the samples, however, it was not possible to identify
the type of grasses.

4.2 Metamorphic landscape

The pedo-morphological conditions were also investigated
for three sites (GP8, GP14 and GP13) within the metamor-
phic landscape, located in the southeast of Munigua (Fig. 1b).
Here, the lithology is formed by quartzitic metagreywacke,
and the soils were classified as Leptosols or Cambisols
(Fig. 7). All observed soils in this metamorphic landscape
unit are conspicuously shallow and stony (Table S1). Poten-
tial rootability, available water-storage capacity and nutrient
budget are weak to very weak (Fig. 3). No geomorphologi-
cal or pedological evidence of prehistoric or historic land use
(e.g., colluvial deposits) is preserved in the observed meta-
morphic landscape so far.

4.3 Tamohoso River floodplain

The investigated fluvial sequence GP3 is located about 500 m
upstream of Munigua’s urban infrastructure, whereas GP7 is
located about 600 m downstream of the Casa de Alcántara
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Figure 4. (a) Ancient well located outside of Munigua’s city wall (Fig. 1b). (b) Excavated hortic Anthrosol (arenic, fluvic, endoleptic).
Identified parent material is marked on the left of the profile photo. Soil horizon designations are shown in white boxes. White arrows
indicate some larger Roman artifacts (e.g., ceramics, brick). Sampling positions and calibrated 14C ages (cal BP) are marked with white
stars. Lower section: laboratory results for the hortic Anthrosol (arenic, fluvic, endoleptic).
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Figure 5. Photomicrographs of selected phytolith morphotypes identified in the GP2 samples. The photographs were taken at 400× mag-
nification. (a) Short cell rondel; (b) elongate dendritic; (c) elongate dentate; (d) elongate wavy; (e) elongate entire; (f) spheroid echinate;
(g) prickle; (h) bulliform.

Figure 6. Results of phytolith analyses conducted at site GP2. Identified parent material is marked to the left of the graph according to
Fig. 4b. Soil horizon designations are shown in white boxes. (a) Phytolith concentrations, (b) relative abundances of phytoliths from different
plant classes and (c) anatomical origin of grass phytoliths.

house complex (Fig. 1b). GP5 is situated between these two
sites.

GP3 was excavated to a depth of 145 cm below the surface
(Fig. 8). The base of the profile shows coarse-clastic riverbed
deposits, classified as moderately rounded gravels or mod-
erately rounded blocks. Upwards, this is followed by alter-
nately deposited, predominantly cross-bedded sands (74 %–

84 % sand), which are occasionally interstratified by finer-
grained and in particular silty deposits (Figs. 8 and 9). The
profile contains charcoal pieces of different sizes in almost
all sections, which could indicate the former presence of ac-
tivities involving fire in the catchment area.

GP7 was excavated to a depth of 250 cm (Fig. 8). Be-
low 220 cm, weakly weathered granite is present and forms

https://doi.org/10.5194/egqsj-71-123-2022 E&G Quaternary Sci. J., 71, 123–143, 2022



134 A. Kirchner et al.: Land use and its potential in the surroundings of ancient Munigua

Figure 7. Investigated soil sequences in a metamorphic landscape southeast of Munigua. Soil horizon designations are shown in white boxes.
Physico-chemical laboratory results are summarized in Table S1.

Figure 8. Profile photos of fluvial sequences GP3 (a), GP5 (b) and GP7 (c). Identified parent material is marked on the left of the profile
photos. Sampling positions for dated charcoal samples and calibrated 14C ages (cal BP) are marked with white stars.

the basis of the profile. Similar to profile GP3, predomi-
nantly charcoal-bearing, sand-dominated sediments (59 %–
96 % sand) were deposited above 220 cm. Humic sections
(Ahb horizons) are preserved at depths of 135–150, 160–175
and 185–200 cm below the surface (Figs. 8 and 10, Table S1).

GP5 is rather shallow and less than 90 cm deep (Fig. 8).
Similar to GP3 and GP7, the stratigraphy shows charcoal-
bearing brown sands (10YR 3/2 to 4/3) in its upper section.
They are relatively loose and overlie rounded gravels and

blocks exposed below 60 cm. Due to its stratigraphical simi-
larity to GP3 and GP7, as well as comparably low depth, GP5
was only investigated in the field and not sampled for further
laboratory analysis.

Due to the thickness of the fluvial deposits (Fluvisols),
potential rootability for plants and available water-storage
capacity are very good at sites GP3 and GP7 and are re-
spectively moderate to good at site GP5 (Fig. 3). The nutri-
ent situation of GP3 and GP7 is evaluated as moderate (Ta-
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Figure 9. Laboratory results for the pantofluvic Fluvisols (Arenic) at floodplain site GP3. Identified parent material is marked according to
Fig. 8.

ble S1, Figs. 9 and 10), and once more only P2O5 shows rela-
tively low values (median= 7.5 mg kg−1, SD= 9.4, n= 22).
The pH values range between 4.9 and 6.5 (median= 5.5,
SD= 0.5, n= 22). Nt content is low again (median= 0.05 %,
SD= 0.13, n= 22), and SOM shows average values of
0.83 % (SD= 1.1, n= 22).

The 14C dating results from GP3 and GP7 show modern
ages for all eight charcoal samples with an oldest age of
290± 134 cal BP (Fig. 8, Table 1).

5 Discussion

5.1 Land use and its potential in granite landscape of
the Munigua region

Catenary soil mapping in the surroundings of the Roman
house complex Casa de Alcántara 1–3 indicates a hetero-
geneous soil pattern, with soil types clearly depending on
geomorphological position (Fig. 2). Most likely this is due
to modifications by past soil erosion and related colluvia-
tion, leading to profile shallowing in upper slope sites and
the deposition of a colluvial cover in middle to lower slope
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Figure 10. Laboratory results for the pantofluvic Fluvisols (Arenic) at floodplain site GP7. Identified parent material is marked according to
Fig. 8.

positions and depressions. Frequent occurrences of embed-
ded bricks, shards and charcoal indicate that mobilization
and translocation processes were mainly triggered by an-
thropogenic factors like settling, clearing and/or local agri-
culture (Leopold and Völkel, 2007). This is in agreement
with other investigations in the western Sierra Morena that
highlight erosive processes triggered by accelerated human
impact (e.g., Recio Espejo et al., 2002). The 14C dating re-
sults of this pilot study (Fig. 2, Table 1) provide evidence for
past soil erosion phases in pre-Roman, late Roman and post-
Roman times and therefore strongly suggest that farming has
recurred within the investigated granite landscape and has

been a typical land use strategy over very long periods. This
observation chronologically reasonably matches with recent
investigations in Spanish river catchments. May et al. (2021)
reported on increased fluvial and alluvial deposition during
Roman or post-Roman times (after approx. 2100 cal BP) and
suggest that this is related to a high anthropogenic impact
on the local landscape. Similarly, Faust and Wolf (2017) de-
scribe a supply of top soil material to many western Mediter-
ranean floodplains that started about 2.2 kyr ago and seems
to be related to anthropogenic influences (e.g., agriculture)
especially in the lowest-order catchments. The achieved re-
sults of this study support this assumption and therefore re-
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fer to larger-scale erosion patterns in the entire region. Along
with the in situ evidence for soil erosion triggered by an-
thropogenic land use activities, this finding furthermore in-
dicates the basic suitability of the granite-derived soils for
agricultural purposes. The unexpected fact that no colluvia
from Munigua’s heyday have been found so far might be re-
lated to the limited number of age datings, the applied dating
technique and the number of locations investigated in this pi-
lot project. In our opinion it does not necessarily mean that
there was no colluviation during this period, and further re-
search is needed for a conclusive assessment on soil erosion
and colluviation in the region.

The heterogeneous soil inventory revealed variations in
present-day soil agro-potential in the surroundings of Casa
de Alcántara 1–3. Truncated Leptosols to moderately deep
Cambisols in upper slope positions and flatter ridge areas
(Fig. 2) show unfavorable to very unfavorable conditions to-
day (Fig. 3). In particular, the low soil depths of these sites
and the sandy soil texture (Table S1) have an unfavorable
effect on potential rootability, available water-storage capac-
ity and the nutrient budget. The overall soil agro-potential of
these sites can be evaluated as unfavorable to very unfavor-
able (Fig. 3, Table S1).

In contrast, currently moderate to good soil potential ex-
ists in middle to lower slope positions, where multi-layered
colluvial deposits almost ubiquitously cover the weathered
granite (Fig. 3). Here the potential rootability for cultivated
plants ranges from moderate to very good due to increased
soil depths at these sites. This also favors available water-
storage capacity, which can be evaluated as moderate to
good. The nutrient situation is mostly reasonable and would
certainly allow the cultivation of agricultural crops. Conse-
quently, the cultivation of cereals, such as emmer, barley or
millet, which were part of the Roman diet (Flach, 1990; Ger-
lach, 2001), as well as vegetables, should definitely be possi-
ble at many sites within the regional granite landscape. This
assumption is supported by the fact that even today, wild oats
grow in this landscape and could also have been cultivated as
green fodder or hay in Roman times, if not necessarily for
human consumption.

Our observations in the surroundings of the Roman house
complex Casa de Alcántara 1–3 therefore do not confirm
the aforementioned assumptions that the regional soil condi-
tions (i) are currently unsuitable for extensive agriculture and
(ii) generally speak against ancient agricultural use in the re-
gion (Schattner, 2019b). Instead, the multiphase deposition
of colluvium over longer periods and the moderate to good
soil agro-potential rather support archeological assumptions
concerning agricultural production (Peña Cervantes, 2010;
Teichner and Peña Cervantes, 2012; Krug, 2018) involving
fields and gardens, as well as pastures for small animals and
trees in the wider surroundings of the town.

However, a challenging question in this context is the ex-
tent to which the characteristics of current soils provide in-
formation on past soil potential. Extensive studies from the

Mediterranean supply clear evidence for soil degradation and
decreased soil productivity due to the long-term history of
land use (e.g., Redman, 1999; García-Ruiz, 2010; Bellin et
al., 2013; García-Ruiz et al., 2013; Dotterweich, 2013). It
follows that various areas may have been more productive
during Roman times, especially sites in erosion-prone hill-
slope positions (GP11, GP15) that were evaluated as unfa-
vorable to very unfavorable for the present day. The actual
status assigned to the sites thus underestimates the ancient
soil agro-potential. Vice versa, it can be assumed that the soil
potential in aggradational locations, like flat hillslope posi-
tions or slope depressions, has improved. Here, colluviation
has led to increased soil thickness, which generally favors po-
tential rootability and available water-storage capacity. How-
ever, the 14C-derived chronology provides evidence that col-
luviation had already taken place, at least in part, before the
Roman period (Fig. 2, Table 1), which is why the ancient
soil agro-potential in these locations was probably not sig-
nificantly different to that of the present day. We therefore
argue that the prevailing moderate to good soil potential of
the granite landscape around Munigua today probably also
pertained for antiquity.

Further robust evidence for Roman agriculture was gained
in a granite area close to the urban center of Munigua
(Fig. 1b). Since this area is located outside the fortified ur-
ban area, the withdrawal of water for possible irrigation or
livestock seems likely. Less than 5 m away from a Roman
well, an enrichment of SOM, P2O5, Pt, K2O and other nu-
trients (Mg, Ca, Na and K) was detected, especially in the
lowermost section of a Roman-dated hortic horizon (Fig. 4,
Table S1). We interpret these results as indicating intentional
humus or compost fertilization intended to further improve
the site and secure yields. In this context, it is assumed that
organic, nutrient-enriched waste, settlement residues (e.g.,
pottery, slag fragments or bricks) and possibly also animal
excrements were frequently distributed across the surface af-
ter harvesting and mixed into the granitoid slope deposits,
leading to the gradual development of the Roman hortic hori-
zon. The lower SOM, phosphate and nutrient contents in the
upper part of the hortic horizon (23–46 cm) could be due to
multiple causes. On the one hand, the abandonment of the
site and the associated lack of phosphate and organically en-
riched fertilizers could have led to an increased decomposi-
tion of SOM and increased phosphate and nutrient consump-
tion by vegetation. On the other hand, it is well-known that
larger mammals (e.g., wild boars) and soil organisms impact
the physical and chemical properties of soil (e.g., Mohr et al.,
2005; Risch et al., 2010; Wirthner et al., 2011). This could
have led to a mixing of the substrate in post-Roman times and
ultimately to a relative depletion of SOM, phosphate and nu-
trient concentrations in the upper part of the Roman horizon.
Additionally, this mixing process would plausibly explain the
incorporation of the modern charcoal at 38 cm (Fig. 4b, Ta-
ble 1) when this profile section formed the terrain surface.
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The greatly enhanced phytolith concentrations within the
Roman-dated hortic horizon (Fig. 6a) generally indicate in-
creased plant input and can be plausibly explained by phy-
tolith enrichment through agricultural activities (e.g., Ca-
banes et al., 2011; Madella and Lancelotti, 2012; Meister et
al., 2017). This supports the geochemical interpretation of a
Roman hortic soil at site GP2. The observed phytolith assem-
blages are dominated by Pooids containing some of the ma-
jor Mediterranean crops, such as barley, wheat or rye (Schie-
mann, 1948), which could indicate the cultivation of cereals.
This is supported by the fact that leaf and stem grass phy-
toliths within the lower profile section dominate over grass
phytoliths formed in the inflorescences or in other plant or-
gans (Fig. 6c). The accumulation of the former could be a
consequence of harvesting activities, when only the ears (in-
florescences) are collected and the stems and leaves are left
on the fields (Flach, 1990; Dietrich et al., 2019; Scherer et al.,
2021). It is also conceivable that food crops other than cere-
als might have been cultivated in this area since, for example,
the consumption of vegetables is well documented for the
Roman period (Bockisch, 1988; Demandt, 2008). Moreover,
in their works on agricultural and horticultural practices, the
famous ancient authors Columella (De re rustica) and Pal-
ladius (Opus agriculturae) described a crop rotation system
in which different cereals and vegetables were grown in suc-
cessive years on the same fields (Flach, 1990). However, al-
though phytoliths have been documented, for instance, for
numerous specimens from the Fabaceae (Leguminosae) fam-
ily, phytolith production varies substantially among differ-
ent subfamilies (Cummings, 1992), while other important
vegetable plants (e.g., root vegetables) produce no or only
small amounts of phytoliths (Piperno, 2006). Phytolith anal-
ysis thus provides no indication of whether the area was used
exclusively for cereals or whether vegetables were also cul-
tivated.

Summing up, it can be asserted that both geochemical and
phytolith analyses suggest an ancient agrarian use of site
GP2. The exclusive use of the site for pasturing or feeding
seems rather unlikely since the large number of Roman arti-
facts incorporated into the Roman hortic horizon clearly doc-
ument invasive soil cultivation in the sense of digging or hoe-
ing. Since water supply is guaranteed by the nearby well, the
site offers suitable conditions for irrigated agriculture almost
all year round.

5.2 Land use and its potential in the metamorphic
landscape of the Munigua region

A contrasting land use evaluation has to be made for soils
within metamorphic landscape, Here, mostly shallow and
sandy to stony soils occur (Fig. 7, Table S1), strongly limiting
potential rootability and resulting in unfavorable to very un-
favorable water-storage capacity and nutrient budget (Fig. 3).
Thus the present-day soil agro-potential is evaluated as unfa-
vorable to very unfavorable at these metamorphic sites.

In addition to the pedological limitations, geomorpholog-
ical circumstances render agriculture rather unprofitable in
these areas. The slopes in the metamorphic landscape are
generally steeper, and cultivation would be more exhausting
in this landscape unit (Fig. 1b). Furthermore, limits on water
availability prevent the all-season agricultural use of these
sites since streams are commonly deeply incised and natural
springs are rare here, rendering irrigation of agricultural ar-
eas difficult. These pedological and geomorphological char-
acteristics make it unlikely that the metamorphic landscape
was used for agriculture even in Roman times. Lastly, this as-
sumption is supported by the fact that thick colluvial deposits
clearly indicate land use in the granitic landscape but are ab-
sent in the observed metamorphic landscape. If there had
been historical agricultural use, such deposits should have
been preserved at least in places.

5.3 Land use and its potential in the Tamohoso
floodplain

Floodplains are usually known to be fertile areas and
have therefore been used for agriculture around the globe
for thousands of years (Brown, 1997). The nearby lower
Guadalquivir valley, for example, is a settlement chamber
that has been continuously used for agriculture since the
Copper Age at the latest and remains a preferred area for
agricultural production (Nocete et al., 2008; García Sanjuán
et al., 2013). It therefore seems likely that the alluvial de-
posits of the nearby Tamohoso River could also have been a
favored area for agriculture during Roman times, contribut-
ing to the food supply of Munigua.

The analyses of the floodplain sites mostly show moderate
to good soil agro-potential (Fig. 3). In particular, thicknesses
> 1 m (Fig. 8, Table S1) favor potential rootability and avail-
able water-storage capacity. Additionally, the nutrient budget
is moderate, resulting in the floodplain soils having overall
moderate to good agrarian potential from today’s perspec-
tive. Moreover, in addition to the physico-chemical proper-
ties, the flat terrain of the alluvial plain and the easy access
to water favor the agricultural use of the floodplain sites.

Nevertheless, so far we have no information on the ap-
pearance of the Tamohoso floodplain in Roman times. Eight
14C ages from fluvial sequences indicate deposition within
an active meander belt in modern times (Fig. 8, Table 1).
This might have been caused by intensified modern land use
activities in the 19th and 20th centuries CE (Tomás García,
1991), as also seen in the widespread juvenile gully sys-
tems within the area (Fig. 1d). Regarding the ancient situ-
ation, it seems likely that comparable conditions existed in
the Tamohoso floodplain at least locally during the heyday
of Munigua since past soil erosion should already have led
to sediment transfer into the streams. However, associated
sediments were probably eroded and relocated due to con-
temporary active meander dynamics.
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5.4 A pedo-geomorphological perspective on the
Roman economy

The economy of small cities in the Roman province of
Baetica was enormously diverse but commonly specialized
around a certain economic activity (e.g., Blázquez Martinez,
1967; Chic García, 1997; Bowman and Wilson, 2009, 2011;
Remesal Rodríguez, 2020). In the case of Munigua, metal-
lurgy was without doubt the main and most profitable eco-
nomic activity and led to considerable wealth in the re-
gion (Schattner, 2019b). However, multi-layered colluvial
deposits in the surroundings of Munigua (Sect. 4.1.1) and
a preserved Roman hortic Anthrosol (Sect. 4.1.2) provide
proper pedo-geomorphological evidence of prehistoric and
historic agrarian land use in granite areas around Munigua.
This indicates that there was at least a second economic ac-
tivity. It can thus rather be assumed that Roman cities were
economically diversified rather than being dedicated to a
single economic activity. Using a pedo-morphological ap-
proach, the present study therefore generally confirms the
concept of an economic diversification of Roman towns in
the province of Baetica and Hispania.

6 Conclusions

Using a pedo-geomorphological approach, the investigation
underlines that the soils around Munigua currently have the
potential for at least limited agricultural use in larger areas.
The granite landscape and the floodplain areas of the Tamo-
hoso River show conditions that would certainly allow the
production of basic agricultural goods, not only today but
most likely also in Roman times.

Whereas the existence of tilled floodplain soils during Ro-
man times cannot be proven by this study, clear evidence
of agrarian use is detectable in granite areas. Here, profile
truncation and multi-layered colluvial deposits indicate mul-
tiple soil erosion phases in the surroundings of a Roman
rural house complex southeast of the urban center of Mu-
nigua. Based on our initial 14C-results, anthropogenic soil
erosion and colluviation occurred in pre-Roman, late Roman
and post-Roman times, which strongly suggests the long-
term agrarian utilization of the area. For a granite area close
to Munigua, phytolith and geochemical analyses provide ev-
idence of the existence of a Roman garden, where cereals
and vegetables might have been cultivated at least on a small
scale. The site was most likely fertilized by humus or com-
post to improve and secure crop yields, confirming the Ro-
man population’s extensive knowledge of agricultural prac-
tices, already described by ancient authors like, for instance,
Columella or Palladius. Hence, the results of investigations in
the granite landscape surrounding Munigua indicate a local
cultivation of agricultural products that made an active con-
tribution to the food supply of the area. This seems even more
likely if the variety of agricultural equipment (Krug, 2018)
and olive oil presses (Peña Cervantes, 2010; Teichner and

Peña Cervantes, 2012) excavated in the town are also taken
into account. This study thus could not confirm the hypoth-
esis that deficient pedological conditions in the surround-
ings of Munigua generally prevented the agricultural use of
the area during Roman times and that therefore the popula-
tion was mainly dependent on food imports from the lower
Guadalquivir valley (Schattner, 2019b). However, there re-
main many open questions for future research in the coming
years, i.e., concerning the extent and production rates of agri-
cultural activities, the cultivated products, or the adaptation
techniques applied to cope with seasonal water deficiencies.

In addition to the site-specific information, the study also
provides geoarcheological evidence supporting the concept
of an economic diversification of Roman cities in Baetica
province and Hispania. Even though metallurgy was with-
out doubt the main and most profitable activity in the Mu-
nigua region, the economy was certainly not only dedicated
to mining activities. Whereas specialty goods were imported,
basic agrarian products (e.g., crops, olive oil, wine) were also
part of Munigua’s economic portfolio and exemplify the eco-
nomic diversity of urban settlements in the Roman Baetica
province.
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Abstract: Loess–palaeosol sequences (LPSs) are key archives for the reconstruction of Quaternary environ-
mental conditions, but there is a lack of investigated records from the southern Upper Rhine Graben
(southwestern Germany). To close this gap, a LPS at Bahlingen-Schönenberg was investigated at high
resolution using a multi-method approach. Infrared stimulated luminescence screening reveals a major
hiatus in the lower part of the LPS that according to luminescence dating is older than marine isotope
stage (MIS) 4. The section above the hiatus formed by quasi-continuous loess sedimentation between
ca. 34 and 27 ka, interrupted by phases of weak reductive pedogenesis. The fact that this pedogenesis
is much weaker compared to corresponding horizons in the more northerly part of the Upper Rhine
Graben could be due to regionally drier conditions caused by a different atmospheric circulation pat-
tern at the time of deposition. Our results reinforce earlier notions that the major environmental shifts
leading into the Last Glacial Maximum (LGM) of southern Central Europe significantly predate the
transition of MIS 3 to 2 (ca. 29 ka). In particular, the last massive phase of loess accumulation started
several thousand years prior to the arrival of glaciers in the foreland of the Alps, which raises ques-
tions regarding the source and transport paths of the dust. It is also noted that no loess dating to the
LGM or the time thereafter was observed due to either a lack of deposition or later erosion.

Kurzfassung: Löss-Paläoboden Sequenzen (LPS) sind Schlüsselarchive für die Rekonstruktion von quartären
Umweltbedingungen, aber es mangelt an der Untersuchung solcher Abfolgen aus dem südlichen Ober-
rheingraben. Um diese Lücke zu schließen, wurde eine LPS bei Bahlingen-Schönenberg mit einem
multimethodischen Ansatz hochauflösend untersucht. Die Untersuchung mit Infrarot Stimulierter Lu-
mineszenz Screening zeigt einen Hiatus im unteren Teil der LPS, der laut Lumineszenzdatierungen
älter ist als das Marine Isotopenstadium (MIS) 4. Der Abschnitt oberhalb des Hiatus bildete sich
durch quasi-kontinuierliche Lössablagerung zwischen ca. 34 und 27 ka, unterbrochen von Phasen
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schwacher reduktiver Pedogenese. Da die Pedogenese im Vergleich zu entsprechenden Horizonten
im nördlicheren Teil des Oberrheingrabens viel schwächer ausgeprägt ist, könnte dies auf regional
trockenere Bedingungen zurückzuführen sein, verursacht durch ein anderes atmosphärisches Zirku-
lationsmuster zur Zeit der Ablagerung. Unsere Ergebnisse bestätigen frühere Annahmen, dass die
großen Umweltveränderungen, die zum letzten glazialen Maximum (LGM) im südlichen Mitteleu-
ropa führten, deutlich vor dem Übergang von MIS 3 zu 2 (ca. 29 ka) lagen. Insbesondere begann
die letzte massive Phase der Lössakkumulation mehrere tausend Jahre vor der Ankunft der Gletscher
im Alpenvorland, was Fragen zu den Quellen und Transportwegen des Staubs aufwirft. Es ist auch
festzustellen, dass kein Löss aus dem LGM oder der Zeit danach gefunden wurde, entweder aufgrund
fehlender Ablagerung oder späterer Erosion.

1 Introduction

Loess is among the most abundant Pleistocene sediments in
Central Europe, and thick loess–palaeosol sequences (LPSs)
are key archives to reconstruct Quaternary palaeoenviron-
ments (e.g. Lehmkuhl et al., 2016; Sprafke, 2016). On the
one hand, a warm to moderately temperate humid climate
leads to the formation of different types of soils (depend-
ing on the nature and timing of climate conditions). On the
other hand, a cool to cold dry climate is often characterised
by the accumulation of loess but requires at least a grass-
land vegetation cover (mammoth steppe) to trap the dust.
Furthermore, the subaerially deposited dust undergoes quasi-
pedogenic or quasi-diagenetic processes, known as loessi-
fication, that result in the typical aggregation of loess (cf.
Sprafke and Obreht, 2016; Smalley and Obreht, 2018). An-
other relevant question regards the source of the dust and
its transport paths, which appear rather complex (e.g. Pye,
1995; Smalley, 1995; Wright, 2001; Smalley et al., 2009).
For loess deposits found in proximity to formerly glaciated
areas, it is usually assumed that dust formation is caused by
different forms of grinding related directly to ice contact and
meltwater streams, producing fine-grained debris also known
as glacier milk. However, fine-grained sediment production
is likely also related to different types of periglacial pro-
cesses including frost shattering and abrasion during slope
processes.

Another feature that is common in many LPS, but that
has seen very limited attention in loess research, is the pres-
ence of hiatuses in the records (e.g. Huayu et al., 2006;
Steup and Fuchs, 2017). In fact, most kinds of soil forma-
tion will form a break or massive reduction in sediment
accumulation. Furthermore, LPSs feature unconformities,
i.e. erosional boundaries, when parts of pre-existing loess
and palaeosols have been removed (Meszner et al., 2013;
Sprafke, 2016; Lehmkuhl et al., 2016; Zöller et al., 2022). In
theory, this can be induced by three different processes, soil
creep, sheet erosion (by water), and deflation, all of which
are related to different climatic conditions.

In Central Europe, the Rhine represents the main drainage
of the northwestern Alps with frequent occurrences of LPSs

on both sides of the river (Lehmkuhl et al., 2016, 2021). Due
to its direct connection to the Alps, the onset of the last phase
of loess accumulation along the river Rhine should be di-
rectly related to the advance of glaciers towards their last
maximum extent (Last Glacial Maximum, LGM). For the
Swiss Alps, the chronology of the last advance is rather well
constrained, and glaciers did reach the foreland likely shortly
after 30 ka (reviewed by Stojakowits et al., 2021). The maxi-
mum of the last glaciation was reached around 24–25 ka, fol-
lowed by rapid decay of ice within a few thousand years (e.g.
Gaar et al., 2019). Interestingly, it has been demonstrated that
the last massive phase of loess accumulation already started
soon after 35 ka, as shown at the sites of Schwalbenberg
(Fischer et al., 2021), Nussloch (Antoine et al., 2001, 2009;
Moine et al., 2017), and Möhlin (Gaar and Preusser, 2017).
A substantial increase in sediment accumulation rate peak-
ing around 32 ka is also observed at Bergsee, a macro-fossil
radiocarbon-dated lake record that is only a few kilometres’
distance from the Möhlin site in the Rhine Valley (Duprat-
Oualid et al., 2017). In summary, there is a clear offset be-
tween the onset and likely even the peak in dust flux, as well
as theoretical assumptions regarding dust availability in the
context of the last glaciation in this part of Central Europe.

A suitable area to further investigate the above issues
would be the southern part of the Upper Rhine Graben, an
area located directly downstream of the formerly glaciated
areas of the Swiss Alps and the Black Forest (Preusser et
al., 2011; Hofmann et al., 2020). In particular the Kaiser-
stuhl area, an extinct volcanic complex formed during the
Miocene (Rotsein and Schaming, 2011), is well-known for
its wide-spread loess deposits, mainly on its northern and
eastern flanks (Smalley et al., 1973; Guenther, 1961, 1987).
However, the most recent studies of the loess deposits in
the Kaiserstuhl area were published more than 30 years ago
(Guenther, 1987; Zöller et al., 1988; Zöller and Wagner,
1990) and do not represent the present stage of methodol-
ogy. In particular, there have been substantial improvements
in luminescence dating since the late 1980s, which allow for
robust age control as a prerequisite to investigate the regional
connection between mountain glaciations, glaciofluvial re-
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sponse, regional dust dynamics, palaeovegetation, and soil
formation.

The LPS Bahlingen-Schönenberg (coordinates:
48.124312◦ N, 7.731780◦ E) is located on a small plateau
west of the village Bahlingen at the northeastern Kaiserstuhl
(Fig. 1), where up to 20 m deep, largely vegetated hollow
ways are present. Where the road reaches its highest point,
a 7 m high loess cliff without obvious palaeosols is present.
The section investigated here is a 5 m thick profile starting
1.5 m below the disturbed top of the loess cliff. In order to
develop a robust stratigraphy from this weakly differentiated
LPS, we analyse colour (spectrophotometer), granulometry
(laser diffraction), magnetic susceptibility, and organic
matter and carbonate content (loss on ignition – LOI 550 and
950 ◦C, respectively) of samples taken at 5 cm resolution.
Infrared stimulated luminescence (IRSL) screening at 10 cm
resolution is applied to evaluate the chronostratigraphic
continuity of the LPS, whereas numerical ages are derived
from quartz optically stimulated luminescence (OSL) and
feldspar multi-elevated-temperature (MET) post-IR IRSL
(pIR). Besides establishing the chronology of the site
investigated, this is also a test to check the performance of
the applied proxy data and dating approaches and estimate
their potential for future studies in the region.

2 Materials and methods

2.1 Profile preparation and sampling

In order to minimise impact to the loess cliff, which is lo-
cated next to a road, we carefully prepared a 60 cm wide and
30 cm deep trench with spades and scratchers. A general pro-
file description was carried out based on observed colour and
structural differences. For sedimentary analyses, including
determination of organic and carbonate content, grain size
analysis, and colour measurements, samples at 5 cm resolu-
tion were taken as continuous column (Antoine et al., 2009;
Fig. 2). For luminescence dating, 11 samples were collected
using metal tubes with a length of 10–15 cm and a diame-
ter of ca. 7 cm. These were hammered into the profile every
50 cm. These samples were also used for the determination of
water absorption capacity. About 51 samples were taken for
IRSL screening using small and opaque plastic tubes ham-
mered about 3 cm into the profile every 10 cm (Fig. 2c).

2.2 Colour measurements

For colour measurements at the University of Bern, a Col-
orLite sph850 spectrophotometer was used on air-dried fine
earth (Sprafke, 2016). The measuring diameter is 3.5 mm, the
observer angle 10◦, and the light source corresponds to D65,
emitted from six LEDs. With this spectrophotometer wave
lengths from 400 to 700 nm can be measured with a spectral
resolution of 3.5 nm. The measuring head was gently pushed
into the loose sample material until it was completely sealed

from daylight. Between two triplicate measurements at dif-
ferent sample positions, the sample material was stirred. Af-
ter every 10th measurement the spectrophotometer was cal-
ibrated using a white standard disc. All data (various colour
variables, remission spectra) were exported to Microsoft Ex-
cel© tables with the spectrophotometer software ColorDaTra
1.0.181.5912. After checking for outliers, mean values for
each sample were calculated and visualised as real colours
based on RGB variables. RGB tuning in three steps was done
according to Sprafke et al. (2020) to determine subtle colour
variations in the weakly differentiated profile. Variations be-
tween oxidative and reductive colours are indicated by the
warm–cold value (WCV) according to Sprafke et al. (2013)
as the ratio between the spectral reflectance values of 600–
700 nm divided by the values of 400–500 nm. Variations in
lightness are represented by the L∗ value of the CIELAB
colour space (Viscarra Rossel et al., 2006).

2.3 Grain size analysis

Grain sizes were determined with laser diffraction spectrom-
etry (LDS), using a Malvern Mastersizer 3000 at the Univer-
sity of Freiburg. The Mastersizer 3000 determines the parti-
cle size indirectly by irradiating a suspension with a laser and
evaluating the generated angles and intensities of scattered
light. For measurements the samples were dried at 105 ◦C for
at least 12 h and sieved through a mesh size of 1 mm. 1–2 g of
the subsample< 1 mm was dispersed for 12 h with 50 ml liq-
uid consisting of 33 g Na6O18P6 and 7 g Na2CO3 dissolved
in 1 L of distilled water (Abdulkarim et al., 2021). The stan-
dard operating procedure for every sample comprised five
measurements for each sample and the calculation of grain
sizes after the Mie theory of light scattering. After measure-
ments, the data were exported to a Microsoft Excel© work-
sheet, and average values for each sample were calculated out
of the five measurements using MATLAB R2021a. Clay con-
tents determined by LDS strongly underestimate clay con-
tents determined by classical pipette methods; therefore, we
use the boundary of 6.3 µm as equivalent to pipette clay mea-
surements (cf. Makó et al., 2017). To interpret changes in
wind intensity and dynamics, the grain size index (GSI: [per-
cent between 20 and 63 µm] / [percent < 20 µm]) was calcu-
lated (Antoine et al., 2009).

2.4 Determination of organic carbon and carbonate
content

After removing the pore water by drying at 105 ◦C, the
samples were pestled with a mortar and sieved through a
2 mm sieve. About 1 g, referred to as dry weight DW105, was
weighed out and put in a crucible with known weight. For
the determination of organic carbon content, the material was
burned in a first cycle at 550 ◦C for 5 h in a Nabertherm muf-
fle (Heiri et al., 2001). Afterwards the crucible was weighed.
The LOI is calculated in weight percentage (wt %) out of the
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Figure 1. (a) Location of the study region in Europe and (b) a digital elevation model (DEM) of the Upper Rhine Graben (URG) and
its surroundings. The URG is bordered by the Vosges in the west and the Black Forest (BF) in the east. The river Rhine flows along the
centre of the graben, and the Kaiserstuhl volcanic range of hills is located in its eastern part. Displayed are also the extent of glaciers
during the maximum of the last glaciation (ca. 24 ka) and the aeolian deposits. (c) The investigated profile is situated in the northeastern
part of the Kaiserstuhl on a plateau (Schönenberg) to the west of the village of Bahlingen (yellow star) (map of Germany from https:
//www.landkartenindex.de/, last access: 1 April 2022; DEM based on Shuttle Radar Topography Mission (SRTM) data, provided by USGS
and processed with ArcMap 10.6.1; distribution of aeolian sediments following Lehmkuhl et al., 2021, and ice extent following Ehlers et al.,
2011).

dry weight and the weight measured after the 550 ◦C burn-
ing cycle (Heiri et al., 2001). As per Meyers and Lallier-
Verges (1999), the calculated LOI after the 550 ◦C burning
cycle is twice the real organic carbon content. Therefore, the
calculated data are bisected to obtain the organic carbon con-
tent in a last step. The carbonate content was determined in
a second burning cycle, which comprised burning for a fur-
ther 3 h at 950 ◦C (Heiri et al., 2001). The LOI after 950 ◦C
can be calculated similarly to the LOI after 550 ◦C, out of
the dry weight, the weight measured after the 550 ◦C burn-
ing cycle, and the weight measured after the 950 ◦C burning
cycle (Heiri et al., 2001). Since carbon dioxide has a molar
mass of ∼ 44 g mol−1 and carbonate (CO3

−2) has a mass of
60 g mol−1, the LOI950 has to be multiplied by the ratio of
these two masses (1.36) to obtain the carbonate content in
the sample (Bengtsson and Enell, 1986; Heiri et al., 2001).

2.5 Magnetic susceptibility

For magnetic susceptibility (weight normalised; χ ) measure-
ments, carried out at the Leibniz Institute for Applied Geo-
physics in Grubenhagen, samples were dried, homogenised,
and placed in non-magnetic plastic boxes of 6.4 cm3 in a way
that material is fixed and cannot move. The χ was measured
in alternating fields of 505 and 5050 Hz with 400 A m−1 us-
ing a MAGNON VFSM (variable field susceptibility metre),
providing both low-field χ and frequency dependency of the
χ . χ is given weight-normalised, taking weights of samples
and boxes into account. Temperature-dependent χ was mea-
sured following Zeeden et al. (2021) in an Argon atmosphere
for five samples (depths: 1.00, 2.60, 2.65, 3.20, 3.95 m) using
an AGICO CS3 high-temperature furnace.
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Figure 2. (a) The 5 m high loess profile Bahlingen-Schönenberg
situated below 1.5 m thick loess disturbed by roots, pedogenesis,
and agricultural activity. Note that macroscopically only a few
colour changes are visible, mainly related to varying moisture.
Small holes at around 1 m height and from 1.8 to 2.6 m were caused
by carbonate concretions that fell out. (b) Plastic tubes hammered
into the loess profile every 10 cm for IRSL screening. (c) Examples
of pseudomycelia (secondary carbonate of former grass root chan-
nels).

2.6 Luminescence screening and dating

2.6.1 Methodological background

During the past decades, luminescence dating has established
as key method for constraining the age of LPS (e.g. Roberts,
2008). The advantage of the method is that it allows us to
directly determine the age of dust deposition, uses the omni-
present quartz and feldspar minerals, and has a dating range
potentially reaching back several hundreds of thousands of
years. However, luminescence dating is quite laborious and is
affected by several methodological challenges (e.g. Preusser
et al., 2008; Rittenour, 2018). While quartz and feldspar over-
all share the underlying physics, the two minerals have some
important differences in luminescence properties. Quartz is
known to have an OSL signal that is quickly reset by daylight
and to be stable over geological periods (e.g. Preusser et al.,
2009). It is hence usually preferred in dating applications.
However, depending on provenance, the quartz OSL signal
can have problematic properties (e.g. Preusser et al., 2006;
Steffen et al., 2009), it may have limited age range due to low
saturation dose (e.g. Faershtein et al., 2019), and yet a poorly
understood underestimation of quartz has been observed on
some occasions (e.g. Lowick et al., 2010; Anechitei-Deacu

et al., 2018). Since feldspar usually shows both bright signals
and a much higher saturation level, this mineral has attracted
a lot of attention over the last 15 years. However, feldspar
IRSL is known to contain signal components that are not sta-
ble with time. This phenomenon, known as anomalous fad-
ing (Wintle, 1973), is explained by the tunnelling of electrons
within the crystal structure and will cause underestimation of
IRSL ages. While several procedures have been suggested to
correct for fading (e.g. Huntely and Lamothe, 2001; Kars et
al., 2008), these are all based on measuring signal loss (i.e.
the fading rate) over short periods of time (hours to months).
The signal loss is then extrapolated to geological time peri-
ods (thousand to hundred thousand of years), assuming fad-
ing is constant with time and independent of environmental
condition such as temperature.

To overcome the need of fading correction, it has been
suggested to remove the unstable IRSL component by a first
measurement and collect a more stable signal during subse-
quent stimulations at elevated temperature (Thomsen et al.,
2008; Buylaert et al., 2009). This procedure is known as post-
IR IRSL and has seen increasingly frequent application since
its original development (see review by Zhang and Li, 2020).
A modification of the original approach was introduced by
Li and Li (2011), who introduced a protocol during which
IRSL is subsequently stimulated at increasingly higher tem-
peratures at 50◦C increments. The advantage of this MET
approach is that it delivers additional information as the de-
gree of stability at higher temperatures is usually at the cost
of bleachability of the signal (Kars et al., 2014). Furthermore,
higher stimulation temperatures may be affected by changes
of sensitivity that may lead to incorrect estimates (e.g. Zhang,
2018). As a consequence, despite the huge potential to ex-
pand the dating range, application of the MET post-IR IRSL
approach is not always straightforward.

Due to the time and costs required for producing lumines-
cence ages, portable luminescence readers have been used
in particular to identify potential breaks in sedimentary se-
quences in the field (see review by Munyikwa et al., 2021).
A similar approach is to take samples to the laboratory but
reduce the amount of preparation and simplify the measure-
ment procedures to speed up the required time for receiving
preliminary age information (e.g. Roberts et al., 2009; May
et al., 2018). This approach is referred to as screening.

2.6.2 IRSL screening

In the red-light laboratory, the outer ca. 1 cm of the sample
material from the light-contaminated ends of the sampling
tubes was discarded. Samples were then dried at 50 ◦C for at
least 24 h and gently pestled in a mortar. Part of the material
gained this way was fixed on small steel sample discs that
were previously coated with a thin layer of silicon oil (6 mm
stamp) so that the sample material would stick to the sur-
face during measurement. For each sample, three subsamples
were generated. Measurements were done on a Lexsyg Smart
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device (Freiberg Instruments; Richter et al., 2015) with the
detection window centred at 410 nm. The measurement pro-
tocol comprised IRSL stimulation (850 nm, 130 mW cm−3)
of the natural signal (Ln) and that induced by laboratory irra-
diation (Tn, ca. 22 Gy, source dose rate ca. 0.1 Gy s−1), both
after heating to 250 ◦C (preheat) and using a stimulation at
50 ◦C (Table S1 in the Supplement). The ratio Ln/Tn was
calculated based on the IRSL emission recorded during the
first 20 s of stimulation, after subtracting the last 20 s as back-
ground.

2.6.3 Luminescence dating

Under red-light laboratory illumination, 5 cm sample mate-
rial from the light-contaminated ends of the metal tubes was
removed and used for gamma spectrometry and determina-
tion of water absorption capacity. From the inner sample ma-
terial, due to the shortage of sand, the fraction 63–250 µm
was gained by wet sieving, first being treated with hydrochlo-
ric acid (ca. 20 %) to remove carbonates, followed by treat-
ment with hydrogen peroxide (30 %) to remove organic com-
ponents. After each chemical treatment the material was
washed with distilled water. A feldspar (δ < 2.58 g cm−3)
and quartz fraction (δ > 2.58, δ < 2.70 g cm−3) was subse-
quently isolated by density separation (LST Fastfloat©). The
quartz fraction was etched with 40 % hydrofluoric acid for
60 min to dissolve any feldspar contamination and remove
the outer layer of the grains. For measurements, grains were
mounted on metal discs with a 2 mm stamped spot of silicon
oil (ca. 100 grains).

All equivalent dose (De) measurements were done on a
Lexsyg Standard device (Freiberg Instruments; Richter et al.,
2013). Overall, the amount of sand-size grains was quite
low which limited the number of replicate measurements.
Quartz OSL was measured using a slightly modified ver-
sion of the single aliquot regenerative dose (SAR) proto-
col originally developed by Murray and Wintle (2000, 2003;
Table S2). Stimulation was done by green LEDs (525 nm,
90 mW cm−2) with application of a detection window cen-
tred at 365 nm (Schott BG39 3 mm plus Delta BP 365/50 EX
Interference 5 mm). For feldspar, the MET post-IR IRSL fol-
lowing Li and Li (2011) was used (Table S3), with stimula-
tion centred at 850 nm (300 mW cm−2) and detection peak
at 410 nm (Schott BG39 3 mm plus AHF BrightLine 414/46
interference filter). For all samples, mean De was calculated
using the central age model (Galbraith et al., 1999) as indi-
vidual De values are normally distributed and show overdis-
persion values< 20 % (most between 10 % and 15 %), which
is considered to indicate well-bleached samples. The only
exceptions apply to quartz OSL of the lower two samples,
which is discussed below.

Material for water absorption capacity tests and measure-
ment of dose-rate-relevant elements was dried at 105 ◦C for
at least 12 h, ground, and sieved < 2 mm. Water absorption
capacity was determined after DIN 18132 using an Enslin–

Neff apparatus. This resulted in an average value of 38±2 %.
The present-day water content was measured to 6±3 %, with
the highest value of 10 % determined for the lower part of the
sequence that was better protected from drying out. While
water uptake capability gives the maximum value of the un-
consolidated material, present-day water content likely rep-
resents a minimum estimate due to drying of sediment close
to the surface of the exposure. Hence, an average water con-
tent of 20± 5 % was used in the calculations.

High-resolution gamma spectrometry was carried out us-
ing a high-purity germanium (HPGe) detector (ORTEC
GMX30P4-PLB-S, n-type coaxial, 30 % efficiency, 1.9 keV
FWHM (full width at half maximum) at 1.33 MeV, detector
diameter 54.8 mm, end cap diameter 70 mm, liquid nitrogen
cooling). Plastic containers with a volume of ca. 130 cm3

were completely filled with homogenised sediment, sealed
with adhesive tape, and stored for at least a month to build
up equilibrium between radon and its daughters. After stor-
age, the sample containers were measured for several days
to determine the activities of primordial radionuclides 40K,
232Th, and 238U. The detector is installed in a lead shielding
to minimise the influence of the environmental radioactiv-
ity. Additionally, a blank sample (empty container) was mea-
sured to account for background radiation. The 238U content
was determined by analysing the peaks of the 226Ra daugh-
ters 214Pb (295.2 and 351.9 keV) and 214Bi (609.3, 1120.3,
1764.5 keV). The 234Th line at 63.3 keV was used to quantify
a possible radioactive disequilibrium in the 238U decay chain.
The 232Th content was determined by analysing the peaks of
the 228Ra daughter 228Ac (338.3, 911.1, 969.1 keV) and the
228Th daughters 212Pb (238.6 keV) and 208Tl (583.2 keV).
40K was measured directly at 1460.8 keV. The weighted
mean of all selected peaks was then calculated to determine
the activities of the parent radionuclides 238U and 232Th.

Dose rates (Table S4) and ages were calculated using
the software ADELE v2017 (Degering and Degering, 2020;
https://www.add-ideas.de/, last access: 1 April 2022), which
uses the dose rate conversion factors of Guérin et al. (2011).
Cosmic-ray dose rates were corrected for geographic posi-
tion and burial depth following Prescott and Hutton (1994).
All ages are given at 1σ level with reference to the year of
sampling (2021 CE).

2.6.4 Age–depth modelling

Age–depth models of both OSL and pIR-200 dates were
constructed using the model of Zeeden et al. (2018). This
method establishes an age–depth model from luminescence
ages without making assumptions regarding sedimentation
rate or the sedimentation process itself. It involves an inverse
model and uses a conservative measure for the random part of
the overall uncertainty. In this case, uncertainty is dominantly
of random nature because the mean luminescence ages show
several inversions which we assign to random uncertainty.
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3 Results

3.1 Profile description

The investigated profile consists of silt-dominated loess with
only subtle colour differences, notably a slightly darker tone
in the lowermost metre (Fig. 3). Throughout the section,
there are concretions of iron and/or manganese of 1–3 mm
in size, pseudomycelia (secondary carbonate of former grass
root channels; Fig. 2c), and snail shells and shell fragments.
Sieving to< 250 µm for luminescence dating confirmed that
larger components in this profile are mainly calcified root
cells, carbonate cemented silty pore walls, and shell frag-
ments. From 1 to 1.35 m several loess dolls were observed
with a diameter of ∼ 3 cm, and from 2.1 to 2.8 m their di-
ameter was 1–2 cm. The occurrences of snail shells, man-
ganese concretions, and loess dolls in the profile stratigraphy
are shown in Fig. 3. The stratigraphic subdivision into four
main units (I–IV), each with four to nine subunits, was finally
defined based on quantitative colour and grain size data (cf.
Sprafke et al., 2020).

3.2 Colour and stratigraphy

Field and untuned RGB colours indicate a weak stratigraphic
differentiation of the profile, which becomes clearer by en-
hanced RGB colours (Fig. 3). The WCV (range: 1.8–2.1)
and the L∗ value (range: 64–67) differentiate the main colour
components. The inversely plotted WCV and the L∗ value
show largely similar variations, indicating that major devi-
ations from loess colour are pale blue and slightly darker
brownish horizons. Unit VI at the bottom of the sequence
has the highest WCV of the profile (> 1.95) due to an over-
all light brown colour. L∗ values from< 65 to 66 indicate a
gradient from brown to pale brown colours from bottom to
top, leading to the classification of Bw and BC or CB hori-
zons, respectively. Unit III has the highest L∗ values (> 66)
of the whole profile in its lower part; the WCV differentiates
greyish (C[r]) from brownish (CA and CB) horizons. Units II
and I have a comparable colour pattern with different C(r)
and CA or CB horizons.

3.3 Grain size composition

The granulometry reveals the predominance of coarse silt
(20–63 µm; 45 %–60 %) and a mode of 20–25 µm throughout
the profile (Fig. 3). Little sand (< 1.6 %) is present, mainly
in Units I and IIIe to VI. The mean grain size of the profile is
coarse silt, and only in Unit IVd is it partly medium–fine silt
(20–6.3 µm). The GSI ranges approximately between 1 and
2.5 and has more or less the same pattern as the mean grain
size, with maxima in Units I and III and minima in Units II
and IV (Fig. 3). Clay content (LDS particles< 6.3 µm) varies
largely parallel to the GSI between 6 % and 12 % in Units I–
III and has its maximum (ca. 14 %) in Unit IV. Sand con-
tents vary largely parallel to the GSI. However, in Unit III

the GSI has much more pronounced variability compared to
sand contents.

3.4 Organic carbon, carbonate content, and magnetic
susceptibility

In general, the organic carbon content (Corg) varies relatively
constant around 1 wt % along the profile, with no clear rela-
tion to stratigraphy (Fig. 3). A distinct peak at 3.5 m, along
with comparably low carbonate contents, was confirmed by
repeated measurement establishing that this is a real sam-
ple property. These unusual values may relate to a crotovine
with soil material (low carbonate, high Corg) not recognised
during sampling. Carbonate contents vary between 19 % and
24 %, with the highest values in Unit IV and minima in
Units IIIa–c. Small oscillations are usually parallel to the
inversely plotted contents of Corg, indicating these param-
eters are rather antagonists. Overall carbonate contents ap-
pear largely opposite to the GSI, which means that finer loess
has higher carbonate contents. This trend is not confirmed in
Unit I, where carbonate contents remain constant, despite the
highest sand contents.

Mass-specific χ values oscillate around 12–
14× 10−8 m3 kg−1. The (inversely plotted) χ shows
contrasting trends to variations in carbonate content and
is opposite to variations of the GSI (Fig. 3). The three χ
maxima in Unit III and a distinct peak in Unit IIe, all corre-
sponding to CA horizons, do not follow this general pattern.
In these horizons, the carbonate contents are also the lowest.
The thin or less pronounced CA horizon IIb and IIg do not
show χ maxima and carbonate minima. Generally, χ is low
compared to other loess localities in Eurasia but comparable
to loess of similar age from Nussloch (Taylor and Lagroix,
2015). The temperature-dependent magnetic susceptibility
properties are similar to loess in Willendorf, Austria (Zeeden
and Hambach 2021). The susceptibility stays rather constant
until 250 ◦C, increases towards 300 ◦C, then decreases
until ∼ 420 ◦C, and increases towards ∼ 550 ◦C. From
this maximum during heating, the susceptibility decreases
sharply towards ∼ 600 ◦C and continues to decrease from
∼ 600 to 700 ◦C (Fig. 4). This pattern is observed for all
samples; therefore, only one is shown in Fig. 4.

3.5 IRSL screening

The IRSL screening results show two distinct groups of
Ln/Tn values (Fig. 3). The first group comprises Unit IV
and is characterised by Ln/Tn values between 5.4 and 6.1.
In comparison to the second group the distribution is partly
scattered and shows some increase in Ln/Tn values with in-
creasing height. This indicates either a change in dose rate or
the presence of partial bleaching of the IRSL signal prior to
deposition in some of the samples. The second group com-
prises Units I to III and is characterised by Ln/Tn values be-
tween 1.7 and 2.2, with a single outlier of 2.6 at a height of
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Figure 3. Stratigraphy and main laboratory data with two times enhanced RGB colours behind pedological horizons and true RGB colours
behind the data plots. Data peaks oriented to the left indicate enhanced oxidative soil formation, and peaks to the right indicate more aeolian
activity and reductive pedogenesis. “Clay” refers to the LDS fractions< 6.3 µm (see “Materials and methods” section). Note the change in
scale of the luminescence screening results (Ln/Tn).

1.3 m. The values are not perfectly aligned and show smaller
offsets, namely at a height of 1.45, 1.85, 2.35, 2.55, 2.75,
2.95, 3.35, and 4.05 m. However, the second group of values
appears overall quite homogeneous with limited variability
in the Ln/Tn values. The most likely explanation for the ob-
served two groups of Ln/Tn values appears to be a large hia-
tus in between Units III and IV. The sample taken across the
expected hiatus between Units III and IV, which was not ob-
vious in the field, has a Ln/Tn value of 4.4, which represents
the average of the Ln/Tn values directly above and below.

3.6 Luminescence dating

Originally, 11 samples were taken for luminescence dating
at intervals of 50 cm along the profile. Due to the likely hia-

tus within the profile at a height of 1 m, the sample taken
at this height (across the hiatus) was discarded. For all in-
vestigated samples, the quartz OSL signals are moderately
bright and show a rather rapid decay, reaching background
within ca. 2 s of stimulation (note that green stimulated OSL
decays much slower than blue stimulated OSL). The shape
of the OSL decay curves of the natural and artificially irradi-
ated sample is similar, and OSL growth curves fit well when
using the sum of exponential saturating functions (Fig. 5a).
Unfortunately, the amount of quartz remaining after sample
preparation was low for several samples, which limited the
number of replicate measurements (Table S5). The feldspar
signals are also only moderately bright but much brighter
than quartz OSL. Interestingly, the growth curves of IRSL
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Figure 4. (a) Temperature-dependent susceptibility heating (red)
and cooling curve (blue). Note that during heating the main de-
crease in susceptibility occurs around 600 ◦C, indicative of mag-
netite. (b) Comparison of the magnetic susceptibility and its fre-
quency dependence to the loess sections of Willendorf and Semlac
(Zeeden et al., 2016; Zeeden and Hambach, 2021). This shows both
the low susceptibility and also the low-frequency dependence. Be-
cause the frequency dependence is lower than also pure loess at
Semlac, water logging and the associated decrease in at least the
frequency-dependent susceptibility are assumed. No strong indica-
tion for wind vigour is present.

and the different post-IR IRSL signals show pronounced dif-
ferences in shape (Fig. 5b). While IRSL and pIR-100 have a
quite similar behaviour, pIR-150 shows a much steeper shape
of the growth curve. Both the pIR-200 and pIR-250 show a
much flatter shape of dose response.

All luminescence ages are presented in Table 1. The deter-
mined ages confirm the hiatus between the lower (Unit IV)
and upper part (Units I to III) of the profile (Fig. 3).
The samples from above the hiatus are internally consis-
tent but show significant differences between the different
approaches (Fig. 6). The average ratios in relation to OSL
(excluding the top and two bottom samples) are 0.53± 0.03
(IRSL), 0.76±0.05 (pIR-100), 0.93±0.05 (pIR-150), 1.04±
0.06 (pIR-200), and 1.16± 0.08 (pIR-250). The differences
are likely explained by signal instability, as well as the ef-
fect of partial bleaching and/or thermal transfer, as discussed
later in the paper.

For the samples from below the hiatus at 1 m, sample BL-0
has an OSL age of 101.9±13.9 ka and sample BL-50 an OSL
age of 96.0± 16.1 ka. However, these ages are only based
on 3 and 10 replicate measurements, respectively, which calls
for caution with regard to the chronological interpretation.
The corresponding pIR ages show a significant offset and are
internally not consistent; sample BL-50 (pIR-200: 205.7±
8.4 ka) shows a clearly older age than the underlying samples
BL-0 (pIR-200: 149.8±8.3 ka), as is discussed further below.

Figure 5. Example of luminescence characteristics. (a) Quartz ex-
tracted from sample BAL-200 reveals rather weak OSL emissions
but a similar decay shape for both the natural and laboratory-
induced signal. Dose response curves are well described by a single-
exponential saturating function. (b) IRSL decay curves are several
times brighter than for pIR. The shape of the IRSL and pIR growth
curves is significantly different for the different approaches. Both
pIR-200 and pIR-250 show a less steep increase compared to lower
stimulation temperatures, implying an earlier saturation level.

4 Discussion

4.1 Variations in proxy data

In the field, the LPS Bahlingen gives the impression of
weakly differentiated loess with some loess-specific features
such as loess dolls, snails shells, and iron/manganese con-
cretions. Luminescence screening, confirmed by the dating
results, indicates a major hiatus between Units IV and III.
There is no indication of major erosional phases within
Units I–III; therefore, this part of the profile will likely
have recorded subtle palaeoenvironmental variations during
a quasi-constant build-up. While granulometry of weakly dif-
ferentiated LPSs largely reflects changes in sedimentation
dynamics (Antoine et al., 2009; Schulte et al., 2018), changes
in colour, χ , Corg, and possibly clay content are sensitive to
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Table 1. Ages determined at 50 (IRSL), 100, 150, 200, and 250 ◦C using the MET pIR protocol are shown for the different profile heights,
as well as the ages determined using quartz and a SAR protocol (OSL). Ages are given in kiloyears before the year of sampling (2021).

Height OSL IRSL pIR-100 pIR-150 pIR-200 pIR-250
(cm) (ka) (ka) (ka) (ka) (ka) (ka)

500 23.1± 2.0 15.6± 0.5 19.2± 0.7 24.1± 1.0 27.6± 1.1 30.9± 1.3
450 27.0± 1.2 14.7± 0.5 19.5± 0.7 23.6± 0.7 27.4± 0.9 29.6± 1.0
400 29.3± 1.4 14.6± 0.5 21.7± 0.9 25.9± 0.9 29.2± 1.0 32.0± 1.2
350 28.4± 1.2 14.9± 0.5 20.3± 0.7 25.1± 0.9 27.5± 1.1 30.7± 1.0
300 29.4± 1.2 15.4± 0.5 20.9± 0.9 27.4± 0.9 31.7± 1.2 36.0± 1.3
250 31.0± 1.4 16.6± 0.7 24.7± 1.2 29.2± 1.3 32.6± 1.2 36.9± 2.0
200 29.6± 1.7 17.3± 0.6 25.0± 1.1 30.3± 1.0 33.7± 1.1 37.8± 1.8
150 32.7± 1.3 17.3± 0.6 25.8± 0.9 30.8± 1.0 34.2± 1.1 38.4± 1.3
50 96.0± 16.1 99.6± 5.5 146.8± 9.3 185.3± 7.1 205.7± 8.4 210.3± 11.4
0 101.9± 13.9 68.4± 3.6 110.4± 6.7 133.4± 6.0 149.8± 8.3 157.8± 9.6

Figure 6. Comparison of IRSL/pIR versus OSL ratios calculated
for all samples investigated in this study. Most samples (BL-50 to
BL-350) reveal rather similar ratios. The ratio for the two samples
from below the lower discontinuity show higher ratios, which re-
flects either an underestimation of OSL or, more likely, overestima-
tion of IRSL and pIR due to incomplete bleaching of the signal. Fur-
thermore, the top sample (BL-50) also reveals a consistently higher
ratio, which is interpreted to reflect an underestimation of the OSL
age in this case.

post-sedimentary alteration, i.e. pedogenesis (Sprafke et al.,
2020).

Initial soils from loess are usually characterised by en-
hanced amounts of organic matter, although in palaeosols
this is usually lower than in surface soils due to decompo-
sition, while dark colours may persist. Buried dark steppe
soils of the LPS Dolní Věstonice have much lower organic
carbon contents (0.9 %–1.4 %) than surface steppe soils (ca.
5 %) (Antoine et al., 2013). Advanced development of pe-
dogenesis under warm and humid climate leads to decalcifi-

cation, oxidation, and clay formation by hydrolysis (Sprafke,
2016); this usually goes along with increasing χ in the course
of soil formation (e.g. Heller et al., 1993; Bradak et al.,
2021, and references therein). In the presence of permafrost
and in the absence of dust deposition, reduced soils form if
sufficient soil moisture is present. This will lead to greyish
colours, commonly the formation of iron/manganese concre-
tions (Antoine et al., 2009; Terhorst et al., 2015), and possi-
bly the leaching of iron and a reduction of magnetic suscep-
tibility (e.g. Baumgart et al., 2013, and references therein).

Located on a plateau position, the presence of reworked
soils and sediments can largely be excluded for the LPS
Bahlingen-Schönenberg, and the applied multi-parameter ap-
proach is expected to reveal phases of initial pedogenesis
(Schulte et al., 2018; Sprafke et al., 2020; Vlaminck et al.,
2018). Unit IV appears to be a moderately pigmented pedo-
complex with enhanced clay content, but at the same time
it contains the highest amount of carbonate throughout the
profile and exhibits no increase in χ . This is contrary to com-
mon models of pedogenesis on loess, in which oxidation (in-
crease in brownish pigments, higher χ ) and clay formation
(by hydrolysis) most efficiently take place after decalcifica-
tion (Stahr et al., 2020). At the LPS Krems-Wachtberg East,
loess and brownish (BC) horizons contain 27 % and 18 %
of carbonate, respectively, indicating that in the presence
of easy weatherable iron-bearing silicates (there: biotite) no
complete decalcification is required for brunification (Meyer-
Heintze et al., 2018). Yet, at Bahlingen-Schönenberg even
higher carbonate values in brownish loess compared to unal-
tered loess can only be explained by secondary enrichment.
We hypothesise that Unit IV was enriched in carbonate dur-
ing leaching of a formerly superimposed but now eroded and
well-developed palaeosol. This does not exclude brunifica-
tion and changes in magnetic susceptibility in the presence
of carbonate. Low magnetic susceptibility may be related to
leaching of iron due to high precipitation during pedogenesis
(e.g. Ma et al., 2013).
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Rather weak colour variations indicate the absence of
well-developed palaeosols in Units I–III. It is challenging to
link the colour-supported stratigraphy to the other parame-
ter variations as there is no unidirectional pathway of pedo-
genic alteration, and changes in original sedimentary proper-
ties cannot be excluded. It is surprising that Units IIe and IIg
share the same colour tone but have distinct differences in
Corg and carbonate contents, as well as χ . This deviation is
independent of some contamination (IId) likely due to a cro-
tovine.

Coarse silt and fine sand content, as well as the GSI, show
a rather similar pattern, contrasting with the variations ob-
served for clay to medium silt content. In the absence of sig-
nificant weathering and reworking, changes in wind speed as
represented by the GSI likely explain most variations in gran-
ulometry (Antoine et al., 2009). Another explanation could
be changing sediment sources or changes in source granu-
lometry and vegetation cover (Sun et al., 2004; Schulte et al.,
2016). Units I and III have a higher content of coarse silt to
fine sand, possibly indicating more frequent dust storms dur-
ing their formation (Antoine et al., 2009).

In Units II to III, carbonate contents vary in opposite pat-
tern to the GSI, indicating that coarser grain sizes contain
a smaller contribution of carbonate. CA horizons found in
Units IIe, IIIa, and IIc do not only have darker pigments but
are characterised by higher χ and lower carbonate contents,
possibly indicating initial soil formation. Besides these ini-
tial terrestrial palaeosols, there are several pale horizons that
likely correspond to very weak tundra gley soils that formed
under waterlogged conditions (semi-terrestrial) above per-
mafrost (Antoine et al., 2009, Sprafke et al., 2020). Yet, gran-
ulometry and magnetic susceptibility show little sensitivity
for these initial palaeosols.

The χ values at Bahlingen-Schönenberg are rather low
compared to other Central European loess sections, and it has
been shown that χ is influenced by a suite of processes (e.g.
Baumgart et al., 2013). The low χ is likely partly caused by a
high proportion of quartz and other coarse diamagnetic ma-
terials diluting the magnetic signal. Yet, χ oscillates in the
same range as χ at the LPS Nussloch and also has a close
relation to GSI variations. At Nussloch, enhancement of χ ,
together with a higher GSI, is explained by a higher pro-
portion of relatively dense (i.e. heavier) magnetite minerals
delivered from the Rhine floodplain (Antoine et al., 2009).
This wind-vigour model of magnetic enhancement in glacial
loess is known from Alaska (Begét and Hawkins, 1989) and
Siberia (Chlachula et al., 1998), and it likely also explains
the present observations. Here, the effect of dissolution of
fine magnetic particles most likely contributes to the feature
of the low-frequency dependency of χ . Coarse magnetic par-
ticles are too large to be completely dissolved during water
logging conditions.

We interpret the temperature-dependent susceptibility
properties (Fig. 4) as indicative for contributions of both
magnetite and hematite. Here, the decrease in the susceptibil-

ity at ∼ 580 ◦C is interpreted to represent the Curie tempera-
ture of magnetite. The further decrease in χ towards 700 ◦C
is interpreted as a contribution of hematite; whether this is an
original signal or an effect of heating is at this point uncer-
tain, but sediment colour does not speak for a major contri-
bution of hematite. These properties imply that more or less
typical loess is present; a large quantity of the iron is origi-
nally not in a strongly magnetic phase.

4.2 Luminescence screening and dating

IRSL screening has proven here as a fast (measurements re-
quired only ca. 48 h machine time) and low-cost method to
identify qualitative variations in the stored luminescence sig-
nal. This helped to quickly identify the substantial hiatus be-
tween Units III and IV that was not obvious in the field and
to discard the sample that was taken exactly on the hiatus.
The age from this sampling tube contains grains from above
and below the hiatus, which would have produced a mixed
age without much value. Nevertheless, in comparison to ac-
tual dating the method only provides semi-quantitative re-
sults, and small variations in the measured luminescence sig-
nal should not be overinterpreted.

For the upper part of the sequence (Units I to III), the
OSL ages are within the time range usually considered to
yield reliable results. Hence, the OSL ages are considered
as reference. Whereas the lower IRSL, pIR-100, and pIR-
150 ages are likely underestimated due to fading (Li and Li,
2011), the higher pIR-250 ages possibly relate to hard-to-
bleach components or thermal transfer (Preusser et al., 2014)
and may thus overestimate the real age of deposition. As a
consequence, it appears that the pIR-200 ages should be re-
garded as the most reliable, and these indeed fit mainly well
with the OSL ages. One exception is the topmost sample BL-
500, which shows much higher ratios of IRSL and pIR ver-
sus OSL age (Fig. 6). In fact, the OSL age of this sample is
some 4000 years younger than those determined for the rest
of the sequence above the hiatus. However, neither the IRSL
and pIR ages nor the IRSL screening data nor the stratigra-
phy point towards a major hiatus in this part of the sequence.
Hence, it appears appropriate to rather favour the pIR-200
age (27.6± 1.1 ka) as being more reliable than the OSL of
this sample. While there is no obvious explanation support-
ing the apparent underestimation of this particular OSL age,
it should be noted that it is based on only 10 replicate mea-
surements (due to material shortage), compared to 20 to 30
carried out for most other samples.

Two semi-independent age–depth models were con-
structed for both OSL and pIR-200 (Fig. 3). We excluded
the lower part of the sequence from the age–depth model
as, first, including only two samples appears to be too few,
second, the number of quartz replicate measurements is very
low, and, third, the feldspar ages are inconsistent. While un-
derestimation of quartz has been reported from loess (e.g.
Anechitei-Deacu et al., 2018), this is usually for higher De
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values than those observed here. The higher apparent pIR
ages could rather be explained by partial bleaching of the
signal prior to deposition, which could be due to short dis-
tance reworking of sediment (Yi et al., 2016) in a potentially
different geomorphological setting than at present (plateau
situation). Due to the limited number of ages and the incon-
sistency with pIR, we only attribute a minimum age of ca.
100 ka for this part of the sequence. It must be the target of
future studies to investigate the nature of the hiatus (soil mi-
cromorphology) and its spatial appearance (palaeotopogra-
phy), as well as to address the chronological position in more
detail.

4.3 Upper Pleniglacial chronostratigraphy

The OSL age–depth model indicates quasi-constant loess ac-
cumulation from ca. 33 to 27 ka. The pIR-200 age model
is largely similar for the sequence above 3 m, whereas be-
low, the mean ages are systematically ca. 2000 years older.
According to this age model, loess accumulation may have
started around 35 ka and continued until ca. 27 but was in-
terrupted (hiatus) at around 30 ka (Figs. 3 and 7). There is no
independent numerical or relative stratigraphic age control in
support of either the OSL or the pIR-200 age model. Tundra
gley soils and other palaeosols are very weakly developed
at the LPS Bahlingen-Schönenberg, challenging pedostrati-
graphic inferences. The variations in the GSI at Bahlingen
largely differ for the GSI of the contemporary part of the
LPS Nussloch. At Nussloch the GSI is low before 30 ka and
during later interstadials is represented by tundra gley soils,
whereas at Bahlingen, the sequence older than 30 ka has dis-
tinct GSI peaks and lacks a GSI peak corresponding to the
first major Nussloch loess event around 30 ka (Fig. 7). As
we did not observe evidence for loess reworking, this pat-
tern is likely related to a distinct aeolian deposition regime at
Bahlingen.

Despite the uncertainties related to different age models
and the lack of information from the disturbed upper 1.5 m
of the outcrop, the available age information from the LPS
Bahlingen-Schönenberg clearly shows that the major period
of dust deposition predates the Alpine LGM (25–24 ka). Lin-
early extrapolating the age models to the top of the sequence
results in ages of not more than 25 ka. Hypothetically, sev-
eral metres of previously deposited loess could have been
removed by erosion, but our local survey along the hollow
lanes did not reveal thick packages of reworked loess. As-
suming that the apparent lack of deposition during and after
the LGM is real, this is in a way in disagreement with the
classical notion that glaciations in the upper reaches of river
systems enhance silt production, fluvial and eventually aeo-
lian transport, and deposition (Smalley et al., 2009). A possi-
ble scenario would be that during the LGM the local climate
at the topographically exposed loess plateau west of Bahlin-
gen was too cold and/or dry (polar-desert-like ecosystem) to
support vegetation cover capable of capturing relevant quan-

tities of windblown dust (Sirocko et al., 2016; Sprafke et
al., 2020). The hiatus around 30 ka suggested by the pIR-
200 age model may be explained in a similar way (Fig. 7),
as during the time of Heinrich Event 3 very harsh environ-
mental conditions prevailed from western to Central Europe
(Starnberger et al., 2011; Fuhrmann et al., 2021). While the
LPS Nussloch likely had sufficient vegetation cover during
the Heinrich events and the LGM to collect thick amounts
of mineral dust, recorded as loess events (Antoine et al.,
2009), the LPS Krems-Wachtberg (Lower Austria) records
phases of erosion and reworking attributed to polar-desert-
like ecosystems (Sprafke et al., 2020). The lack of loess de-
position at Bahlingen-Schönenberg during Heinrich Event 3
and the LGM may equally be explained by the local presence
of polar-desert-like ecosystems during these periods.

The OSL age model suggests continuous dust deposi-
tion starting around 33 ka, without a clear effect of Hein-
rich Event 3 (Fig. 7). A slightly earlier onset of loess ac-
cumulation around 34–35 ka, as suggested by the pIR-200
model, is in agreement with results from the LPS Nussloch,
where loess above the Lohne soil is robustly dated to ca.
35 ka (Gocke et al., 2014; Moine et al., 2017). This repre-
sents the transition from the Middle Pleniglacial to the Upper
Pleniglacial of the last glacial period, corresponding to the
end of Greenland Interstadial 7 (Antoine et al., 2009; Moine
et al., 2017). It is possible that at Bahlingen-Schönenberg
a Lohne soil equivalent has overprinted the upper part of
Unit IV, below the major hiatus, but there are no data to sup-
port this assumption. The weak tundra gley soils at 1.0 to
3.5 m height could stratigraphically correspond to the G1 and
G2 tundra gley soils at Nussloch that formed before 30 ka,
correlative to the Erbenheim soil E0 (Lehmkuhl et al., 2016).
These early Upper Pleniglacial tundra gley soils likely cor-
respond to Greenland Interstadials 5 and 6. Taking the OSL
age model into account, also the CA horizon at 3 m height
may still be part of this suite of weak palaeosols; in this case
we can tentatively attribute it to the very weak Greenland In-
terstadial 5.1 (Fig. 7).

Considerable mineral dust accumulation peaking around
34–29 ka is also reported from the LPS Möhlin (Gaar and
Preusser, 2017), ca. 100 km upstream of the Rhine and
the nearby Bergsee lacustrine record (Duprat-Oualid et al.,
2017). There is no evidence for contemporary major glacier
advances into the upstream Swiss Alpine forelands, but
Alpine palaeoglacier dynamics and regional palaeoenviron-
ments were likely favourable to contribute to downstream
aeolian silt deposition. It appears that Alpine glaciers only
advanced into the forelands around 30 ka (Gaar et al., 2019),
apparently coinciding with Heinrich Event 3 (Starnberger
et al., 2011). Interestingly, none of the dust records in the
region (Bahlingen, Bergsee, Möhlin) recorded an increased
dust accumulation during and after the LGM, calling for
more data to unravel the regional response to the large-scale
palaeoclimatic and palaeoenvironmental evolution. Yet, our
results strongly support the notion that the Middle to Up-
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Figure 7. LPS Bahlingen-Schönenberg stratigraphy and GSI record in comparison to the LPS Nussloch (Antoine et al., 2009; Moine et al.,
2017), correlated to the North Greenland Ice Core Project (NGRIP) dust record from 40 to 23 ka (Rasmussen et al., 2014), and German loess
stratigraphy (Lehmkuhl et al., 2016). UPG=Upper Pleniglacial; MPG=Middle Pleniglacial.

per Pleniglacial transition, as recorded in Central European
loess, predates the marine isotope stage (MIS) 3–2 transition
(29 ka; Lisiecki and Raymo, 2005) by ca. 5000 years, as also
recognised in other LPSs (Antoine et al., 2009, Terhorst et
al., 2015, Lehmkuhl et al., 2016, Sprafke et al., 2020).

4.4 Upper Pleniglacial palaeoenvironments

In the classical German loess stratigraphy, originally de-
veloped in the northern part of the Upper Rhine Graben
(URG; Schönhals et al., 1964; Semmel, 1967), the Upper
Pleniglacial often comprises up to five well-developed tun-
dra gleys, named Erbenheim soils after the type locality in
southwestern Hesse. The Upper Pleniglacial loess record of
Nussloch contains even nine tundra gley complexes of vary-
ing intensity. The absence of well-developed tundra gleys at
the LPS Bahlingen-Schönenberg is striking but possibly rep-
resents a regional phenomenon as such palaeosols have so far
not been reported from the southern URG (Guenther, 1987).
Krauss et al. (2016) explain weakly developed tundra gleys
in LPSs of the northern Harz foreland by drier palaeoclimatic
conditions. At present, this region receives less than 600 mm
of mean annual precipitation, compared to 600–700 mm in
the northern URG and> 800 mm at Nussloch (Institut für
Länderkunde, 2003). Bahlingen receives> 800 mm precip-

itation; therefore, present-day climatic conditions are no ad-
equate reference to explain the absence of tundra gleys in
the studied LPS. High dust accumulation rates equally do
not explain the absence of palaeosols as the contemporary
part of the LPS Nussloch is even thicker, and accumulation
rates at Nussloch (1.1 mm yr−1) and Bahlingen-Schönenberg
(0.8 mm yr−1) are very similar. Carbonate contents and mag-
netic susceptibility of the LPS Bahlingen-Schönenberg are
also similar to those of the LPS Nussloch; therefore, we can
largely exclude an influence of parent material differences on
palaeopedogenesis. The absence of tundra gleys in the Pan-
nonian Basin has been related to the lack of continuous per-
mafrost in this region (Terhorst et al. 2015). However, during
the Upper Pleniglacial, the Vosges (Mercier and Jeser, 2004),
Black Forest (Hofmann et al., 2020), Jura (Buoncristiani and
Campy, 2004), and Alps (Preusser et al., 2011) surround-
ing the southern URG were covered by considerable ice
masses; therefore, the absence of permafrost in the area be-
tween appears rather unlikely. Yet, this specific topographic
and palaeoenvironmental framework likely caused a specific
regional palaeoclimate. A possible scenario to explain the
absence of tundra gley soils in the Upper Pleniglacial loess
of the study region could be a distinct pattern of precipita-
tion during this period. While the missing presence of tun-

https://doi.org/10.5194/egqsj-71-145-2022 E&G Quaternary Sci. J., 71, 145–162, 2022



158 T. Schulze et al.: The loess sequence of Bahlingen

dra gleys in the southern URG has to be confirmed, a pos-
sible explanation would be the southern advection of pre-
cipitation during the LGM, first suggested by Florineth and
Schlüchter (2000) and later promoted by several other au-
thors (e.g. Kuhlemann et al., 2008; Monegato et al., 2017;
Gribenski et al., 2021). The underlying precipitation pattern
would place the southern URG in a rain shadow position
north of the Alps that could have been less pronounced fur-
ther north. However, a robust palaeoenvironmental interpre-
tation of pale horizons in the southern URG requires more
detailed studies on this and other regionally distributed loess
profiles. For the URG, a reliable pedo- and chronostrati-
graphic scheme of the Late Pleistocene remains to be estab-
lished. For the LPS Nussloch, a clear connection of Upper
Pleniglacial tundra gley soils to Greenland interstadials was
possible only through a very robust age–depth model, based
on radiocarbon dating of calcified earthworm casts (Moine et
al., 2017).

5 Conclusions

The loess profile of Bahlingen-Schönenberg is the first LPS
from the southern Upper Rhine Graben that has been inves-
tigated using a multi-method approach. While the site shows
little stratigraphic differentiation and no typical response of
palaeoenvironmental proxies, it covers a relatively short pe-
riod of time (ca. 7000 years) at high resolution, covering the
onset of the Upper Pleniglacial and the MIS 3–2 transition.
IRSL screening has shown its potential as a tool that may
help to quickly and cost-efficiently identify gaps in sedimen-
tation and could be used in the future to position samples for
luminescence dating more efficiently. Identifying the nature
of and possible causes producing the hiatus observed in the
lower part of Bahlingen-Schönenberg requires more detailed
work in the surroundings. The sequence above the hiatus is
characterised by weakly developed tundra gleys that are less
intensely developed as tundra gleys found in the same strati-
graphic position in the middle and northern part of the Up-
per Rhine Graben. It is here hypothesised that this could be
due to drier regional climate during the time of their forma-
tion, possibly caused by the different circulation pattern over
the North Atlantic and Europe that has already been deduced
from the analyses of glacial features. Another interesting fact
is the lack of loess dating to the LGM and the time thereafter.
This could be explained either by lack of loess deposition
during that time due to wind speed that is too high and/or
a lack of vegetation required to fix the dust or by substan-
tial erosion during the late glacial period and early Holocene
before the area was occupied by dense vegetation. More re-
gional palaeoenvironmental records are required to further
address the above research questions in the future.
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Abstract: The extent and distribution of glaciers on the Swiss Plateau during the Last Glacial Maximum (LGM)
can be determined from the geological record. However, similar reconstructions for the glaciations
that preceded the LGM are far more difficult to be made due to the destruction of suitable sedimen-
tary records through recurring glaciations or due to the inaccessibility of preserved records. Here, we
explored Quaternary sediments that were deposited during the Marine Isotope Stage (MIS) 8 glacia-
tion at least around 250 ka, and which were recovered in a drilling that was sunk into an overdeepened
bedrock trough west of Bern (Switzerland). We analyzed the sediment bulk chemical composition of
the deposits to investigate the supply of the material to the area by either the Aare Glacier, the Saane
Glacier, or the Valais Glacier, and we complement this investigation with the results of heavy mineral
analyses and geochemical information from detrital garnet. The potential confluence of the Valais and
the Aare glaciers in the Bern area makes this location ideal for such an analysis. We determined the
sediment bulk chemical signal of the various lithological units in the central Swiss Alps where the
glaciers originated, which we used as endmembers for our provenance analysis. We then combined
the results of this fingerprinting with the existing information on the sedimentary succession and its
deposition history. This sedimentary suite is composed of two sequences, Sequence A (lower) and
Sequence B (upper), both of which comprise a basal till that is overlain by lacustrine sediments. The
till at the base of Sequence A was formed by the Aare Glacier. The overlying lacustrine deposits of
an ice-contact lake were mainly supplied by the Aare Glacier. The basal till in Sequence B was also
formed by the Aare Glacier. For the lacustrine deposits in Sequence B, the heavy mineral and garnet
geochemical data indicate that the sediment was supplied by the Aare and the Saane glaciers. We use
these findings for a paleogeographic reconstruction. During the time when Sequence A and the basal
till in Sequence B were deposited, the Aare Glacier dominated the area. This strongly contrasts with
the situation during the LGM, when the Aare Glacier was deflected by the Valais Glacier towards the
northeast. The Valais Glacier was probably less extensive during MIS 8, but it was potentially present
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in the area, and it could have been essential for damming a lake in which the material supplied by
the Aare and the Saane glaciers accumulated. In conclusion, combining provenance with sedimento-
logical data, we could document how sediment was supplied to the investigated overdeepened basin
during the MIS 8 glacial period and how glaciers were arranged in a way that was markedly different
from the LGM.

Kurzfassung: Die Gletscherstände und die Verbreitung der Gletscher im Schweizer Mittelland während des letzt-
glazialen Maximums (LGM) lassen sich aus den erhaltenen Ablagerungen und der Oberflächenmor-
phologie ableiten. Ähnliche Rekonstruktionen für die dem LGM vorangegangenen Vergletscherun-
gen sind ungleich schwerer anzustellen, da entsprechende Ablagerungen durch die wiederkehrenden
Gletschervorstöße zerstört wurden oder da entsprechende Sedimentsequenzen unzugänglich sind. In
der vorliegenden Arbeit untersuchten wir Quartäre Sedimente, die während des marinen Isotopensta-
diums (MIS) 8 abgelagert wurden. Erbohrt wurden diese Sedimente in einem übertieften Trog, der
ins Molassegestein westlich von Bern (Schweiz) erodiert wurde. An diese Stelle konnte Sediment
möglicherweise durch einen von drei Gletschern, den Aaregletscher, den Saanegletscher oder den
Wallisergletscher transportiert werden. Um zu ermitteln, welche der Gletscher Sediment in den Trog
lieferten, untersuchten wir die chemische Zusammensetzung der Ablagerungen und ergänzten diese
Untersuchung mit Daten aus der Analyse der Schwermineralzusammensetzung sowie der Analyse
detritischer Granate. Da hier möglicherweise der Aare– und der Wallisergletscher zusammenflossen,
bietet sich die Gegend um Bern für eine solche Untersuchung an. Um den Ursprung des Sediments
feststellen zu können, definierten wir verschiedene lithologische Einheiten der zentralen Schweizer
Alpen, in denen die Gletscher sich bildeten, als Endglieder unserer Provenienzanalyse und bestimmten
ebenfalls deren chemische Zusammensetzung. Die Ergebnisse aus der Untersuchung dieser chemis-
chen Fingerabdrücke ergänzten wir anschließend mit den bereits vorhandenen Informationen über
die Sedimentationsabfolge und deren Ablagerungsverhältnisse. In dieser Abfolge können zwei Se-
quenzen unterschieden werden, eine untere Sequenz A und eine obere Sequenz B. Beide Sequenzen
bestehen aus einer Grundmoräne, die von lakustrischem Sediment überlagert wird. Der Aaregletscher
lagerte die Moräne an der Basis der Sequenz A ab. Die Sedimente, die sich anschließend in einem
Eisrandsee bildeten, wurden ebenfalls hauptsächlich vom Aaregletscher geliefert. Die basale Moräne
der Sequenz B wurde ebenfalls durch den Aaregletscher gebildet. Daraufhin wurde das Seebecken
mit Sediment aufgefüllt, das vermutlich durch den Aare– sowie den Saanegletscher herantransportiert
wurde, wie die Schwermineralzusammensetzung und Granatgeochemie zeigen. Anhand dieser Ergeb-
nisse erstellen wir eine paläogeographische Rekonstruktion. Es zeigt sich darin die Dominanz des
Aaregletschers im Gebiet um Bern während des Ablagerungszeitraums der unteren Sequenz A sowie
der Moräne an der Basis der Sequenz B. Dieses Bild der Verbreitung der Gletscher im Raum Bern steht
in starkem Kontrast zur Situation während des LGM, als der Aaregletscher vom Wallisergletscher in
Richtung Nordost abgedrängt wurde. Augenscheinlich war der Wallisergletscher während der MIS 8
Vergletscherung weniger weit ausgedehnt. Jedoch kann hier die vollständige Abwesenheit des Wal-
lisergletschers nicht ausgeschlossen werden und möglicherweise war er sogar essenziell, um einen
See in der Gegend um Bern aufzustauen, in welchen der Aare– und der Saanegletscher ihr mit-
geführtes Material schütteten. Letztlich zeichnen die hier präsentierten Ergebnisse, eine Kombina-
tion aus Provenienzanalyse und sedimentologischen Daten, ein Bild des Sedimenttransportes in den
hier untersuchten übertieften Trog während des MIS 8 Glazials, und den deutlichen Unterschied zur
Gletscherverbreitung während des LGM.
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1 Introduction

Provenance analysis is a common tool in geology used to
determine the origin of sediments and sedimentary rocks, as
well as to quantify the relative contribution of material from
different parent rocks to the sediment mixture (Weltje and
von Eynatten, 2004). Provenance analysis can be used to in-
vestigate present-day catchment-wide erosion patterns in flu-
vial landscapes and the human impact on them (Stutenbecker
et al., 2018; Lizaga et al., 2019), and the results offer the ba-
sis to infer large-scale denudation patterns and to analyze the
resulting impact on the evolution of landscapes (von Eynat-
ten, 2003; Tatzel et al., 2017).

Provenance analysis has been applied in glacial geology,
where the lithology of erratic boulders and gravel clasts
in glacigenic deposits yields information on the lithologic
source of the material and its geographic location. Such in-
formation can then be used to identify the motion of ice
sheets and the flow patterns of glaciers during past glacia-
tions (e.g., Kjær et al., 2003; Sandroni and Talarico, 2011;
Busfield et al., 2015; Braakhekke et al., 2020). Related re-
constructions are often based on components that are large
enough to allow a petrographic description and the identifi-
cation of their lithology. However, glacigenic deposits can be
entirely composed of silt and sand, which hampers the deter-
mination of the provenance by macroscopic tools. Further-
more, the amount of material available for an analysis par-
ticularly from drill cores is very limited. In such an instance,
where fine-grained glacial deposits have been recovered from
a borehole, the source of the material can be determined
based on its chemical composition. This has been exempli-
fied by studies that were conducted on the partially fine-
grained glacial material recovered from McMurdo Sound in
Antarctica (Pompilio et al., 2007; Giorgetti et al., 2009; San-
droni and Talarico, 2011; Monien et al., 2012).

Among the various fingerprinting proxies in the field of
sedimentary petrology, such as heavy mineral assemblages,
bulk petrography, and geochronological parameters, the anal-
ysis of the sediment bulk chemistry provides a geochemi-
cal proxy for inferring the origin of sediments (Weltje and
von Eynatten, 2004; Garzanti et al., 2012; Vermeesch and
Garzanti, 2015; Stutenbecker et al., 2018, 2019). The sedi-
ment bulk chemistry is practical in provenance analyses be-
cause (i) it can be obtained efficiently so that the smallest
aliquots of a sample can be measured quickly with high ac-
curacy and reproducibility, (ii) the chemical analysis of geo-
logical samples is an established standard method for com-
mercial applications largely independent from bias such as
the operator’s experience, and (iii) the statistical analysis of
the resulting compositional data can be readily accomplished
using various R packages designed specifically to deal with
the constant-sum character of such data (Pawlowsky-Glahn
and Egozcue, 2006; Vermeesch et al., 2016; Lizaga et al.,
2020). Hence, the investigation of the sediment bulk chem-
istry can be used on large sample sets with high accuracy

and swiftness, and related analyses can be utilized on fine-
grained material such as glaciolacustrine deposits.

Large amounts of Quaternary glacial deposits of a widely
unknown provenance are accumulated in glacially overdeep-
ened valleys, or so-called overdeepenings, in and around the
European Alps, including the central Swiss Alps (Preusser
et al., 2010). Overdeepenings are bedrock troughs with their
thalwegs below the present-day base level, and they can have
a U-shaped cross-sectional geometry (Bandou et al., 2022).
Hence, they are thought to have formed through glacial
rather than fluvial erosion (Cook and Swift, 2012). After
the glaciers retreated from the bedrock troughs, these local
basins offered accommodation space for sediment to accu-
mulate during glacial and interglacial periods (Buechi et al.,
2017). Throughout the Quaternary, the Alpine overdeepen-
ings were repeatedly occupied by glaciers that partially exca-
vated the infill of the overdeepened basins, and thus the sedi-
mentary records within the troughs probably chronicled sev-
eral of the late Quaternary glaciations during the past 1 mil-
lion years (Preusser et al., 2010).

Such an overdeepened valley, referred to as the Mid-
dle Aare Valley overdeepening (MAV–OD), is located in
the Bern area (Swiss Plateau) on the northern side of the
Alps. Recently, a scientific drill was sunk into the > 200 m
deep Bümpliz trough (Rehhag drilling; WGS84: 46.9326◦ N,
7.3760◦ E), which is a lateral trough west of the main MAV–
OD. The drilling recovered a 208.5 m long suite of uncon-
solidated sediment and an additional 3 m thick succession
of Molasse bedrock at the base. Schwenk et al. (2022) re-
ported that subglacial till and glaciolacustrine and lacustrine
deposits accumulated in this trough during a glaciation be-
tween 250 and 300 ka (based on feldspar luminescence dat-
ing), which is a period that is equivalent to the global cooling
during Marine Isotope Stage (MIS) 8 (Fig. 1). Although the
depositional setting has been analyzed in-depth and a gen-
eral chronology has been established for this succession, the
provenance of these sediments and the detailed environmen-
tal history are unknown. Particularly, information about the
sediment supply by glaciers to the Bern area during glacia-
tions other than the Last Glacial Maximum (LGM) is miss-
ing, and such information would be most relevant for the re-
construction of pre-LGM glacial advances. The target region
is exceptionally suitable for such reconstructions due to its
position in the confluence area of the Aare and the Valais
glaciers that originated in different parts of the central Swiss
Alps (Bini et al., 2009; Ehlers et al., 2011). It is thus plausi-
ble that the sedimentary record in the MAV–OD chronicled
the erosion and supply of material by either or both of these
glaciers, which we intend to explore through this provenance
study.

Here, we present the results of this analysis that we con-
ducted on the predominantly silty and sandy Quaternary de-
posits encountered in the Rehhag drill core. We determined
the bulk (geo-)chemical composition of the drilled sedimen-
tary succession. We then compared the chemical composi-
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Figure 1. These two logs display the sedimentary succession recovered (left) in the Rehhag drill core with a ca. 40 m extension upsection
based on outcrop data (Schwenk et al., 2022) and (right) in the Meikirch drill core (modified from Preusser et al., 2005). In the Rehhag
sedimentary suite we focus on the drilled section and the facies assemblages (FA) 1 through 4 (Fig. 5). The inset on the bottom right shows
the position of the two scientific drillings, together with the MAV–OD (black hatching). Elevation data from NASA/METI/AIST/Japan
Spacesystems and U.S./Japan ASTER Science Team (2019).
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tion of the cored material with the bulk chemical composition
obtained from source sediment samples that we collected in
tributaries of the modern Aare and Rhône rivers. This com-
parison built the basis for determining the provenance of the
sedimentary suite encountered in the drilling. We hypothe-
size that changes in glacial erosion within the Aare and the
Rhône valleys, where the Aare and the Valais glaciers were
sourced, respectively, should be reflected in the composition
of the sediment in the Bümpliz trough. Our goal is to deter-
mine the competing role of these two large Alpine glaciers on
the sediment supply and on the filling of this trough. Finally,
the provenance information will also be used to reconstruct
the details of the paleogeography in the confluence area of
the Aare and the Valais glaciers.

2 Setting

2.1 Sedimentological framework of the Rehhag drill core

The Quaternary succession encountered in the Rehhag
drilling consists of two sedimentary packages referred to
as Sequences A and B, each of which starts with a glacial
till (Fig. 1; Schwenk et al., 2022). The basal facies as-
semblage (FA) 1.1 of Sequence A, composed of a sub-
glacial traction till and intercalated sand layers that were de-
posited in subglacial conduits, is overlain by cross-bedded
and steeply inclined sand, gravel, and diamictic beds referred
to as FA 2 & 3. The sedimentary fabric of these latter as-
semblages was used to infer a deposition from density cur-
rents in a subaqueous ice-contact fan environment within a
proglacial lake. Furthermore, whereas FA 2 was considered
to record a backstepping of the glacier that accumulated the
basal till, the overlying “flow–till” deposits of FA 3 were in-
terpreted to indicate a readvance of the same glacier, result-
ing in the establishment of a proximal ice-contact fan envi-
ronment (Fig. 1). The overlying Sequence B starts with an
assemblage of sedimentary beds containing a subglacial till
(FA 1.2), which is overlain by a fining-upward suite of tur-
bidite layers where the bed frequency and thickness decrease
upsection (FA 4). Sequence B was considered to have been
deposited in a prodelta setting that gradually developed into
a delta plain. Although an unconformity that is manifested
in the emplacement of a basal till cutting off the underlying
inclined beds separates Sequence B from the underlying Se-
quence A, Schwenk et al. (2022) could neither confirm nor
disprove that both sequences were deposited either during
two different glacial cycles or the same cycle. Finally, the
uppermost deposits at the Rehhag site recorded the transition
from the lacustrine setting through a paleo-base level into
a fluvial environment (FA 5; Fig. 1). Furthermore, the very
low organic carbon content and the absence of pollen grains
in Sequence B led Schwenk et al. (2022) to conclude that
the lake sediments recorded a depositional environment that
was too dynamic for the accumulation of pollen and organic
material.

Another scientific drilling was conducted in the Meikirch
trough ca. 10 km north of the Rehhag drill site in the 1980s.
This drilling regained attention when the yet ambiguous age
assignment that resulted from a palynological investigation
(Welten, 1982, 1988) was reinterpreted based on lumines-
cence dating. The respective geochronometric investigation
(Preusser et al., 2005), together with a recent reevaluation
of the pollen record (Schläfli et al., 2021), uncovered that
the Meikirch sedimentary succession was most likely de-
posited during a time interval that spans a phase of ice ad-
vance around 270 ka (MIS 8), the subsequent interglacial
(MIS 7), and the following glacial period (MIS 6). Further-
more, the sedimentary suites recovered in the Rehhag and
the Meikirch drillings both show a transition from a lacus-
trine environment into a fluvial setting, which is recorded
at both locations at an elevation of ca. 580 m a.s.l. (Fig. 1).
Schwenk et al. (2022) used this similarity in the development
of the sequences to (i) infer the presence of a lake that formed
the local base level during the late MIS 8 and to (ii) under-
pin the luminescence ages obtained at the Rehhag drill site.
The records that inform about the extent of this inferred lake
have been obscured by the repeated glacial overprinting of
the region. Therefore, reconstructions of the spatial exten-
sion of this inferred lake can be perceived as speculative, yet
this idea has been a long-standing one in the literature about
the Quaternary deposits of the region (Gerber, 1923; Beck,
1938). Such a reconstruction of a paleo-lake, which is based
on the bedrock topography map of the region by Reber and
Schlunegger (2016), is displayed in Fig. 2. This reconstruc-
tion shows that two possible outflows north and west of Bern
have to be considered to understand the formation of the in-
ferred base level at that time (see “Discussion” below).

2.2 Quaternary glaciations

The European Alps and their adjacent lowlands have been re-
peatedly affected by glaciations throughout the Quaternary.
During these glacial periods, two major ice streams referred
to as the Valais and the Aare glaciers advanced into the Bern
area multiple times and probably converged perpendicular to
each other (Fig. 3; Bachmann, 1870; Favre, 1884; Baltzer,
1896; Schlüchter, 1989; Bini et al., 2009; Preusser et al.,
2011; Jouvet et al., 2017). Both glaciers originated in a dif-
ferent part of the Swiss Alps. The ice of the Valais Glacier
accumulated in the tributaries of the Rhône Valley in the cen-
tral Swiss Alps, whereas the Aare Glacier had its sources in
the Aare Valley on the northern margin of the Swiss Alps. A
third rather small glacier, referred to as the Saane Glacier,
originated in an isolated catchment between the Aare and
the Rhône valleys on the northern margin of the Alps, and
it merged with the Valais Glacier west of Bern (Fig. 3; Favre,
1884; Gilliéron, 1885; Baltzer, 1896; Bini et al., 2009; Ehlers
et al., 2011; Becker et al., 2017). Accordingly, this glacier
could also have supplied material to the Bümpliz trough.
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Figure 2. This map depicts the effect in which the topographic raster of the bedrock surface (Bundesamt für Landestopografie swisstopo,
2021a) is filled with water to an elevation of 580 m a.s.l. It reveals two passages through which a lake in the Aare Valley would drain.
Accordingly, these passages need to be blocked to allow such a lake to form. The water level is equivalent to the elevation of the paleo-base
level that was determined in the scientific drilling at the Rehhag site and inferred for the Meikirch sedimentary succession (Fig. 1; Schwenk
et al., 2022). Elevation data from NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team (2019).

Figure 3. Map of the ice cover in the central Swiss Alps and their northern lowlands during the LGM (Ehlers et al., 2011). Blue arrows
indicate the flow patterns of the ice streams. Dashed lines indicate ice flow relevant for sediment transport to the Bern area. Dashed-dotted
lines indicate where the ice flow diverged from the main flow (Kelly et al., 2004; Reber et al., 2014; Becker et al., 2017). The Simplon and the
Brünig passes, the ice transfluences, are marked with bold crosses. Shaded grey areas indicate the position of overdeepenings in and around
the central Swiss Alps (available via Bundesamt für Landestopografie swisstopo, 2021a). Elevation data from NASA/METI/AIST/Japan
Spacesystems and U.S./Japan ASTER Science Team (2019).
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Reconstructions of the ice distribution and the ice flow
during the LGM showed that several ice transfluences existed
in the central Swiss Alps (e.g., Kelly et al., 2004; Bini et al.,
2009). In the Rhône and the Aare valleys such transfluences
were located at the Simplon Pass (Kelly et al., 2004) and
the Brünig Pass (e.g., Favre, 1884; Baltzer, 1896; Preusser
et al., 2011; Reber et al., 2014), respectively (Fig. 3). In the
past years, various authors have used field observations from
the Swiss Alps, such as glacial landforms and erosional fea-
tures, as well as the provenance of erratic boulders, to con-
strain computer models that calculated the ice extent and ice
flow during the LGM (Becker et al., 2017; Jouvet et al.,
2017; Seguinot et al., 2018). Both field observations and
modeling results suggest that the Valais Glacier in the Bern
area was mainly sourced from the lower western part of the
Rhône Valley and that the Aare Glacier stretching towards
the Bern area was originating from the northwestern part of
the Bernese Alps (Fig. 3). Furthermore, these results can be
used to explore the distribution of glacier ice and to infer
differences in the climate conditions between glaciations, as
well as glacials and interglacials (Florineth and Schlüchter,
2000; Becker et al., 2016; Reber and Schlunegger, 2016). In
this context and based on the investigation of the bedrock
topography in the Bern area, Reber and Schlunegger (2016)
suggest that erosion in subglacial conduits below an unob-
structed, i.e., free-end, Aare Glacier could effectively con-
tribute to the formation of the MAV–OD. Hence, the afore-
mentioned authors concluded that the Aare and the Valais
glaciers were not in an LGM-like arrangement when the
MAV–OD was formed and that consequently the climate at
that time must have been different from the LGM climate.

2.3 Lithotectonic architecture of the Alpine source area
of the target glaciers

The lithotectonic architecture of the Alps is characterized by
a large variety of exposed rocks, which offers ideal condi-
tions for allocating the source of the sediments encountered
in the Rehhag drilling through fingerprinting. The history
of this orogen started with the Mesozoic phase of continen-
tal spreading leading to the formation of the Valais and the
Piedmont–Liguria oceans (Alpine–Tethys; Stampfli, 2000)
with different sedimentary basins, and it culminated in the
subsequent closure of these troughs and the following colli-
sion of the European, Iberian, and African continental plates
(Schmid et al., 2004). Accordingly, in the central part of the
Swiss Alps six major lithotectonic units can be distinguished
which are relevant in this study. These are from north to south
as follows: (i) remnants of the southern stretched margin of
the European plate which are referred to as Helvetic units
and which are mainly composed of limestone, (ii) the base-
ment of the European plate made up of gneisses and meta-
granites, (iii) clastic rocks, referred to as flysch and calc-
shists that accumulated in the Valais and in the Piedmont–
Liguria oceans, (iv) limestone sequences that accumulated

on the Briançon terrane (part of the Iberian plate), (v) ophi-
olites and schists that formed in the Piedmont–Liguria ocean
between the Iberian and the African plates, and (vi) the base-
ment of the Iberian plate composed of gneisses and mica
schists. The closure of these oceans, the subsequent collision
of the continental plates, and the metamorphic overprinting
of a large portion of the Alps resulted in a significant re-
arrangement of the lithotectonic units (Hänni and Pfiffner,
2001; Wissing and Pfiffner, 2002; Schmid et al., 2004). The
positioning of these lithotectonic units in the source areas,
as well as along the course of the Aare, the Saane, and the
Valais glaciers, makes them relevant for determining the geo-
chemical fingerprint of each of these glaciers (Fig. 4). In par-
ticular, medium-grade metamorphic basement rocks of the
Iberian plate, which are referred to as the Penninic crys-
talline rocks, and ophiolites of the Piedmont–Liguria ocean
can mainly be found on the southern flank of the western
Rhône Valley and thus form a unit of parent rocks for mate-
rial that was transported only by the Valais Glacier (Figs. 3
and 4). We here refer to both units as the Penninic domain
for simplicity. In contrast, the clastic sedimentary units and
limestones of the Valais ocean, the Briançon terrane, and the
Piedmont–Liguria ocean were detached from their basement,
thrust northward, and currently occur as the so-called Klip-
pen domain on the northwestern margin of the Swiss Alps
where they served as parent rocks for the material that was
mainly transported by the Saane Glacier. The sedimentary
limestone suites of the European margin occur as Helvetic
thrust nappes, and either they are exposed on the northern
flank of the Rhône Valley and thus in the source area of the
Valais Glacier or they delineate the northern Alpine margin to
the east of the Klippen belt. There, the Helvetic thrust nappes
dominate the source area of the Aare Glacier (Figs. 3 and 4).
Finally, crystalline basement rocks of the stretched margin
of the European plate occur in the External massifs. These
massifs are located in the upstream region of the Rhône and
the Aare valleys, yet they probably served as parent rock for
material that was mainly transported by the Aare Glacier due
to the ice flow setting outlined above (Figs. 3 and 4). The Ex-
ternal massifs of the Mont Blanc area (southwest Rhône Val-
ley) probably contributed to the material transported by the
Valais Glacier towards the Bern area (Favre, 1884; Baltzer,
1896; Jouvet et al., 2017). However, the fingerprint of the
Mont Blanc and the Aiguilles Rouges massifs is most proba-
bly accompanied by the fingerprinting signal of the Penninic
domain. Because both form a redundancy in the identifica-
tion of the Valais Glacier provenance signal, we rely on the
fingerprint of the Penninic domain to identify material trans-
ported by the Valais Glacier. Only small patches of the base-
ment from the African plate are preserved as isolated klip-
pen (Dent Blanche) on top of the Penninic unit. This unit
has a very limited areal extent and is thus not relevant for
the present study. Table 1 presents an overview of the rela-
tive area covered by the respective lithotectonic units in the
major catchments that are relevant for this study.
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Figure 4. Overview map showing the possible source lithologies for the sediment deposited at the Rehhag drill site in the Bümpliz trough.
The major catchments are outlined in black, and within these the minor tributaries are colored according to their attribution to one of the four
lithotectonic units. Triangles indicate the locations where samples were collected in the tributary streams (black) and in the Rhône and Aare
trunk streams (grey). The location of the Rehhag drill site is marked by a cross. Rhône (Stutenbecker et al., 2018): Gon – Goneri, Mün –
Münstigerbach, Wys – Wysswasser, Mas – Massa, Vis – Vispa, Bal – Baltschiederbach, Lon – Lonza, Tur – Turtmanna, Dal – Dala, Nav –
Navisence, Bor – Borgne, Sio – Sionne, Mor – Morge, Pri – Printse, Lix – Lixerne, Ava – Avancon; Aare (this study): Gad – Gadmerwasser,
Aa1 – Aare 1, Lue – Lütschine, Kan – Kander, Sim – Simme, Sen – Sense, San – Saane. Geological data of the official map (Institut für
Geologie, Universität Bern and Bundesamt für Wasser und Geologie, 2005; Bundesamt für Landestopografie swisstopo, 2021b). Elevation
data from NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team (2019).

Between the Late Oligocene to Early Miocene, synoro-
genic Alpine detritus was transported to the northern fore-
land basin, including the Bern area, where it accumulated to
form the clastic sediments of the Swiss Molasse (Fig. 4; e.g.,
Sinclair and Allen, 1992; Schlunegger et al., 1996; Strunck
and Matter, 2002; von Eynatten, 2003). During glacial ad-
vances, the surface of the Molasse bedrock was heavily re-
shaped through subglacial erosion (e.g., Reber and Schluneg-
ger, 2016) and consequently the Molasse provided a sedi-
ment source for material transported by both the Aare and the
Valais glaciers (Table 1). Provenance tracing revealed that the
rocks of Iberian, African, and Piedmont origin constituted the
major sediment sources for the Molasse sequences that were
deposited in the Bern area (Spiegel et al., 2000, 2001, 2002;
von Eynatten, 2003). In contrast, material from the European

External massifs was supplied to the Molasse Basin only af-
ter their exhumation around 14 Ma (Stutenbecker et al., 2019;
Anfinson et al., 2020). Therefore, material derived from the
External massifs is absent in the Molasse sequences in the
Bern area. The Rhône catchment was separated from the
Rhine–Aare system during the latest stage of the Alpine
orogeny in the Late Pliocene (ca. 2.9 Ma; Berger et al., 2005;
Ziegler and Fraefel, 2009). Since then, material from the
Rhône Valley cannot be supplied to the Bern area by fluvial
transport, yet a material supply by glaciers (Valais Glacier)
did occur during glacial periods (Graf et al., 2015; Jouvet
et al., 2017).
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Table 1. Overview of the major lithotectonic units and their relative
areal cover of the respective catchments. Additionally, an overview
of the absolute catchment sizes is provided. a – Quaternary; b –
Molasse Basin; c – External massifs, autochthonous; d – External
massifs, allochthonous; e – Helvetic nappes; f – South Helvetic and
Ultrahelvetic nappes; g – Lower Penninic nappes, sediment; h –
Middle Penninic nappes, sediment; i – Upper Penninic nappes, sed-
iment; j – Middle Penninic basement; k – Upper Penninic nappes,
ophiolite-bearing sediment; l – Austroalpine basement.

Lithotectonic Rhone Saane Aare Overall
unit (%) (%) (%) (%)

a 4.67 0.97 6.73 4.64

Molasse b 0.39 43.77 18.74 13.78
Basin

External c 29.46 1.23 25.97 23.35
massifs d 7.49 3.85

Helvetic e 5.97 3.38 22.74 10.67
sediments f 3.07 3.55 4.6 3.63

Klippen g 4.68 7.63 8.56 6.40
nappe h 5.72 23.19 8.47 9.68

i 0.23 12.27 1.13 2.66

Penninic j 25.15 12.92
nappe k 7.31 4.02 3.06 5.41

Austroalpine l 5.86 3.01

(km2) (km2) (km2) (km2)

Catchment size 5359.42 1861.83 3211.80 10 433.05

3 Methods

3.1 Sample collection, preparation, and geochemical
analysis

As outlined above, the sedimentary succession in the
overdeepened Bümpliz trough is composed of glacial de-
posits that could have been supplied by one or multiple
glaciers, namely the Valais, the Saane, and the Aare glaciers
(Fig. 3). These glaciers are expected to have transported ma-
terial of markedly different composition with distinct bulk
chemical signals, which depends on the lithotectonic units
(Penninic, Klippen, External, Helvetic) that constitute the
parent rocks in the respective source areas. In order to quan-
tify the contribution of the four source units to the Bümpliz
sedimentary succession, their chemical fingerprints were es-
tablished in a first step. We benefited from the availability
of a sediment bulk chemistry data set obtained by Stuten-
becker et al. (2018) from modern stream samples collected
in 16 tributary basins in the Rhône Valley (Fig. 4), which
provides an endmember fingerprint of the Valais Glacier. We
complemented this data set by collecting riverine material in
seven tributaries (Gadmerwasser, Aare 1, Lütschine, Kander,
Simme, Sense, and Saane) on the northern side of the Alps

to characterize the geochemical fingerprinting signals of the
Aare and the Saane glaciers (Fig. 4). We followed closely
the sampling strategy of Stutenbecker et al. (2018) to ensure
the comparability of our results. In particular, the employed
sampling strategy is a tributary sampling approach which re-
lies on the natural mixture of sediment within a tributary and
which is tailored towards determining the large-scale prove-
nance of sedimentary material (Garzanti et al., 2012; Vale
et al., 2016; Stutenbecker et al., 2018). Thus, this sampling
strategy does not yield fingerprints of individual lithologies
but allows the combined fingerprint of all lithologies in a
tributary to be assessed. Accordingly, the target catchments
were chosen such that the bedrock in the respective area con-
sists predominantly of one main lithotectonic unit (Fig. 4).
As a second step, we extracted samples from the Rehhag
core in intervals < 5 m, yielding a total of 52 samples (Ta-
ble 2). These 52 core samples, together with the seven river-
ine samples from the northern part of the Alps, were prepared
for the measurement of their sediment bulk chemical com-
position. The samples were wet-sieved to extract the grain
size fraction < 63 µm in accordance with Stutenbecker et al.
(2018). Subsequently we also followed the aforementioned
authors in the sample analysis to ensure comparability with
their data set. The dried samples were analyzed in a whole-
rock procedure using a lithium borate fusion coupled with
an ICP–ES (inductively coupled plasma emission spectrom-
eter) at Bureau Veritas (Canada). The content of the oxides
SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5,
MnO, and Cr2O3, as well as of the elements Ba, Ni, Sr, Zr,
Y, Nb, and Sc, was measured. The results were corrected for
the loss on ignition (LOI). The relative contribution from the
four source units (Penninic, Klippen, External, Helvetic) to
each of the core samples was determined using the respec-
tive fingerprints.

3.2 Data analysis and unmixing model

The data were analyzed with the software environment R
(v4.1.1; R Core Team, 2022). We used standard packages,
as well as the packages fingerPro (v1.1; Lizaga et al.,
2020) and provenance (v4.0; Vermeesch et al., 2016), that
were written for the use in provenance analyses. An R script
was written to ensure the reproducibility of the results and of
each analytical step. Each of the core samples had to be in-
vestigated in the context of all riverine samples to determine
the changes in the sediment provenance throughout the cored
succession. Thus, 52 temporary processing data sets were au-
tomatically aggregated from the data sets of the riverine and
the core samples. Each of the processing data sets contained
the data on the bulk chemical composition of the 23 river-
ine samples and 1 core sample. The provenance analysis was
then performed on each of the 52 individual processing data
sets, and the results were combined into a final overview to
reveal trends in the sediment composition.
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Table 2. The names of all samples collected from the drill core, the according depth along the drill core, and the final set of unmixing results.
Please note that the core number and the derived sample names are not exactly equivalent to the depth in the drilling because individual core
sections were drilled in 0.5 m intervals. The unmixing results were calculated by the fingerPro unmix() function. For every sample, the
proportion of sediment derived from the respective lithotectonic unit is provided along with the goodness of fit (GOF). These results were
plotted to facilitate the comparison with the sedimentary log; see Figs. 5 and 7.

Primary Secondary Depth External Helvetic Klippen Penninic GOF
(m) (%) (%) (%) (%)

V 008.01 007–008 12.46 41.09 32.32 14.13 0.81
S 012.01 011–012 23.46 27.84 40.14 8.55 0.80

V 013.01 012–013 20.25 45.57 27.39 6.80 0.84
V 018.01 017–018 6.47 47.56 33.81 12.16 0.82
V 024.01 023–024 12.07 45.55 36.00 6.38 0.81

S 024.01 10.29 33.80 43.78 12.13 0.81
S 026.01 025–026 9.70 37.86 42.55 9.89 0.78

V 029.01 028–029 17.03 39.37 31.50 12.10 0.82
V 031.01 030–031 6.71 73.94 18.43 0.92 0.86

S 031.01 13.42 36.22 36.70 13.66 0.81
S 034.01 033–034 12.26 39.60 35.66 12.47 0.84

V 042.01 038–039 21.86 36.21 30.49 11.43 0.83
S 044.01 040–041 13.72 36.88 37.13 12.26 0.81

V 047.01 043–044 17.11 38.68 35.93 8.27 0.77
V 052.01 048–049 21.67 34.84 29.20 14.28 0.83
V 057.01 053–054 18.98 36.93 35.48 8.62 0.78
V 062.01 058–059 20.62 35.88 30.35 13.14 0.81
V 067.01 063–064 8.30 42.37 34.29 15.04 0.81
V 072.01 068–069 15.85 38.50 29.56 16.08 0.79
V 077.01 073–074 17.41 35.04 36.01 11.54 0.80

S 078.01 074–075 29.06 27.94 32.32 10.69 0.80
V 082.01 078–079 17.30 36.47 35.28 10.94 0.80
V 087.01 083–084 45.10 31.58 20.72 2.59 0.81
V 092.01 088–089 40.55 33.74 23.64 2.07 0.78
V 097.01 093–094 18.28 46.85 31.76 3.10 0.72
V 103.01 098–099 31.80 36.06 28.60 3.55 0.83
V 109.01 104–105 7.78 54.80 25.59 11.82 0.78

S 110.01 105–106 9.56 49.66 29.60 11.18 0.79
V 113.01 108–109 5.29 73.04 20.45 1.22 0.81
V 118.01 113–114 4.40 71.03 21.97 2.59 0.86
V 122.01 117–118 8.68 66.72 23.23 1.37 0.86

S 123.01 118–119 10.47 72.50 16.32 0.71 0.79
V 128.01 123–124 7.10 73.47 18.92 0.51 0.77
V 138.01 133–134 11.02 70.17 18.39 0.42 0.80
V 143.01 138–139 9.11 70.29 19.20 1.40 0.86
V 148.01 143–144 18.69 60.14 20.21 0.97 0.76

S 150.01 145–146 12.71 36.99 41.91 8.39 0.82
V 153.01 148–149 12.76 67.10 19.55 0.60 0.77

S 157.01 152–153 10.42 62.07 25.04 2.47 0.85
V 158.01 153–154 10.42 67.53 21.26 0.79 0.82
V 163.01 158–159 10.90 67.66 20.31 1.13 0.85
V 168.01 163–164 10.26 50.48 32.45 6.81 0.85
V 173.01 168–169 21.74 61.21 16.19 0.86 0.78
V 178.01 173–174 8.46 70.09 20.58 0.87 0.79

S 179.01 174–175 22.91 57.12 17.83 2.15 0.78
V 184.01 179–180 14.92 68.73 16.01 0.34 0.79
V 188.01 183–184 14.36 62.85 22.01 0.78 0.82
V 193.01 188–189 10.79 71.12 17.19 0.90 0.82

S 197.01 192–193 17.65 62.95 19.04 0.36 0.75
V 198.01 193–194 7.10 55.68 31.54 5.68 0.84
V 203.01 198–199 18.51 57.74 21.78 1.96 0.84
V 208.01 203–204 50.44 22.11 14.13 13.33 0.72
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We used two approaches to prepare the 52 processing
data sets and to assess how the selection of variables in-
fluences the discrimination between potential source areas.
As a first approach, we determined an optimum selection
of variables (i.e., oxides and elements) for each processing
data set that allows the parent rock domains to be discrim-
inated best. This was achieved through a standard statisti-
cal procedure that applies the conservation criterion for each
variable, an H test following Kruskal–Wallis (Kruskal and
Wallis, 1952), and a stepwise linear discrimination analysis
(LDA; e.g., Stutenbecker et al., 2018; Lizaga et al., 2020).
This approach yielded a provenance result in one run, and
the result is tailored towards each individual core sample. As
a second approach, we first determined the variables from
the riverine data sets that allowed us to best discriminate be-
tween the possible source signals before we explored how
different combinations of these source signals could explain
the bulk chemical composition of the core samples. In con-
trast to the first approach, a stepwise LDA was performed on
the data from all tributaries (i.e., without the core samples)
to identify and remove dispensable variables. Additionally,
data of individual tributaries were removed if they were rec-
ognized as potential outliers in the respective group of source
rocks. These outliers were identified in the PCA (principal
component analysis) biplots which were generated for a vi-
sual assessment of the data. The data were converted with a
centered log-ratio transformation before the PCA. This was
a reiterative approach, and a variety of provenance analyses
were conducted in different runs.

The processing data sets that resulted from either approach
were finally analyzed with the fingerPro unmix() func-
tion (Lizaga et al., 2020). This function determines the con-
tribution of the potential parent rock groups to the relative
composition of each core sample. The function applies the
following linear multivariate mixing model:

m∑
j=1

ai,j ·ωj = bi, (1)

where bi is the observed relative contribution of one variable
i (e.g., SiO2; i = 1 to n) to the sediment mixture (i.e., a core
sample), ai,j is the observation of the variable i in the source
type j (e.g., Helvetic; j = 1 to m), ωj is the unknown rel-
ative contribution of the source type j to the sediment mix-
ture, m is the number of sediment sources (i.e., Helvetic, Ex-
ternal, Penninic, and Klippen), and n is the number of ob-
served variables that are allowed in the unmixing procedure
(i.e., sediment bulk chemistry measurements). The results of
the respective runs were exported to spread sheets and plot-
ted for visual comparison. The unmixing results were plotted
in a downhole log in a final step. The unmix() function cal-
culates the goodness of fit (GOF) to evaluate the unmixing
results and to return the best unmixing solution. An average
GOF was determined for each of the 52 processing data sets,
and these averages vary with the number of input variables

and catchments. Thus, we compared the average GOF of the
different runs to evaluate how well the unmixing performed.
The final unmixing results were compiled according to the
sample position within the stratigraphic succession, and the
respective mean values and their standard deviation were cal-
culated.

3.3 Elemental correlations

We additionally used the carbon–nitrogen–sulfur (CNS)
data, namely the carbonate content derived from the total
inorganic carbon (TIC) and the total organic carbon (TOC)
content, as well as the material magnetic susceptibility (MS)
data presented in Schwenk et al. (2022). Note that the re-
spective data are available in Schwenk et al. (2021). The un-
mixing results were then compared to these data to investi-
gate possible correlations. Furthermore, we plotted ratios of
measured compounds and elements to facilitate the interpre-
tation of the unmixing results. Additionally, we added the
CNS and the multi-sensor core logger (MSCL) data to ex-
plore possible correlations with the unmixing results. We se-
lected those compound ratios that were considered by von
Eynatten (2003) as diagnostic for fingerprinting the potential
sources of Alpine Molasse sediments. According to von Ey-
natten (2003), the following ratios can be correlated to differ-
ent parent rock groups: (i) Cr2O3 : Ba and Ni : Ba, which al-
low sources situated in ultramafic rocks to be identified (i.e.,
ophiolites in the Penninic); (ii) Na2O : SiO2, which corre-
lates with the input of material from granitoid source rocks;
(iii) MgO : SiO2, which correlates with the relative contri-
bution of material from dolomitic source rocks; and (iv) the
Cr2O3 : Ni ratio, in which a high value (up to 16), caused
by the stable and therefore relatively enriched heavy mineral
Cr spinel, reflects a flysch source rock component, and in
which lower values between 1.2 and 3.5 indicate first-cycle
sources in the Penninic domain. We additionally considered
the CaO : SiO2 ratio to investigate possible correlations be-
tween the results of the ICP–ES measurements and the TIC-
derived carbonate contents. We displayed the data in scatter
plots to visually assess the correlation between the four com-
ponents of the unmixing results and the respective compound
ratios. Furthermore, we compared the SiO2 : Al2O3 ratio to
the amplitude of the MS measurements because they are pos-
itively correlated to larger grain sizes in the sediment (Weltje
and von Eynatten, 2004). Finally, we considered the TOC
content in the sedimentary succession because TOC values
between 0.1 % and 0.6 % indicate low production rates of
autochthonous organic material and point towards a detrital
supply of the organic material (Meyers and Teranes, 2001;
Larsen et al., 2011).

3.4 Heavy mineral analysis

In addition to the geochemical analysis of the mostly fine-
grained sediment fraction, we conducted a heavy mineral
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analysis on selected samples from the sandy intervals of the
drill core. Heavy mineral analysis was used extensively on
Pleistocene sediments and their Mesozoic to Cenozoic sedi-
mentary bedrock in the Swiss Alpine foreland, thus provid-
ing a large database for comparison (e.g., Gasser and Nab-
holz, 1969; Schlunegger et al., 1993; von Eynatten, 2003).
In the Pleistocene in particular, heavy mineral spectra have
been used to infer the provenance of glaciofluvial deposits
(Graf, 1993). However, the heavy mineral spectra supplied
by the Aare and the Valais glaciers are very similar, with
the only difference of blue sodic amphibole (glaucophane)
commonly being attributed to the Valais Glacier source re-
gion and titanite being attributed to the Aare Glacier source
region. Titanite, however, also occurs in the source area of
the Valais Glacier (Stutenbecker et al., 2018). The impor-
tant contribution of Molasse recycling from the underlying
bedrock is further impeding the assignment of heavy miner-
als to specific source regions (Gasser and Nabholz, 1969).

Because of this complication, we additionally performed
single-grain analysis on garnet (Morton, 1985). Detrital gar-
net geochemistry has been shown to successfully discrimi-
nate between source regions of different metamorphic grade
and lithology in the Swiss Alps and is particularly effec-
tive in distinguishing detritus from the External massifs from
that of Penninic origin (Stutenbecker et al., 2017). We chose
samples V024, V092, and V203 to represent FA 4, FA 1.2
(both Sequence B), and FA 1.1 (Sequence A), respectively
(Fig. 5). Following the approach of Stutenbecker et al. (2018)
the grain size fractions 63–250 µm were used to separate
heavy minerals. We applied standard heavy mineral separa-
tion techniques as outlined in Andò (2020). The heavy min-
erals were identified using a polarization microscope, and
around 200 transparent heavy mineral grains were counted
using a Pelcon point counter and an evenly spaced square
grid of 0.3 mm step length (Garzanti and Andò, 2019).

From the remaining heavy mineral concentrate, around
100 garnet grains were handpicked using a binocular. The
obtained grains were mounted in epoxy resin grain mounts,
ground, polished, and analyzed at the University of Tübin-
gen (Germany) using an Agilent 7900 inductively coupled
plasma mass spectrometer (ICP–MS) coupled with an Ap-
plied Spectra RESOlution-SE laser ablation system with a
A155 sample cell. The laser energy was 5 J cm−2, and we
used a laser spot size of 30 µm diameter. The ICP–MS was
tuned with the NIST SRM612 glass standard. The analy-
sis was time resolved with a total integration time of ca.
0.57 s. The background was measured for 20 s, followed by
30 s of sample measurement. The raw data were cleaned and
reduced with an internal software from the University of
Tübingen. The garnets were classified using the random for-
est classification by Schönig et al. (2021) that assigns host
rock types based on the concentrations (in wt %) of the el-
ement oxides SiO2, TiO2, Al2O3, Cr2O3, FeO total, MnO,
MgO, and CaO. The three main host rock types are metamor-
phic (MM), igneous (IG), and metasomatic (MS). For meta-

morphic host rocks (MM), the garnets can be further sub-
divided into those of blueschist/greenschist facies (BS/GS),
amphibolite facies (AM), granulite facies (GR), and eclog-
ite facies/ultrahigh-pressure (EC/UHP) metamorphic grade.
All three host rock types are furthermore assigned subclasses
that in our case fall into three compositional categories: mafic
(M), intermediate felsic/sedimentary (IF/S), or calcsilicate
(CS). Accordingly, each garnet grain is assigned a combined
class consisting of three single abbreviations, e.g., MM GR
IF/S refers to a garnet formed in a metamorphic (MM), gran-
ulite facies rock (GR) of intermediate felsic or sedimentary
composition (IF/S).

In order to compare the obtained heavy mineral and gar-
net data from the drill core to potential source rock units,
we used data from the literature as provided in Table 3.
Similar to the geochemistry approach, we defined the Pen-
ninic domain and External massifs as endmember sources,
and their heavy mineral and detrital garnet signature is pro-
vided by modern rivers draining those units (Garzanti et al.,
2012; Stutenbecker et al., 2018). The Helvetic nappes were
excluded since they have extremely low heavy mineral fertil-
ity (Stutenbecker et al., 2018) and are therefore not likely
to significantly contribute heavy minerals to the deposits
in the Bümpliz trough. The limestones of the Klippen do-
main are expected to have equally low heavy mineral fertil-
ities; however, this source area also contains garnet-bearing
Cretaceous–Eocene flysch (most prominently the so-called
Gurnigel flysch; Wildi, 1985), as well as Molasse rocks
(Strunck and Matter, 2002). We complemented the existing
data with two more samples from the modern Aare and Saane
rivers that are expected to provide a fingerprint of the local
Molasse around Bern and the mixed flysch/Molasse rocks of
the Klippen domain, respectively.

For visual examination of the similarity of the drill core
and source rock data, we used the nonmetric multidimen-
sional scaling (MDS) function of Vermeesch et al. (2016).

4 Results

4.1 Geochemistry

The results of the ICP–ES measurements are available in the
Supplement. These data reflect the bulk chemical composi-
tion of the individual samples and are the basis for the con-
ducted provenance analysis.

Figure 6 shows the PCA results from four different runs
(i.e., combinations of variables and tributaries) for which the
second approach described above was employed. Overall, the
discrimination between the four source groups (lithotectonic
units) is good for any of the data sets. The plots in Fig. 6a
and c show that one catchment sample in each of the Exter-
nal, the Helvetic, and the Penninic domains is located far off
the center of the respective groups, and that these samples
could be considered outliers. The discrimination becomes
considerably better when individual variables are removed
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Figure 5. Illustration of the unmixing results presented in Table 2, together with the log of the sedimentary succession recovered in the
scientific drilling at the Rehhag site (Schwenk et al., 2022). The sampling depths of the heavy mineral and garnet samples are indicated
alongside the log. Additionally, the results of the CNS analysis (TOC and carbonate content) are presented along with the readings of the
magnetic susceptibility (MS) that had been reported by the aforementioned authors. Furthermore, the variation in compound ratios that were
used to distinguish different source lithologies in the provenance analysis of Swiss Molasse sandstones (von Eynatten, 2003) is presented.
The compound ratios are sorted and colored to reflect the lithotectonic units that can potentially be linked to in the sediment mixture. The
MS of the sediment and the SiO2 : Al2O3 ratio in the sediment mixture can be used to infer the grain size in the respective core sections.
Please refer to the text for a detailed discussion.

from the analysis. MgO,Ba,Zr,Nb, and Sc are missing in
Fig. 6a, b and lead to a better discrimination in the first prin-
ciple component (PC1) which is the major axis to distinguish
sedimentary from crustal source rocks (Helvetic/Klippen vs.
External/Penninic). The removal of individual catchments,
for example from the Helvetic group (Fig. 6b, d), does not

change the results significantly. Nevertheless, the data set
with a reduced set of variables and with one missing catch-
ment is most discriminative in the PCA (Fig. 6b). This find-
ing is corroborated by the comparison of the average GOF
that resulted from the unmixing of different data set combi-
nations, the results of which are presented in Table 4.
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Table 3. Database from the Central Alps used for the comparison of heavy mineral and detrital garnet data.

Lithotectonic unit Heavy mineral data Garnet data

Penninic nappes Borgne, Vispa, Navisence, Turtmanna,
and Printse rivers (Garzanti et al.,
2012; Stutenbecker et al., 2018)

Borgne and Vispa rivers
(Stutenbecker et al., 2017)

External massifs Wysswasser, Münstigerbach, and
Lonza rivers (Garzanti et al., 2012;
Stutenbecker et al., 2018)

Wysswasser and Goneri rivers
(Stutenbecker et al., 2017)

“Klippen domain” (including
flysch nappes and Molasse)

Molasse bedrock from Frasson (1947)
and Strunck and Matter (2002)

Saane River (this study), Ärg-
era River (Gurnigel flysch;
Stutenbecker et al., 2019)

Local Molasse bedrock Lower Freshwater Molasse near Bern
(Lüthy et al., 1963), Lower Freshwater
Molasse near Thun (Füchtbauer, 1964)

Aare River (this study)

Table 4. The goodness of fit (GOF) of the unmixing performed with different input data sets. The first GOF value was returned for the
unmixing results using the first approach. The remaining six GOF values were returned by the unmixing step in the second approach. The
acronyms indicate the number of input variables or if all variables were used (av) and if one catchment was removed (woLue) or if all
catchments were used (ac).

av-ac (1st) 13-woLue 12-woLue 14-woLue 13-ac av-woLue av-ac

GOF 0.92 0.82 0.82 0.82 0.81 0.81 0.79

4.2 Unmixing

The unmixing results in Fig. 7a to d were obtained through
the procedure described above as the second approach. The
unmixing results of the data set that was considered as most
representative are presented in Table 2 and Fig. 7c. An ac-
count of the variations in the unmixing results with regard to
the distinguished Sequences A and B as well as to the differ-
ent FAs is presented in Table 5. All these plots reveal a signif-
icant change in the sediment composition from 99 to 105 m
depth that separates the drilled suite in two distinct sections.
The lower half is dominated by material derived from the
Helvetic sources (65 %). The Klippen nappe contributes a
stable background (25 %) to the mixture. A single peak in
Klippen material (ca. 40 %) is detected at 145 m depth. The
contribution of Penninic material to the mixture (< 3 %) is
too low to determine any trends. Material input from the Ex-
ternal massifs is prominent at depths > 143 m. A third sig-
nificant peak of material input from the External massifs can
be found at a depth of 203 m. There, between 55 % and 65 %
of the material is derived from External sources alone. This
10 % difference is compensated for by material from Pen-
ninic sources, yet this depends on the choice of the input
variables for the unmixing step. Throughout the lower half of
the drilled sedimentary suite the material input from Exter-
nal sources decreases upsection, whereas the relative abun-
dance of sediment from Helvetic sources increases. Between
depths of 108 and 139 m the unmixing results show the low-

est variability in the sediment composition. The upper half
of the drilled suite shows a greater influence of the External,
Klippen, and Penninic sources. Between depths of 74 and
99 m material from the External massifs visually dominates
the sediment mixture (ca. 32 %), although the material is de-
rived from External, Helvetic, and Klippen sources in about
equal proportions. At depths between 7 and 74 m the Pen-
ninic and External contribution is relatively stable, and most
of the variance is caused by changes in the contribution from
Klippen and Helvetic sources. In the same section, the rel-
ative abundance of sediment from Penninic sources reaches
the highest value (10 %) in all of the sections. A single peak
in Helvetic material (ca. 75 %) at a depth of 30 m is counter-
balanced by equivalent reductions of material contributions
from Klippen and External sources.

Figure 7e depicts the results of the unmixing process based
on data that were compiled and analyzed following the first
approach outlined above. In this solution, the sediment com-
position is much more variable. Overall, the contribution of
Penninic sources is more pronounced. The trends that were
described for the plots in Fig. 7a through d are vaguely
present in this fifth plot, yet these trends are attenuated by
the large variability in sediment composition determined in
the unmixing step. Nevertheless, in this approach the aver-
age GOF for all 52 unmixing results was 0.92 (Table 4).

Figure 5 reveals that the unconformity between Se-
quences A and B at a depth of 103 m is also reflected by
a change in the sediment composition. Likewise, transitions
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Figure 6. Results of the principal component analyses (PCA) performed exemplarily on four different data sets. The total number of variables
was reduced from 18 to 13 in (a) and (b) by removing MgO, Ba, Zr, Nb, and Sc. The full set of variables was used in (c) and (d). The data set
of one tributary (Lue – Lütschine) in the Helvetic group was removed in (b) and (d). Therefore, the plot in (c) shows the PCA results based
on the complete data set.

between the distinguished facies assemblages at 83, 141, and
194 m depth correspond well with the described changes
in the sediment composition. Henceforth, we describe the
results taking into account the unconformity between Se-
quences A and B.

4.3 Element correlations

Figure 5 additionally displays different compound ratios that
can be used to assess the unmixing results (see correlation
plots in Appendix Fig. A1). The variability of these com-
pound ratios with regard to the distinguished Sequences A
and B as well as to the FAs is presented in Table 5. The
carbonate content in the recovered sediment, the CaO : SiO2
ratio, and the calculated input from the Helvetic units are
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Table 5. Mean and standard deviation of the unmixing results determined from the samples in the two sequences and in the five facies
assemblages (FAs) distinguished in the sedimentary succession. Similarly, the mean and standard deviation of distinctive compound ratios
were determined in the same units to evaluate the unmixing results. Please refer to the text for further descriptions.

Rel. composition Helvetic External Penninic Klippen
(%)

Seq. B 37± 10 17± 10 9± 4 37± 6
Seq. A 60± 11 10± 9 3± 4 27± 6

FA 4 38± 10 14± 6 10± 3 38± 6
FA 1.2 34± 6 32± 11 3± 0 31± 5
FA 3 65± 10 5± 2 3± 4 27± 5
FA 2 60± 9 10± 5 2± 2 28± 7
FA 1.1 41± 22 31± 23 7± 8 20± 9

Comp. ratios CaO : SiO2 MgO : SiO2 Na2O : SiO2 Cr2O3 : Ba Ni : Ba Cr2O3 : Ni SiO2 : Al2O3

Seq. B 0.37± 0.09 0.0584± 0.0089 0.0252± 0.0045 0.57± 0.10 0.16± 0.03 3.64± 0.85 5.59± 0.87
Seq. A 0.47± 0.08 0.0508± 0.0069 0.0197± 0.0030 0.43± 0.08 0.12± 0.03 3.75± 0.94 7.22± 1.59

FA 4 0.39± 0.08 0.0610± 0.0062 0.0243± 0.0041 0.59± 0.08 0.17± 0.03 3.61± 0.75 5.44± 0.73
FA 1.2 0.27± 0.07 0.0452± 0.0087 0.0296± 0.0046 0.49± 0.13 0.13± 0.02 3.80± 1.39 6.33± 1.25
FA 3 0.51± 0.05 0.0523± 0.0052 0.0184± 0.0020 0.43± 0.05 0.13± 0.04 3.67± 1.09 7.49± 1.48
FA 2 0.46± 0.06 0.0488± 0.0070 0.0199± 0.0029 0.42± 0.10 0.12± 0.03 3.75± 0.90 7.36± 1.49
FA 1.1 0.32± 0.18 0.0596± 0.0083 0.0239± 0.0046 0.46± 0.11 0.11± 0.00 4.10± 0.96 4.86± 1.64

positively correlated. In contrast, the CaO : SiO2 ratio is not
correlated to the portion of material derived from the Klip-
pen domain. The correlation between the MgO : SiO2 ratio
and the relative abundance of material derived from Helvetic
units in Sequences A and B is negative or very weak, respec-
tively. Although the apparent input of material from Helvetic
sources is higher in Sequence A than in Sequence B, the con-
trary is the case for the MgO : SiO2 ratio, which is higher in
the upper part. For the entire core, a weak positive corre-
lation exists between the MgO : SiO2 ratio and material de-
rived from the Klippen domain. Furthermore, in Sequences A
and B the MgO : SiO2 ratio is positively correlated to the por-
tion of material of Penninic origin. However, in Sequence A
the calculated contribution from Penninic sources is less than
3 % on average and mostly below 1 %. The Na2O : SiO2 ra-
tio, which is considered to be representative for the portion
of sediment derived from the External units, increases signifi-
cantly across the unconformity between Sequences A and B.
Overall, the Na2O : SiO2 ratio is positively correlated with
the portion of material from the External massifs throughout
the core. The Cr2O3 : Ba and Ni : Ba ratios in Sequence A
do not correlate with the input of material from Penninic
sources, yet a slight positive correlation is present in Se-
quence B. The Cr2O3 : Ni ratio cannot be used to infer the
input of material from Klippen sources as the ratio is in the
range of 2 to 5 and thus too low to make an inference on such
an input. Furthermore, this ratio is not correlated with the
abundance of material derived from Penninic sources. In Se-
quence A, the SiO2 : Al2O3 ratio is significantly higher than
in Sequence B, and likewise the MS amplitude is notably

higher in the lower than in the upper half of the core. Hence,
the MS amplitude and the SiO2 : Al2O3 ratio correlate well,
indicating that the sediment in Sequence A is composed of
larger clasts than Sequence B, which is consistent with the
occurrence of a large number of gravel and diamictic beds
in the log. Finally, the low TOC content between 0.2 % and
0.4 % observed in the sediment indicates that the organic ma-
terial was most likely not produced within the lake itself. This
points to the supply of organic material from recycled older
sediments or from the bedrock.

4.4 Heavy mineral analysis

The three selected sand samples have heavy mineral concen-
trations of 1 %–2 % (“moderately poor” following Garzanti
and Andò, 2007). The heavy mineral spectra (Fig. 8) of the
three selected sand samples are all dominated by epidote
group minerals (over 60 %; including epidote, clinozoisite,
and rarely zoisite) with moderate contents of garnet (7 %–
22 %), hornblende (4 %–11 %), and apatite (3 %–6 %) and
minor contents (< 5 %) of staurolite, titanite, zircon, tourma-
line, rutile, blue sodic amphibole, chloritoid, and sillimanite.
Spurious grains (Garzanti and Andò, 2007) encountered in
the concentrates include chlorite, ankerite–dolomite, biotite,
and glauconite. Although the three samples are relatively
similar in their heavy mineral content, we noted a slight in-
crease in hornblende from the lowermost sample (V203, 4 %)
to the uppermost sample (V024, 11 %). Blue sodic amphibole
is only present in samples V092 and V024, whereas chlori-
toid is found in samples V203 and V024 but not in sample
V092.
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Figure 7. Results of the unmixing step. The graphs in (a) through
(d) are based on the data sets used in their equivalents in Fig. 6.
Panel (e) shows the results of the procedure described in Sect. 3 as
the first approach. The plot in (c) shows the results that are finally
discussed and that are presented alongside the sedimentary log in
Fig. 5.

Figure 9 shows the results from the study of the
single-grain garnet variety. In all three core samples,
more than 60 % of garnets are derived from intermedi-
ate felsic/metasedimentary rocks of amphibolite and blue-
/greenschist facies metamorphism (classes MM AM IF/S and
MM BS/GS IF/S). From the base (V203) to the top (V024)
of the core, the portion of eclogite facies metamorphic mafic
garnet (MM EC/UHP M), as well as granulite facies meta-
morphic garnet (class MM GR IF/S), increases, whereas the
amount of blue-/greenschist facies metamorphic mafic garnet
(class MM BS/GS M) decreases.

Figure 10 shows the similarity of our data and the liter-
ature data (Table 3) as obtained by multidimensional scal-
ing. The comparison of heavy mineral data (Fig. 10a) shows
that the three selected core samples plot close together and
somewhat in between the two clusters formed by the local
Molasse bedrock and the modern streams draining the Ex-

ternal massifs and Penninic nappes. The Penninic and Exter-
nal heavy mineral signatures are similar, and the two litho-
tectonic units are therefore not distinguishable. The detrital
garnet data (Fig. 10b), in contrast, allow a distinction of gar-
nets derived from the three considered source units (External
massifs, Penninic, Molasse/flysch). Sample V203 is equally
similar to all three possible sources, sample V092 plots in be-
tween the External massifs and Molasse/flysch sources, and
sample V024 is markedly more similar to the Molasse/flysch
sources.

5 Discussion

5.1 The selection of tributaries and variables for the
unmixing model

The first approach yielded the combinations of most discrim-
inative variables in each of the 52 processing data sets which
in turn resulted in the observed clear distinction of the par-
ent rock groups in the individual core samples and accord-
ingly resulted in a very good fitting during the unmixing step
(GOF 0.92). Although the trend in the sediment composi-
tion that was obtained using the second approach (Fig. 7a
through d) is present in the unmixing results of the first ap-
proach (Fig. 7e), we disregard the results of the first approach
as the solution appears to be overly specific to the individual
core samples.

The choice of a distinct set of variables has an impact on
the discrimination between the four domains of parent rocks
(Fig. 6). In our case, however, the exclusion of specific vari-
ables or specific tributary data sets has no distinct advantage
for the calculation of the relative composition in the unmix-
ing process and for the calculated level of the unmixing re-
sults. This is visible in Fig. 7a through d and also in the minor
changes in the GOF as presented in Table 4. In contrast, the
unmixing results that were calculated from a reduced set of
variables apparently were deprived of their potential to iden-
tify Penninic sources, as exemplified by the plots in Fig. 7a
and b. Hence, we use the unmixing results from the complete
data set (all variables and all tributaries; Figs. 6c, 7c, Table 2)
in the following discussion.

5.2 Assessment of the geochemical data and the
unmixing results

The unmixing results calculated from the complete set of
available chemical data had an average GOF of 0.79. The
highest GOF in all data sets which were compiled and ana-
lyzed with the second approach was 0.82. However, the ded-
icated selection of variables and tributaries had minor effects
on the unmixing results. Moreover, the SiO2 : Al2O3 ratio
and the MS data correlate positively, which we regard as ev-
idence that the sediment bulk chemical data in general are
related to the sedimentary facies. Furthermore, the compar-
ison of our unmixing results with provenance markers used
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Figure 8. Heavy mineral composition of the three core samples in stratigraphic order. The sampling depth of each of the samples is shown
in Fig. 5.

by von Eynatten (2003) showed a good correlation. The pos-
itive correlation between the CaO : SiO2 ratio and both the
relative contribution of the Helvetic component in the prove-
nance signal and the measured carbonate content indicates
that most of the carbonate in the sediment was probably de-
rived from the Helvetic source rocks. Due to the absence of
a correlation, the carbonate was not derived from the Klip-
pen domain. A slight correlation between the MgO : SiO2 ra-
tio and the abundance of the Helvetic component is present
in Sequence A. However, in the deposits of Sequence B,
where more material of Penninic and less detritus of Hel-
vetic provenance were supplied, the MgO : SiO2 ratio is cor-
related to the abundance of the Penninic component. The
positive correlation between material from Penninic sources
and the MgO : SiO2 ratio in Sequence A should not be over-
stated due to the very low input from the Penninic domain.
The weak positive correlation of the MgO : SiO2 ratio and
the Klippen component indicates a low yet continuous con-
tribution from the latter domain. In combination, this sug-
gests that the MgO : SiO2 ratio reflects the input of mate-
rial derived from dolomitic source rocks (Klippen, Helvetic)
in Sequence A, yet in Sequence B the ratio might reflect a
combined contribution of magnesium-rich minerals derived
from the ophiolite-bearing bedrock that occurs in the Pen-
ninic domain and dolomitic source rocks mainly located in
the Klippen domain (cf. von Eynatten, 2003). The positive
correlation between the Na2O : SiO2 ratio and the relative
abundance of the External component probably indicates that
most of the sodium in the sediment mixture was derived from
felsic and feldspar-rich granitoid parent rocks in the External
massifs. Both the Cr2O3 : Ba and the Ni : Ba ratios show a
weak correlation with the abundance of the Penninic compo-
nent in the provenance signal in Sequence B. Hence, we sug-

gest that nickel and chromium in Sequence B were mainly
derived from the ophiolite-bearing parent rocks in the Pen-
ninic units, where the ophiolitic bedrock is known to contain
chrome spinel and Ni-rich serpentinites. As outlined above,
the Cr2O3 : Ni ratio in our data can apparently not be used as
a proxy for the relative abundance of material derived from
the flysch sediments in the Klippen domain. Generally, ratios
between 1.2 and 3.5 can be considered as indicative of ma-
terial derived from ultramafic and metabasaltic rocks located
in the Penninic domain (see von Eynatten, 2003, and sources
therein). However, the Cr2O3 : Ni ratio does not show a par-
ticular trend or a correlation with the relative abundance of
the Penninic component in the unmixing results. Accord-
ingly, all but one of the geochemical proxies (i.e., compound
ratios) that were used by von Eynatten (2003) to distinguish
parent rock units in the central Swiss Alps could be used to
distinguish between the four domains of parent rocks as ma-
terial sources for the drilled core. This is a good indicator that
the presented sediment bulk chemical data contain a prove-
nance signal that is actually reflected by the unmixing results.

5.3 Provenance interpretation

Henceforth, we use the ice flow patterns of the LGM to in-
fer the possible material composition that was transported
by the Valais, the Saane, and the Aare glaciers. During the
LGM, the ice streams were arranged in a way that probably
impeded the supply of material from the External massifs in
the upper Rhône Valley to the Bern area (Fig. 3). Hence, ma-
terial of Penninic provenance could only be transported by
the Valais Glacier, whereas material of External provenance,
namely from the Aar Massif, could only have been provided
by the Aare Glacier. Please note that the admixture of ma-
terial derived from the Mont Blanc Massif to the sediment
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Figure 9. Classification results of detrital garnet based on geochemistry in the core samples and seven reference tributaries located in
the possible source rocks. The sampling depth of each of the core samples is shown in Fig. 5. The garnet classes are composed of the
abbreviations of the three groups (host rock, metamorphic grade, and composition) as defined by Schönig et al. (2021); MM – metamorphic,
IG – igneous, MS – metasomatic, AM – amphibolite facies, GR – granulite facies, BS/GS – blueschist/greenschist facies, EC/UHP – eclogite
facies/ultrahigh-pressure, NA – not defined (for rocks without metamorphic overprint), M – mafic, IF/S – intermediate felsic/sedimentary,
CS/MS – calcsilicate/metasomatic.

transported by the Valais Glacier would result in a signal that
contains both an External and a Penninic component. As a
consequence, for sections (such as Sequence A) where a Pen-
ninic signal is missing, we can confidently attribute the ma-
terial derived from the External domain to the Aare Glacier.
In the same sense, material from Helvetic sources was most
likely also transported by the Aare Glacier as can be de-
duced from the abundance of this lithotectonic unit within
the Aare catchment (Table 1). Therefore, we interpret the ad-
mixture of material from External and Penninic sources as
evidence for the sediment supply by the Aare Glacier or the

Valais Glacier, respectively. The Klippen domain could ef-
fectively contribute material to either ice stream; however,
this part of the Alps was occupied by the Saane Glacier to
a large extent during the LGM (Fig. 3). Consequently, this
glacier is expected to transport a sediment mixture domi-
nated by material of Klippen provenance (Table 1). Further-
more, reconstructions imply that in a full glacial setting such
as during the LGM (Fig. 3) or any preceding glaciation, the
Aare Glacier was pushed and deflected in a northeast direc-
tion upon its confluence with the Valais Glacier. In such a
case, material from the Klippen domain could probably only
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Figure 10. Results of the multidimensional scaling (MDS) of (a) the heavy mineral composition and (b) the garnet geochemical composition
of three core samples compared to a database aggregated from published literature (see Table 3). The sampling depth of each of the core
samples is shown in Fig. 5. The abbreviations of the literature used refer to Ga 2012 – Garzanti et al. (2012); St 2017, 2018, 2019 –
Stutenbecker et al. (2017, 2018, 2019); Fr 1947 – Frasson (1947); Fü 1964 – Füchtbauer (1964); Lü 1963 – Lüthy et al. (1963).

be supplied by the Valais and mainly the Saane glaciers, and
correspondingly a provenance signal from the Aare Valley
would be missing in the sediment composition. Conversely,
the absence of material of Penninic origin could indicate that
the Valais Glacier did not advance to the Bern area and that
material from Klippen sources was probably supplied by the
Aare Glacier and mainly by the Saane Glacier. Finally, the
bedrock that underlies the Quaternary succession at the Re-
hhag drill site consists of the Lower Freshwater Molasse
(Schwenk et al., 2022), which is composed of the clastic sed-
iment that was derived from the Klippen and the Penninic
domains during the Late Oligocene and the Early Miocene
(Schlunegger et al., 1993; Spiegel et al., 2002; von Eynatten,
2003; Anfinson et al., 2020). Therefore, it is likely that the
distinction between a first-cycle Klippen and Penninic source
signal and a Molasse signal is not straightforward if only the
unmixing results are used.

However, heavy mineral analysis provides important in-
sights into the role of Molasse recycling. Modern sediment
supplied by most Alpine units, including the External massifs
and Penninic nappes, carries abundant hornblende (usually
20 %–30 %; Garzanti et al., 2012; Stutenbecker et al., 2018).
In contrast, hornblende rarely makes up more than 1 % of
the heavy mineral spectra in the Swiss Molasse (Füchtbauer,
1964; Schlunegger et al., 1993; von Eynatten, 2003). The low
percentage of hornblende in the lowermost core sample V203
indicates an important contribution from the hornblende-
poor Molasse, which is confirmed by the overall similarity
of its heavy mineral spectrum to that of the local bedrock
in the Bern area (Fig. 10a). The higher hornblende content
in the upper samples V092 and V024 (Fig. 8) points toward
an increasingly important input of first-cycle sediment from
hornblende-rich sources. Based on the heavy mineral data

alone, the origin of this first-cycle detritus remains ambigu-
ous, since the External massifs and Penninic nappes supply
indistinguishable heavy mineral spectra (Fig. 10a; Stuten-
becker et al., 2018). However, the similarity of the detrital
garnet spectra (Fig. 10b) suggests that this first-cycle mate-
rial in samples V092 and V024 was derived from the External
massifs rather than from the Penninic nappes. Nevertheless,
the garnet data suggest an evident contribution from (local)
Molasse bedrock, especially in sample V024.

5.4 Combining the sedimentary processes and the
provenance signals

Here, we combine information provided by the provenance
signals with the sedimentary information elaborated by
Schwenk et al. (2022) to develop a scenario of how the differ-
ent glaciers contributed to the filling of the targeted trough.

5.4.1 Subglacial till in Sequence A

The geological history recorded by the sedimentary succes-
sion started with the deposition of the till assemblage at the
base of Sequence A (FA 1.1), which shows the lowest ad-
mixture of the Helvetic and Klippen components and an ap-
parent exceptional contribution of External and Penninic ma-
terial. However we consider the Penninic signal as a record
of recycled material derived from the Molasse bedrock and
not as a first-cycle signal from the Central Alps on the ba-
sis of the heavy mineral spectra and the following three sed-
imentological observations (Schwenk et al., 2022): (i) the
till beds overlying the bedrock contact (in FA 1.1) contain
large rafts of the Lower Freshwater Molasse bedrock, (ii) the
color of the till resembles that of the bedrock, and (iii) the
FA1.1 sediments are depleted in carbonate content similar to
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the Molasse bedrock (Fig. 5; 0 %–20 %; Blaser et al., 1994).
Furthermore, the large portion (> 45 %) of material from
the External massifs encountered in the basal till of FA 1.1
suggests that this till was most likely supplied by the Aare
Glacier and not by the Valais Glacier. Farther upsection, yet
within the lower till assemblage (i.e., upper FA 1.1), where
the sediment was probably deposited in subglacial conduits
(Schwenk et al., 2022), the input from the Molasse bedrock
apparently decreased. This section is similar in composition
to the overlying assemblages.

5.4.2 Ice-contact fan deposits in Sequence A

The unmixing results show that the Aare Glacier was likely
the main source of material during the deposition of the up-
per section of FA 1.1 and the deposition in the following
proglacial lake setting recorded by FA 2 & 3. Overall, a sta-
ble background signal (> 25 %) related to the material supply
of apparently Klippen provenance suggests that the sediment
could have been supplied by the Aare Glacier, as well as by
the Saane Glacier. Material supply to the lacustrine deposits
by the Valais Glacier or input of detritus from the Molasse
bedrock is unlikely due to the absence of a Penninic compo-
nent in the provenance signal throughout most of FA 2 & 3.
Isolated peaks pointing towards an occasional input of mate-
rial with a Penninic origin and of more material with a Klip-
pen origin (meters 175, 164, 153, 146, and 116 to 106) could
indicate that a limited connection existed between the Büm-
pliz trough and the Valais Glacier, or alternatively it could
point to an occasional supply of material from the surround-
ing Molasse bedrock. In general, the stable signal of Aare
Valley provenance (Helvetic and External > 60 %) through-
out FA 2 & 3 implies that the material supply was dominated
by the initially retreating and then readvancing Aare Glacier.

5.4.3 Subglacial till in Sequence B

The Aare Glacier was also the ice stream that dominated the
formation of the till assemblage (FA 1.2) at the base of Se-
quence B. In contrast to the underlying deposits of the ice-
contact fan, this till contains a relatively large portion of ma-
terial derived from the External massifs (> 40 %). Similar
to the lower till, a Penninic contribution suggests an admix-
ture of either Molasse material or material from the Valais
Glacier. The heavy mineral spectra, as well as the detrital
garnet data of sample V092, suggest no first-cycle Penninic
source but rather a mixed contribution from External sources
and Molasse recycling. We explain the stable Klippen back-
ground signal (> 25 %), which is also present in this assem-
blage, by the input of material through the Aare Glacier with
a contribution from reworked sedimentary substratum. Com-
bining the sedimentological evidence and the unmixing re-
sults, we suggest that the second till assemblage had most
probably been formed by the Aare Glacier.

5.4.4 Lacustrine sediments in Sequence B

The provenance signal in the sediment of FA 4 is significantly
different from the underlying assemblages. Within FA 4, the
unmixing results imply material input from Helvetic and Ex-
ternal sources which is > 50 % on average, and material from
Klippen sources is at the highest level with an average of
38 %. Based on the occurrence of these three components, we
interpret the material supply to have been strongly controlled
by the Aare Glacier and the Saane Glacier. Furthermore, the
highest admixture (ca. 10 %) of material with a Penninic ori-
gin in this section is most relevant because it could only have
been supplied to the depositional site through the transport by
the Valais Glacier or in response to a substantial increase in
material derived from the Molasse bedrock. The heavy min-
eral and garnet data of sample V024 favor an origin from
Molasse and possibly flysch sources in the Klippen domain
that may have been supplied by the Saane Glacier.

5.5 Landscape evolution during the shallowing-up
period of the Bümpliz trough

Because the Valais Glacier was not involved in the formation
of the till at the base of Sequence A, we propose that the Aare
Glacier was the dominant glacier in the Bern area. Accord-
ingly, we envision a scenario in which the Valais Glacier had
not reached the Bern area and did not deflect the Aare Glacier
towards the northeast (Fig. 11a), which is different from the
situation proposed for the LGM (Fig. 3; Favre, 1884; Baltzer,
1896; Bini et al., 2009; Ehlers et al., 2011).

Following the retreat of the Aare Glacier the Bümpliz
trough was filled with water forming a lake that remained
in contact with the glacier (Fig. 11b). However, the Valais
Glacier or the Saane Glacier probably was still present on
the Swiss Plateau as far east as our study area (i) to block
the Bümpliz trough allowing the temporary formation of an
ice-dammed lake and thus (ii) to allow the deposition of la-
custrine sediments in Sequence A. Furthermore, the observed
very low TOC content corroborates this scenario of an ice-
dominated landscape free of terrestrial or aquatic plant life.

After the small basin had been filled with sediment, sup-
plied mainly by the Aare Glacier and partially by the Saane
Glacier, the Aare Glacier must have readvanced into the
Bümpliz trough once more. During this advance an unknown
amount of sediment was removed, which resulted in the
formation of the truncation surface between Sequences A
and B. Because the till sequence overlying this truncation
was formed again by the Aare Glacier, the glacial environ-
ment surrounding the Bümpliz trough was once more dif-
ferent from the situation during the LGM (see above and
Fig. 11c). Additionally, the inference that the Aare Glacier
readvanced into the Bümpliz trough during the deposition
of Sequence A and that it also formed the basal till of Se-
quence B lets us suggest that Sequences A and B were
formed during two glacial advances within the same glacial
period.
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Figure 11. Proposed distribution of glacier ice in the Bern area based on the presented provenance analysis. (a) The Bümpliz trough is
covered entirely by the Aare Glacier during the first glacial advance (FA 1.1). (b) The Aare Glacier retreated from the Bümpliz trough, yet
remained in very close proximity, which led to the formation of ice-contact fans and an almost exclusive supply of material by the Aare
Glacier (FA 2 & 3). (c) Readvance of the Aare Glacier into the Bümpliz trough (FA 1.2). (d) Rearranged distribution of the glacier lobes,
when water was effectively blocked to form a lake (Fig. 2) and when the sediment was mainly by the Aare Glacier and partially by the Saane
Glacier (FA 4). Shaded black areas indicate the position of overdeepenings in the Bern area (available via Bundesamt für Landestopografie
swisstopo, 2021a). Elevation data from NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team (2019). Please refer
to the text for a detailed discussion.

Similar to the lower Sequence A, material supply by the
Valais Glacier was minor or negligible during the deposi-
tion of Sequence B because heavy mineral and garnet data
suggest that the Penninic component rather reflects a signal
related to the recycling of the Molasse bedrock than a first-
cycle signal. Nevertheless, we propose that the presence of
the Valais Glacier in the study area was again, similar to
the depositional environment proposed for Sequence A, a
prerequisite to allow the formation of an ice-dammed lake
which collected the meltwater of the adjacent ice streams
(Fig. 11d). Potentially it was a single lake that spread out
across the Bümpliz depression and that also occupied the
Meikirch trough farther north. In fact, a late MIS 8 deposi-
tional age, based on luminescence dating, was suggested for
a large suite of lacustrine deposits (ca. 40 m) within the sed-
imentary sequence in the Meikirch trough (Preusser et al.,
2005). Considering the minimum depositional age between
250 to 300 ka (MIS 8; Schwenk et al., 2022) for the Bümpliz
trough sequence, such a lacustrine connection between the
two troughs seems possible.

In summary, the provenance data let us suggest that in the
Bern area a LGM-like glacial setting of the glacier lobes had
not been established during the period the investigated sedi-
mentary sequence was deposited (ca. 250 to 300 ka, MIS 8;

Preusser et al., 2005; Schwenk et al., 2022) because the evo-
lution of the landscape in this region and the deposition of
sediment was not dominated by the Valais Glacier but by the
Aare Glacier.

6 Conclusions

Based on the results of the presented provenance analysis, we
showed that glacier lobes in the Bern area were positioned
in a different pattern during the MIS 8 glaciation than dur-
ing the LGM. In particular, the dominance of material sup-
plied by the Aare Glacier contradicts a scenario in which
the Aare Glacier was deflected in a northeast direction by
the Valais Glacier as was the case during the LGM. Further-
more, the provenance data provide additional evidence that
the entire sedimentary sequence was deposited within a sin-
gle glaciation yet during two separate glacial advances. Al-
though the Valais Glacier had been present and could have
supplied material occasionally, it might have never been rel-
evant for the sediment supply during the deposition of the
investigated sedimentary sequence. It appears that the Aare
and the Saane glaciers were dominating the sediment supply
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towards the Bümpliz trough, when a larger area in the vicin-
ity of the glacier lobes was occupied by a lake.

The results of our provenance analysis thus substantiate
the findings of Reber and Schlunegger (2016) in that the po-
sitioning of glacier lobes in the Bern area during an earlier
glaciation was different than during the LGM. As a conse-
quence, these differences could have been caused by varia-
tions in climate that affected the ice accumulation in the cen-
tral Swiss Alps. Hence, the presented results could be used
to constrain future ice flow and erosion models that focus on
pre-LGM glaciations and the formation of overdeepenings
on the Swiss Plateau.

Methodologically, we showed that the sediment bulk
chemical data obtained from a drill core allow the strati-
graphic architecture to be reproduced, which in our case is
an architecture that was previously established based on the
sedimentological analysis of these sediments. Certainly, the
presented study benefits from the fact that two glaciers with
sources in two lithologically different parts of the central
Swiss Alps supplied the investigated sediment. Nevertheless,
after the large-scale domains of potential parent rocks are
identified, the bulk chemical data alone offer a strong finger-
printing proxy based on which the sediment provenance in
drill cores can be determined, which then offers the basis to
improve our understanding of how the landscape surrounding
the drill site has evolved. Where the above prerequisites are
met, it seems plausible that the presented workflow offers a
robust, fast, and affordable way to determine changes in the
sediment provenance for the fine-grained sedimentary infill
of overdeepenings or for other glacial deposits. Potentially,
the resolution of such provenance results is suitable to corre-
late sedimentary sequences across multiple boreholes apart
from determining the depositional age of the recovered sedi-
ment.
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Appendix A

Figure A1. Different correlation plots showing the relation between the unmixing results and compound ratios used by von Eynatten (2003)
and displayed in Fig. 5. The data were normalized, and the displayed trends were fitted with a first-degree polynomial.
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Abstract: The French Upper Rhine alluvial plain is characterized by a complex system of paleochannels inher-
ited from Late Glacial to Holocene fluvial dynamics of the Rhine and Ill river systems, among other
smaller rivers. These paleochannels represent valuable archives for understanding and reconstruct-
ing the fluvial and landscape evolution of the area. However, the Holocene temporal trajectories of
the paleochannels, in response to a range of environmental changes, remain poorly understood. This
study presents a detailed and systematic mapping and characterization of an extensive network of
paleochannels spanning the entire width (19 km) of a reach of the central French Rhine plain. Based
on qualitative and quantitative lidar analysis, field investigations, and provenance investigations of
paleochannel infill sequences, five distinct paleochannel groups (PG 1 to PG 5) were identified in the
study area. These paleochannel groups differ considerably regarding their channel patterns, morpho-
logical characteristics, and sedimentary sources of the infilling sediments. The interpretation of the
different datasets indicates that the development of these different paleomorphologies is attributed
to significant changes in hydro-geomorphodynamic processes in the area during the Holocene, espe-
cially lateral migrations of the Rhine and Ill rivers. The findings reported here are promising and will
have significant implications for reconstructing the long-term (Late Glacial to Holocene) evolution of
the Upper Rhine fluvial hydrosystem in response to various controlling factors.

Kurzfassung: Die französische Oberrheinebene ist durch ein komplexes System von ehemaligen Fließrinnen
gekennzeichnet, die aus der spätglazialen bis holozänen fluvialen Dynamik des Rhein- und Ill-
Systems sowie einiger anderer kleinerer Flüsse stammen. Diese Fließrinnen stellen wertvolle Archive
dar, die für das Verständnis und die Rekonstruktion der fluvialen und landschaftlichen Entwicklung
des Gebietes von zentraler Bedeutung sind. Die zeitliche Entwicklung der Fließrinnen im Holozän,
als Reaktion auf die Veränderung einer Reihe von Umweltbedingungen, ist jedoch nach wie vor
nur unzureichend bekannt. Diese Studie präsentiert eine detaillierte und systematische Kartierung
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und Charakterisierung eines ausgedehnten Netzwerks von ehemaligen Fließrinnen, das sich über
die gesamte Breite (19 km) eines Abschnitts der zentralen französischen Rheinebene erstreckt. Auf
Grundlage von qualitativen und quantitativen lidar-Analysen, sowie durch Feld- und Provenienzun-
tersuchungen von Sedimentfüllungen wurden im Untersuchungsgebiet fünf verschiedene Rinnengrup-
pen (PG 1 bis PG 5) identifiziert. Diese Gruppen unterscheiden sich erheblich in Bezug auf ihre Rin-
nenmuster, morphologischen Merkmale und Sedimentherkunft. Die Interpretation der verschiedenen
Datensätze deutet darauf hin, dass die Entwicklung dieser unterschiedlichen Paläo-Morphologien auf
signifikante Veränderungen der hydro-geomorphodynamischen Prozesse in diesem Gebiet während
des Holozäns zurückzuführen ist, insbesondere auf die seitlichen Verlagerungen von Rhein und Ill.
Die hier vorgestellten Ergebnisse sind vielversprechend und bilden die Basis für eine Rekonstruktion
der langfristigen (spätglazialen bis holozänen) Entwicklung des fluvialen Oberrhein-Hydrosystems in
Abhängigkeit von verschiedenen Einflussfaktoren.

1 Introduction

The French Upper Rhine alluvial plain (eastern France) is
characterized by a complex pattern of paleochannels inher-
ited from the Late Glacial to Holocene fluvial dynamics
of the Rhine and Ill rivers, as well as some other tribu-
taries or sub-tributaries of the Rhine (Hirth, 1971; Carbiener,
1983a; Striedter, 1988). From Colmar to Sélestat, which is
a part of the so-called “Ried central d’Alsace” (Carbiener,
1983a), the formation and evolution of the paleochannel net-
work is attributed to significant landscape changes through-
out the Holocene, as exemplified by the narrowing and east-
ward lateral migration of the Rhine fluvial hydrosystem and
a westward displacement for its main tributary, the Ill River
(Schmitt et al., 2016). Consequently, these paleochannels in-
herited from these lateral displacements preserve a compre-
hensive record of Holocene environmental changes, which
is invaluable for understanding past landscape evolution and
fluvial processes, as well as providing insights into the fac-
tors that controlled these changes (Bowler, 1978; Page et al.,
1996; Dambeck and Thiemeyer, 2002; Sylvia and Galloway,
2006; Kemp and Spooner, 2007; Bisson et al., 2011; Nan-
dini et al., 2013; Resmi et al., 2017). However, both the in-
ternal structure and organization of the extensive and well-
preserved network of paleochannels, as well as the tempo-
ral development of trajectories in response to environmental
change during the Holocene remain poorly understood.

Around the world, paleochannels have been extensively
studied using a variety of methodological approaches in or-
der to reconstruct the evolution of fluvial hydrosystems and
associated landscapes in the geological and historical past
(e.g., Page et al., 1996; Dambeck and Thiemeyer, 2002; Bos
et al., 2008; Rossetti and Góes, 2008; Erkens et al., 2011;
Plotzki et al., 2015; Jotheri et al., 2016; Resmi et al., 2017;
Scorpio et al., 2018; Candel et al., 2020; Khosravichenar et
al., 2020; von Suchodoletz et al., 2022). Likewise, in the
Ried central d’Alsace, pioneering studies (e.g., Carbiener,
1969, 1983a; Hirth, 1971; Al Siddik, 1986; Boës et al., 2007;
Schmitt et al., 2016) have investigated paleochannels and pa-

leoenvironments with the aim to reconstruct the Holocene
evolution of the landscape and/or study past human–river
interactions. However, these research efforts lacked preci-
sion (e.g., no location of the sampling sites, no provenance
study of fine sediments) or were, in many cases, concentrated
around some archeological sites located close the village of
Mussig (Boës et al., 2007) and focused on a rather limited
number of paleochannels between the Rhine and Ill rivers.
No study has yet extensively mapped and characterized sys-
tematically the paleochannel network over the entire width
of the large and complex alluvial plain.

Against this backdrop, the present study aims at providing
new insights into the formation and evolution of the pale-
ochannels. The study specifically aims to (1) map the pale-
ochannels and measure their morphometric properties using
remote sensing data, (2) characterize paleochannel geometry
and stratigraphic infillings of selected paleochannels using
hand-augured core data, and (3) determine the provenance of
paleochannel infillings through mid-infrared spectroscopic
analysis. In addition, as the chosen research tools have barely
been used, this study may also provide some methodological
outputs.

2 Geological and geomorphological setting

The study area is located in the French Rhine alluvial plain,
within the Upper Rhine Graben (URG). The URG is a 30–
40 km wide rift valley extending 300 km from the Jura Moun-
tains to the southern border of the Rhenish Massif (Fig. 1).
The valley is bounded to the west by the Vosges and Pfälz-
erwald (Palatinate Forest) mountains and to the east by the
Black Forest and Odenwald mountains. This rift structure en-
sued from the formation of the Alps starting during the mid-
dle Eocene, with the main phase of its rifting occurring dur-
ing the Oligocene and Miocene, as well as extending into the
Pleistocene and Holocene (Przyrowski and Schäfer, 2015).
Today, it forms a down-faulted trough through which the
Rhine has flown continuously since the start of the Pleis-
tocene (Preusser, 2008). During this time period, the URG
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was an important sink for sediments from the Rhine River
and its tributaries, mostly unconsolidated fluvial sediments of
up to several hundreds of meters thickness (e.g., Haimberger
et al., 2005; Gabriel et al., 2013). In the French Rhine al-
luvial plain, the Pleistocene sediments, primarily gravel and
sand deposited during glacial periods, intercalate with fine-
grain layers (sand, silt, and clay) attributed to warm periods.
Hence, the superficial Holocene deposits generally have finer
textures than the Pleistocene sediments (Simler et al., 1979),
except on the historical Rhine braided belt (Schmitt, 2001;
Schmitt et al., 2016).

Following the Older Dryas (13.9 ka cal BP; van Raden et
al., 2013), the longitudinal profile of the Rhine readjusted
in response to several controlling factors: (i) a decrease in
water and sediment fluxes due to Holocene climate warm-
ing (Hirth, 1971); (ii) trapping of sediment in Swiss lakes
(e.g., Lake Constance) for 60 % of the Rhine basin area up-
stream of Basel after their formation by the retreat of Alpine
glaciers, which decreased the sediment load and intensity
of floods (Walser, 1959; Hirth, 1971); and (iii) positive tec-
tonic movements (uplift) upstream and downstream of Mul-
house (Nivière et al., 2006; Kock et al., 2009) and nega-
tive (downward) tectonic movements around Marckolsheim
(Jung and Schlumberger, 1936; Illies and Greiner, 1978) or
even over the entire Marckolsheim–Strasbourg sector and
north of Strasbourg (Jung and Schlumberger, 1936; Illies and
Greiner, 1978; Vogt, 1992).

Consequently, the longitudinal profile of the Rhine be-
came more incised between the Basel–Neuf-Brisach and
Strasbourg–Lauterbourg sections during the Holocene and
remained unchanged or even rose slightly in the Neuf-
Brisach–Strasbourg section (Carbiener, 1969, 1983a). Thus,
the Holocene Upper Rhine and its alluvial plain are classi-
fied into four major longitudinal sections based on geomor-
phological characteristics and dynamics (Carbiener, 1969,
1983a; Schmitt et al., 2016; Fig. 2). The upstream sector
(from Basel to Neuf-Brisach) is characterized by a braided
channel pattern, while a braided-anastomosing channel pat-
tern characterizes the middle sector, from Neuf-Brisach to
Strasbourg. The downstream sector (from Strasbourg to
Karlsruhe–Maxau) is distinguished by a combination of
anastomoses and incipient meanders, whereas further north,
beyond the French Rhine Plain, the Rhine River is character-
ized by an almost pure meandering style. It has to be noted
that the natural channel pattern and dynamics have been com-
pletely destroyed by human regulation works (correction,
regularization, and canalization) since the 19th century (e.g.,
Eschbach et al., 2018).

The central study area of our research, within the French
Rhine alluvial plain, corresponds roughly to a large tran-
sect (14 km) from Houssen to Baltzenheim along which pa-
leochannels were cored (Fig. 1b). To gain insight into the
channel pattern of these paleochannels, we studied the sur-
face topography using a light detection and ranging (lidar)
digital elevation model (DEM) over a larger spatial scale,

which corresponds to an extended studied area (Fig. 1b).
The area stretches between the villages of Neuf-Brisach and
Sainte-Croix-en-Plaine in the south and Illhaeusern and Mar-
ckolsheim in the north, covering an area of approximately
572 km2 (Fig. 1b). This area corresponds mainly to the
braided-anastomosing sector and is delimited by the Rhine
River in the west and the Ill River in the east. It corresponds
also to the southern part of the so-called “Grand Ried cen-
tral d’Alsace”, which extends up to south of Strasbourg and
corresponds to a large, wet alluvial area whose biodiversity
is extremely rich (Carbiener, 1983a). The Fecht River repre-
sents a major western tributary of the Ill River in this area,
which joins the Ill at Illhaeusern. Until the end of the Pleis-
tocene, the Ill River did not exist as the Rhine fluvial hy-
drosystem (with mostly braided channel pattern) occupied
almost the entire width of the plain (Schmitt et al., 2016).
At the start of the Holocene, a change in the dynamics and
narrowing of the Rhine fluvial hydrosystem resulted in the
formation of the Ill River (Schmitt et al., 2016).

The Rhine and Ill rivers then continuously moved laterally
across the plain until human interference, with fine sediments
deposited on the alluvial plain with an average thickness of
0.5–1 m but reaching several meters in channel structures
(Schmitt et al., 2016). As a consequence, the current flood-
plain features a complex network of paleochannels. These
paleochannels are generally embedded into the Rhine grav-
els, incompletely filled, and are therefore visible as geomor-
phological features (depressions and levees) in the surface
topography. The former channels have been filled with clas-
tic and organic sediments and are mainly bereft of flowing
water, although some remain active today due to perennial
or intermittent upstream hydrological connection to the Ill
or Rhine rivers or to groundwater (Carbiener, 1983a, b; Tré-
molières et al., 1993; Schmitt, 2001; Schmitt et al., 2016),
forming phreatic and semi-phreatic rivers (Carbiener, 1983a,
b; Schmitt et al., 2007). These streams support an abundance
of biodiversity, in particular aquatic macrophytes (Carbiener,
1983b; Trémolières et al., 1993).

The alluvial plain is generally categorized into two main
geomorphological units based on geomorphological, hydro-
logical, pedological, and ecological properties: the “Hardt”
and the “Ried” (Carbiener, 1969; Hirth, 1971; Ollive et al.,
2006, Fig. 3). The “Hardt” is an area with gravelly islands as-
sociated with the Late Pleistocene alluvial fan of the Rhine,
primarily located in the central part of the alluvial plain. The
“Ried” comprises low-lying, swampy areas primarily con-
sisting of fine sand, silt, clay, and organic matter, which may
be mixed together (Hirth, 1971; Kremer et al., 1978; Al Sid-
dik, 1986; Ollive et al., 2006). These two zones are further
subdivided into six subunits: “Hardt Rouge”, “Hardt Grise”,
“Ried Blond”, “Ried Brun”, “Ried Noir”, and “Ried Gris”
(Hirth, 1971; Kremer et al., 1978, Fig. 3).

The Hardt Rouge represents the intact Pleistocene alluvial
fan, whereas the Hardt Grise has been remobilized at the sur-
face. The Ried Blond is the sub-modern floodplain of the
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Figure 1. (a) Geological setting and location of the Upper Rhine Graben (URG). (b) Location of the two spatial scales of the study area
within the French Rhine alluvial plain: (1) the extended study area (red) on which the lidar DEM was studied and (2) the central study
area (black) on which the paleochannels were bored by hand auger. The figure also shows the sampling sites for MIRS reference samples.
Modified from Chapkanski et al. (2020). Source of data: ESRI, BRGM.

Rhine prior to the correction works (width of about 5–7 km),
composed of sandy/silty and calcareous alluvium and in
some places overlapped by young soils (Kremer et al., 1978).
Ried Brun corresponds to a series of moderately overhang-
ing post-Roman Rhine levees and terraces located within
the sub-modern floodplain of the Rhine, with limestone-
rich soils and highly mineralized organic matter. The Ried
Noir, situated further to the west of the plain, corresponds to
marshy depressions with permanent or semi-permanent con-
tact to groundwater. It is composed of black hydromorphic
soils rich in organic matter and locally peat (Carbiener, 1969,
1983a; Hirth, 1971). The westernmost component, the Ried
Gris, represents the area regularly flooded by the Ill River,
consisting of fine floodplain sediments, mainly fine sand, silt,
and clay (Carbiener, 1969, 1983a; Hirth, 1971; Al Siddik,
1986).

3 Methods

3.1 Remote sensing

Paleochannels within the study area were identified and
comprehensively mapped through the combined use of a
lidar-derived DEM, a photogrammetric digital terrain model
(DTM), aerial photos, and historical maps from the 18th and
19th centuries. The elevation data, aerial photos, and histor-
ical maps are found in the Supplement. The primary data

used are a lidar-generated DEM with a resolution of 50 cm
and pixel values ranging from 132.47 to 556.82 m. However,
a portion of the research area (approximately 65 km2) cur-
rently lacks lidar coverage (Fig. 4); it is covered by a pho-
togrammetric DTM with a 1 m resolution. The photogram-
metric DTM was developed in 2018 and obtained from the
RGE ALTI® database of the National Institute of Geographic
and Forestry Information, France (IGN-F). In addition to the
elevation data, aerial photographs, and historical maps dat-
ing from 1702 CE to 1838 CE were geo-referenced and dig-
itized to complement the identification and mapping of pa-
leochannels. Prior to mapping, the datasets were processed,
and enhancement techniques (e.g., contrast stretching, hill
shading, and slope maps) were applied to improve visual-
ization and enhance the appearance of the microtopography
and detectability of the geomorphologic features of interest
(paleochannels).

After their mapping, the paleochannels were further char-
acterized in relation to their surface topographic properties,
including channel width, channel depth, width / depth ratio,
sinuosity, and orientation (paleochannel direction). For the
determination of these geometrical properties, four transect
lines were drawn across the study area, perpendicular to the
orientation of the main valley (Fig. S3 in the Supplement).
Based on the surface topography, paleochannel width and
depth were measured at points where they intersect with
these profile lines using the Measure tool and 3D Analyst
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Figure 2. (a) Post-glacial and Holocene Upper Rhine longitudinal profiles. (b) Some hydromorphological characteristics according to the
Upper Rhine sectorization (adapted from Commission Internationale de l’Hydrologie du Bassin du Rhin, 1977; Carbiener and Dillmann,
1992; Schmitt, 2001; and Schmitt et al., 2019).

tool in ArcMap 10.4. The sinuosity index (P ) of the pale-
ochannels was also estimated using the Measure tool in Ar-
cMap 10.4, following the method of Fuller et al. (2013). All
morphometric parameters were determined three times, with
the average values reported. Except for the measurements
of paleochannel orientations, which were performed using
the open-source GIS program QGIS V10.3, all dataset pro-
cessing, paleochannel mapping, and planform measurements
were carried out using ESRI ArcGIS 10.4.1.

3.2 Paleochannel coring

A total of 16 paleochannels within the alluvial plain were
originally chosen for this study. The selection strategy was
designed to include all paleochannels from the Rhine to the
left (western) side of the Ill River (Figs. 4a; 5a). Further-
more, the paleochannels were chosen based on a number of
criteria, including the absence of significant anthropogenic
disturbances and whether or not they had been previously
investigated. Only 12 of the 16 paleochannels could be in-
vestigated (Fig. 4) due to inaccessibility or the lack of au-
thorization by landowners. The paleochannels with current

activity were given names based on their present streams,
while others that are completely abandoned and filled were
assigned names reflecting their geographical location. Bor-
ings with an Edelman hand auger were used to characterize
the subsurface geometry and sedimentary infillings of the se-
lected paleochannels. The cores were placed at irregular (3–
5 m) intervals along transects that spanned the entire width
of the paleochannels, while the thickness of fine sediment in-
fill determined the depth of the cores. Almost every coring
penetrated fine sediment (clay, silt, and sand) and terminated
in underlying gravel beds. The gravel deposits were encoun-
tered at depths ranging from less than 0.5 m near the channel
margins to depths up to 5 m at the deepest portions of some
paleochannels. Sediment samples were collected at 20 cm
depth intervals and described in terms of dominant grain size,
color, and organic matter content (qualitatively). These data
were compiled to delineate stratigraphic units filling the pa-
leochannels.

https://doi.org/10.5194/egqsj-71-191-2022 E&G Quaternary Sci. J., 71, 191–212, 2022



196 M. Abdulkarim et al.: Holocene paleochannels in the Upper Rhine plain

Figure 3. Geomorphological map of a part of the French Rhine alluvial plain whose southern part corresponds to our extended study area
(Colmar-Sélestat; Hirth, 1971, modified by Schmitt, 2001, and Schmitt et al., 2016). Figure modified from Schmitt et al. (2016).

3.3 Provenance analysis

The source region of sediments and the contributions
from different drainage basins within the same sedimentary
basin can be determined by performing provenance studies
(Haughton et al., 1991). The data from these analyses will
facilitate a better understanding of fluvial paleodynamics at
large spatiotemporal scales (Chapkanski et al., 2020). Fol-
lowing Chapkanski et al. (2020), the provenance of pale-
ochannel infills and basal gravel deposits was determined by
combining mid-infrared spectroscopy (MIRS) measurements
and discriminant analyses (DAs). MIRS is a molecular-
based, non-destructive and rapid method permitting the char-
acterization of both mineralogical and bio-chemical prop-
erties of sediments (Bertaux et al., 1998). Therefore, us-
ing mid-infrared spectra to feed discriminant analysis allows
mineralogical similarities to be established between samples
from a sedimentary reference dataset and samples from pa-

leochannel infills (Chapkanski et al., 2020). The reference
dataset used in this study contains 196 (sub-)surface sam-
ples covering the main potential sedimentary sources in the
study area (i.e., Rhine River, Ill River, and Vosges tributaries;
Chapkanski et al., 2020; see also Fig. 1b). A total of 46 ad-
ditional reference samples were collected and incorporated
into the original reference dataset. A total of 73 samples from
the paleochannel infills (referred to as target samples) were
collected in the 12 paleochannels from different stratigraphic
units.

Both the reference and target samples were dried for 7 d
at 30 ◦C before sieving through a 2 mm sieve. The sam-
ples were then ground for 3 min using a vibratory disc mill
equipped with an agate grinding set to obtain a fine, homoge-
nous powder. Spectroscopic measurements were performed
on a Fourier-transform infrared spectroscopy (FT-IR) fron-
tier spectrometer (PerkinElmer, USA) with KBr beam split-
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Figure 4. (a) Lidar DEM and photogrammetric DTM of the study area, with the main river network and coring sites of the investigated
paleochannels. (b) Topographic profile along line A–A′. (c) Topographic profile along line B–B′. Data sources: lidar DEM: Regional Council
of Grand Est and the European Collectivity of Alsace; photogrammetric DTM: IGN France.

ter equipped with a diffuse reflectance sampling accessory.
The powdered samples were scanned from 4000 to 450 cm−1

with a 2 cm−1 resolution. Each spectrum is the average of 20
scans of each sample. Following Chapkanski et al. (2020),
spectra resolution was averaged over a 16 cm−1 interval to
improve spectra pattern recognition. Standard normal vari-

ates, baseline, and second derivate pre-treatments were per-
formed to reduce scatter effects and improve the spectral
alignment. Moreover, only the fingerprint mid-infrared spec-
tral region (from 1500 to 450 cm−1) was selected prior to
statistical treatments in order to reduce misleading results
due to organic matter absorbing in the regions between
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Figure 5. (a) Map showing the paleochannel network in the extended study area based on the surface topography, as well as the spatial
delineation of five paleochannel groups (PG 1 to PG 5). (b) Distribution of the directions of the five paleochannel groups.

3750–3450 cm−1 (Bertaux et al., 1998) and 2950–2850 cm−1

(Kaufhold et al., 2012). A stepwise discriminant analysis was
applied using the Mahalanobis distance to assess the spec-
tral resemblances between the reference and the target sam-
ples. The sedimentary provenance of target samples was de-
duced as the function of the nearest barycenter of reference
groups. Detailed statistical treatments are described by Ertlen
et al. (2010) and Chapkanski et al. (2020).

In order to evaluate the effect of organic matter on spec-
tra and thus misleading provenance prediction, samples col-
lected in paleochannels (target samples) were analyzed be-
fore and after organic matter removal by hydrogen peroxide
(H2O2). The deviation of the Mahalanobis distance of sam-
ples before and after organic matter removal was used to as-
sess the effects of organic matter on provenance determina-
tion.

4 Results

4.1 Remote-sensing-based mapping and analysis

We were able to map a detailed and extensive network of
paleochannels (about 19 km wide) covering the entire study
area by integrating elevation data and aerial images. A map
of the area was created (Fig. 5), revealing far more in-
formation about the paleochannels than the lidar data pro-
vided. The area was divided into five paleochannel groups
(PG 1 to PG 5) based on the expected genesis of the pale-
ochannels by showing where the channels are coming from,
their location within the alluvial plain, direction, and general
channel pattern. Quantitative (lidar) analyses revealed further
differences in the surface topographical properties (channel
width, depth, sinuosity, and orientation) of these paleochan-
nel groups (Figs. 5 and 6, Table 1).

PG 1. The paleochannels span a 7 km wide corridor in the
eastern section of the study area, close to the current Rhine

E&G Quaternary Sci. J., 71, 191–212, 2022 https://doi.org/10.5194/egqsj-71-191-2022



M. Abdulkarim et al.: Holocene paleochannels in the Upper Rhine plain 199

Figure 6. Box plot diagrams of four morphometric parameters for the five paleochannel groups. (a) Channel width, (b) channel depth,
(c) width / depth ratio, and (d) sinuosity.

Table 1. Summary data of four morphometric parameters for the surface topography of the paleochannel groups (PG 1 to PG 5). The values
of each morphometric parameter are arithmetic means and variation coefficients (in brackets).

Paleochannel groups

PG 1 PG 2 PG 3 PG 4 PG 5

Mean channel width 95.38 (27.66) 59.38 (40.89) 20.16 (53.5) 27.11 (21.06) 9.81 (29.3)
Mean channel depth 0.91 (26.37) 0.52 (34.61) 0.53 (43.39) 0.44 (25.00) 0.50 (44.46)
Mean width / depth ratio 108.88 (28.14) 117.88 (33.09) 48.83 (72.30) 64.44 (29.38) 20.93 (35.9)
Sinuosity 1.40 (11.42) 1.27 (11.81) 1.42 (12.67) 1.16 (15.52) 1.18 (8.47)

fluvial hydrosystem. This group comprises multi-threaded
channel networks with a high degree of sinuosity (average
1.40). The paleochannels follow a south-southwest–north-
northeast trend and are on average 95 m wide and 1 m deep
(surface topography). The majority of these paleochannels
are located on the lowest topographical level of the alluvial
plain, but there is a general increase in surface elevation mov-

ing east to west, with a sharp elevation increase in the center
of the group (Fig. 4b).

PG 2. This paleochannel group is located in the central
sector of the study area and is generally south-southeast–
north-northwest trending. Similar to PG 1, the paleochan-
nels exhibit a multi-threaded channel pattern but are less sin-
uous (average 1.27) than the paleochannels of PG 1. The
paleochannel surface topography exhibits an average width
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of 60 m and an average depth of 0.5 m. The trace of these
paleochannels becomes less visible downstream around the
village of Jebsheim due to agricultural activity in the area,
which has smoothed the microtopography over time. The
PG 2 paleochannels are situated on the same topographi-
cal level as the western portion of the PG 1 paleochannels,
but the elevation decreases progressively from east to west
(Fig. 4b and c).

PG 3. These paleochannels extend approximately 6 km
from the central portion of the study area, where they ap-
pear to intersect the paleochannels of PG 2, to the western
side of the Ill River. The paleochannels exhibit both single-
and multi-threaded channel patterns, as well as a high degree
of sinuosity (average 1.43). They run south-southwest–north-
northeast and are significantly smaller than PG 1 and PG 2
paleochannels, with the channel size decreasing from east to
west. Their widths range from less than 10 to 45 m, with an
average width of 20 m and a depth of 0.5 m. The PG 3 pa-
leochannels are on a similar topographic level as PG 2, but
the elevation increases towards the current channel of the Ill
River.

PG 4. The paleochannels are localized very close to the
current channel of the Ill River and are associated with the
paleochannels of PG 3. Although these paleochannels are as-
sociated with the PG 3 paleochannels, they all originate on
the Ill River’s eastern bank, where they cut into the Ill levee
before connecting to the PG 3 paleochannels. In compari-
son to PG 3 paleochannels, these are low sinuosity (aver-
age 1.16), single-thread channels that average 27 m in width
and 0.4 m in depth. The PG 4 paleochannels are at a rela-
tively high elevation, which corresponds to the levee of the
Ill River. However, there is a progressive decrease in eleva-
tion from west to east (Fig. 4b and c). These channels are
only visible with lidar. They are barely noticeable in the field
or in aerial photos, as they are hidden by dense grassland or
in some sectors by the dike of the Ill River.

PG 5. These paleochannels are limited to the northwestern
sector of the study area, covering an area of about 2.5 km
width. The paleochannels originate on the Fecht River’s
western bank, from where they flow northeast towards the
current channel of the Fecht around Illhaeusern, where they
coalesce and gradually taper out (Fig. 5). The paleochannels
are mainly multi-threaded to meandering channels (average
sinuosity of 1.18) and are much smaller compared to the pa-
leochannels of the other groups. They have an average width
of 10 m and a depth of 0.5 m. These paleochannels are lo-
cated on the highest topographical level of the alluvial plain,
which corresponds to the downstream extremity of the allu-
vial fan of the Fecht River (Fig. 4b and c).

4.2 Paleochannels cross sections, infill sedimentary
characteristics, and provenance

The geometry and internal architecture of the investigated
paleochannels vary significantly across the study area. The

paleochannels range from shallow and narrow channels less
than 30 m wide to deep (ca. 5 m) and wide channels with
lateral extents exceeding 80 m. The paleochannel infills (se-
quences) vary across the channels as well, but generally se-
quences fining upward are observed regardless of channel
geometry. For nearly all paleochannels, sandy deposits at the
basal parts are overlain by a heterogeneous succession of fine
materials (silt, clay), interrupted by peat and organic mud
units at some locations (Fig. 7).

4.2.1 PG 1: Channel 1: Baltzenheim (48◦05′53.6′′ N,
7◦33′1.9′′ E)

The paleochannel of Baltzenheim is located 2 km west of
the current Rhine channel. It is the most eastern of the pa-
leochannels investigated, located within the historical flood-
plain of the Rhine (“Ried Blond”), and is part of PG 1. This
paleochannel has a width of about 80 m and a maximum
depth of 2.8 m. The base of the channel infill is composed of
1.5 m thick beige medium sand that extends the entire width
of the channel. This unit gradually changes into a subsequent
thin layer of beige silty sand. The sandy deposits (medium
sand and silty sand) are overlain by brown clayey silt, capped
by dark brown silt with some sand that covers the entire
width of the channel. MIRS provenance studies indicate that
the sedimentary infills of this paleochannel are primarily at-
tributed to the Rhine catchment (Figs. 7a and 8b).

4.2.2 PG 1: Channel 2: Artzenheim 1 (48◦06′28.8′′ N,
7◦32′15.2′′ E)

This paleochannel is located 2.5 km west of the present-day
Rhine channel within the historical floodplain of the Rhine
River and is part of PG 1. However, it exhibits a more
complex morphologic and stratigraphic character than the
Baltzenheim paleochannel. The paleochannel reaches a max-
imum depth of around 5 m and a maximum width of 60 m.
The lowermost section of the channel is formed of beige-
colored fine to medium sand that extends the channel’s entire
width. Peat and organic mud which range in color from dark
brown to black and are approximately 1.5 m thick overlie the
sand unit but are restricted to the western and deepest por-
tion of the channel. This peat unit contains abundant plant
macrorests and is interbedded with thin, laterally discontin-
uous clay and carbonate layers (carbonate concretions and
shell fragments). The peat/organic mud is topped by a dark
gray clayey silt unit marked by shell fragments, pebbles, and
thin layers of bright orange coarse sand. On the eastern side
of the channel, adjacent to the clayey silt unit, is a layer of
beige silty sand with a maximum thickness of 0.8 m. The suc-
cession of medium sand, peat, clay, and silty sand is over-
lain by dark brown clayey silt that spans the entire width of
the paleochannel. All units are capped by a 0.5 m thick dark
brown organic-rich silt and sand, replete with pebbles, plant
macrorests, and traces of plowing. Similar to the sediments
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Figure 7.

of the Baltzenheim paleochannel, all the stratigraphic units
of this paleochannel also show a complete Rhine provenance
affinity (Figs. 7b and 8b).

4.2.3 PG 1: Channel 3: Artzenheim 2 (48◦06′50.3′′ N,
7◦30′46.3′′ E)

This paleochannel is located about 5 km west of the present-
day Rhine channel and is associated with PG 1. The pale-
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Figure 7. Cross-sections of investigated paleochannels showing internal architecture and stratigraphy based on augured boreholes, as well
as description and interpretation of the stratigraphical units. Using lidar data, surface topographical profiles were drawn beyond the limit of
the corings to show the full extent of the banks and levees. The figure also shows the provenance of the sediments based on mid-infrared
spectroscopy analysis (MIRS) (see also Fig. 8).
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Figure 8. (a) Two-dimensional scatter plots showing the MIRS reference samples classified into three distinct source groups based on
discriminant analysis (DA). Panels (b), (c), and (d) show the DA scores of the paleochannel (target) samples compared to reference samples.
The ellipses show the area where 90 % of the different reference samples are concentrated, while the numbers indicate the depths (in cm) at
which the target samples were taken.

ochannel has a maximum recorded depth of 2.8 m and is
approximately 50 m wide. The sequence of units consists of
gray medium sand with intermittent pebbles at the lowermost
part of the channel, which is confined to the eastern portion
of the channel. The unit gradually changes to gray silty-fine
sand with a maximum thickness of ca. 1 m which extends
almost the full width of the channel. A thin (ca. 0.5 m thick)
beige silt unit follows but is confined only to the center of the
channel. This silt is completely covered by a greyish-brown
clayey silt unit that spans the channel’s width. A dark brown
sandy clayey silt with pebbles and plant macrorests com-
pletes the sequence. MIRS investigations indicate a Rhine
origin for all the stratigraphic units, except for the silt unit,
which shows an Ill provenance affinity (Figs. 7c and 8c).

4.2.4 PG 2: Channel 4: Jebsheim 1 (48◦07′33.3′′ N,
7◦28′06.1′′ E)

This paleochannel is located in a forested area and belongs
to PG 2. The paleochannel is approximately 4.5 m deep but
relatively narrow (ca. 40 m wide). The basal channel fills are
composed of reddish-gray gravelly sand at the lowest level,
which gradually changes to an overlying unit of gray medium
sand with occasional gravel lenses. The sandy deposits are
overlain by a 1 m thick layer of dark brown to black peat with
intermittent layers of organic mud and clay. Numerous plant
macrorests and shell fragments are found in the peat layer.
Laterally adjacent to the peat on both sides is a bluish-gray
clayey silt unit with a maximum thickness of 0.5 m. The peat
and clayey silt layers are topped with a dark brown organic-
rich clayey silt. The unit contains roots, partially decomposed
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organic debris, and shell fragments. MIRS data indicate that
the gravelly sand unit at the base of this paleochannel is
Rhine-sourced. In contrast, the overlying medium sand and
peat units are in good correspondence with an Ill provenance
source (Figs. 7d and 8b).

4.2.5 PG 2: Channel 5: Jebsheim 2 (48◦07′23.7′′ N,
7◦27′42.1′′ E)

This paleochannel is located 600 m southwest of the Jeb-
sheim 1 paleochannel and is also classified as PG 2. This
paleochannel, which serves as the course of an unnamed
stream, is relatively narrow (about 25 m wide) and shallow,
with a maximum recorded depth of 1.7 m. The infill succes-
sion of the paleochannel begins with coarse gravelly sand at
its lowermost section, followed by beige silt with abundant
plant fragments, and eventually a transition to brown organic-
rich clayey silt. This clayey unit contains abundant shell frag-
ments and plant macrorests, capped by a dark brown clayey
silt with some pebbles. In contrast to the Jebsheim 1 pale-
ochannel, which contains sediments from both the Rhine and
Ill systems, Jebsheim 2 shows only Rhine-derived infill sed-
iments (Figs. 7e and 8c).

4.2.6 PG 3: Channels 6 and 7: Blind River (Blind 1 and
Blind 2)

This location comprises two paleochannels: one that serves
as the course for an inactive tributary of the Blind River
(Blind 1: 48◦07′52.9′′ N, 7◦27′13.4′′ E), colloquially named
“Old Blind”, and another that serves as the current course for
the Blind River (Blind 2: 48◦07′55.7′′ N, 7◦27′08.3′′ E). Both
paleochannels are classified as PG 3 and are located within
the “Ried Gris”.

The “Old Blind” paleochannel (Blind 1) is relatively wide
(about 80 m) but shallow, reaching a maximum depth of
1.8 m. The infill sediment sequence shows a basal gravelly
sand unit (maximum thickness 0.7 m) overlain by a 1 m thick
brownish-gray silty sand unit which gradually transitions to
a brown clayey silt unit that caps the sequence. The grav-
elly sand at the base of the paleochannel has a Rhine origin,
while the overlying units are composed of Ill-derived sedi-
ments (Figs. 7f and 8c).

The paleochannel of Blind 2 is also relatively wide (ap-
proximately 80 m) and has a depth of 2.8 m. The Blind River
does not flow through the deepest section of the paleochan-
nel but rather around 10 m to the west. The flowing channel
of Blind 2 appears to be artificial, with a regular trapezoidal
shape and an artificial right bank levee. Furthermore, at the
top of the deepest part of the paleochannel, the surface to-
pography preserves a former channel that likely corresponds
to the natural channel (Fig. 7g). At Blind 2, the paleochannel
infill sequence consists of, from bottom to top, a 1 m thick
gravelly sand unit concentrated in the middle of the pale-
ochannel, overlain by gray fine to medium sand that reaches

a maximum thickness of 0.6 m. Overlying the medium sand
on both the eastern and western channel margins is a layer of
dark brown organic clay with shell fragments and some peb-
bles. A brown clayey silt unit (0.8 m thick) lies above the or-
ganic clay, followed by an organic-rich silty-clay unit. MIRS
results show an origin from the Rhine for the gravelly sand
unit, while the overlying fine sand and clayey silt units have
an Ill origin (Figs. 7g and 8c).

4.2.7 PG 3: Channel 8: Riedbrunnen (48◦09′19.4′′ N,
7◦26′46.2′′ E)

The Riedbrunnen paleochannel is classed as PG 3 and con-
tains the current course of the Riedbrunnen River, which
flows near the deepest section of the paleochannel. The pale-
ochannel is relatively shallow and narrow, reaching a maxi-
mum depth of 1.9 m and a width of about 60 m. At the chan-
nel’s base, a greige color, fine to medium sand unit (maxi-
mum thickness 0.8 m) is overlain by a greige silty sand unit
(maximum thickness 0.5 m). Following this unit is a succes-
sion of beige to light gray sandy silt with abundant plant de-
tritus in its upper part. The upper 0.2 m of the channel infill
is formed of dark brown organic-rich silty clay with partially
decomposed plant macrorests. Sediment provenance analy-
ses indicate that all the infill sediments of the Riedbrunnen
paleochannel originate from the Rhine catchment (Figs. 7h
and 8c).

4.2.8 PG 3: Channel 9: Orchbach (48◦09′45.7′′ N,
7◦25′54.7′′ E)

The Orchbach is another PG 3 paleochannel within the flood-
plain of the Ill (“Ried Gris”). This paleochannel is located
about 350 m east of the Ill River and contains the current
course of the Orchbach River. The paleochannel has a maxi-
mum depth of 3.2 m and a width of approximately 65 m. The
Orchbach River’s current channel is about 10 m west of the
center of the paleochannel. The lowest section of the pale-
ochannel comprises gray medium to coarse sand with a max-
imum recorded thickness of 1.5 m. A 1 m thick gray clayey
silt unit covering the entire channel width overlies the sand,
followed progressively by a brown clayey silt (0.7 m thick)
unit with shell fragments and plant macrorests. Dark brown
clayey silt with some sand caps the infill succession. Un-
like the sediments of the nearby Riedbrunnen paleochannel,
which have a Rhine origin, all of the infill sediments of the
Orchbach paleochannel are of Ill provenance (Figs. 7i and
8d).

4.2.9 PG 3: Channel 10: Wurzelbrunnen
(48◦09′51.6′′ N, 7◦25′07.9′′ E)

Wurzelbrunnen is the first of three paleochannels that have
been investigated west of the Ill River. It is also of PG 3 and
located around 450 m west of the Ill River in the “Ried Gris”.
The paleochannel is currently active and serves as the course
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of the shallow Wurzelbrunnen stream. The paleochannel is
roughly 35 m wide and reaches a maximum depth of 2.4 m.
The infill of the paleochannel begins with a gray medium
sand unit with a maximum thickness of 1.2 m, which is over-
lain by gray gravelly sand concentrated in the western and
central sections of the paleochannel. The gravelly sand is
overlain by another unit of gray medium sand (maximum
thickness 1.2 m) that runs the channel’s central and east-
ern sections. The medium sand is covered by a beige-brown
clayey silt unit that extends the full width of the paleochannel
and is topped by dark brown clayey silt with root fragments
and traces of plowing. MIRS analysis indicates that the first
two sandy units at the base of the paleochannel are composed
of sediments derived from the Rhine provenance area. In con-
trast, the upper sand unit is primarily associated with the Ill,
albeit with a little Rhine influence. The clayey silt has a pure
Ill origin (Figs. 7j and 8d).

4.2.10 PG 3: Channel 11: Daschsbrunnen
(48◦09′44.8′′ N, 7◦24′43.0′′ E)

The Daschsbrunnen paleochannel is located 450 m west of
Wurzelbrunnen and is also a part of PG 3 on the western
side of the Ill River. The paleochannel is approximately 40 m
wide and 1.6 m deep. The basal 0.5 m are gray fine to medium
sand with scattered pebbles, followed by 0.2 m of dark brown
to gray silty sand with abundant plant fragments. This silty
sand unit is restricted to the mid-section of the paleochannel.
The overlying unit consists of gray 1.2 m thick clayey silt,
which gradually changes to greyish brown in the upper 0.5 m.
The topmost 0.2 m of the paleochannel is built up of dark
brown clayey silt. MIRS data reflect a Rhine origin for the
basal sand infill, while the overlying silty sand is Ill-derived
with some Rhine influence. In contrast, the clayey silt units
bear a pure Ill signature (Figs. 7k and 8d).

4.2.11 PG 5: Channel 12: Spitzbrunnen (48◦09′25.5′′ N,
7◦24′0.8′′ E)

Spitzbrunnen is the westernmost of the studied paleochan-
nels, located about 1.9 km west of the Ill River and 2.2 km
east of the Fecht River. It is the only paleochannel of PG 5
that has been investigated. The paleochannel reaches a max-
imum depth of 2.2 m and is approximately 65 m wide. At its
base, the paleochannel is filled with dark gray gravelly sand
localized in the middle of the channel. A gravel bank sepa-
rates this gravelly sand from an identical unit on the western
side of the channel. The unit directly overlying the gravelly
sand is made of gray medium to coarse sand that reaches a
thickness of about 1 m. Above the medium sand is a layer
of beige silty sand that extends from the center of the chan-
nel to the eastern bank. This layer is flanked by a dark gray,
organic-rich silty sand that gradually changes to gray clayey
silt that stretches the entire channel width. All the units are
then topped by brownish-gray clayey silt with a maximum

thickness of 0.6 m. Provenance analysis (MIRS) shows that
the basal sand units (gravelly sand and medium to coarse
sand) of the Spitzbrunnen paleochannel originated primarily
from the Vosges source area. In contrast, the overlying silty
units are composed of Ill-derived sediments (Figs. 7l and 8d).

5 Discussion

5.1 Consolidation of the MIRS method to identify
sediment provenance

Chapkanski et al. (2020) pioneered the use of MIRS and dis-
criminant analysis (DA) to identify the provenance of pale-
ochannel infills within the Upper Rhine alluvial plain. How-
ever, since the methodology was only tested on one pale-
ochannel, it remained unknown whether the MIRS–DA tech-
nique could be widely applied to determine the provenance
of paleochannel infillings across a large part of the alluvial
plain. As a result, we employed the MIRS–DA approach to
determine the provenance of several paleochannel infillings
over the whole width of the French Upper Rhine plain. Our
findings clearly demonstrate the robustness of this method in
identifying the sources of paleochannel infilling, which may
have changed during the filling for some paleochannels. The
Baltzenheim 1 and Baltzenheim 2 paleochannels, for exam-
ple, are entirely filled with Rhine sediments, whereas the Or-
chbach paleochannel is filled with Ill sediments. In contrast,
the filling of paleochannels such as Blind, Wurzelbrunnen,
and Daschsbrunnen began with Rhine sediments and subse-
quently transitioned to Ill deposits (Figs. 7 and 8).

While the MIRS–DA technique has demonstrated great
potential for determining the provenance of sediments, Chap-
kanski et al. (2020) suggested that high organic matter (more
than 5 % to 10 %) in sediment samples might affect the mid-
infrared spectra, resulting in less accurate measurements. To
address this potential constraint, we pre-treated target sam-
ples with an organic matter content of more than 5 % (see
Sect. 3.3). The results (Table 2) show that the deviations of
the samples from their initial position before OM removal
remain within a reasonable range of < 1.5 (Mahalanobis dis-
tance). However, those samples containing more than 10 %
of organic matter recorded deviations ranging from 1.5 to 5,
which could induce modification of provenance attribution.
However, the results here showed no significant inconsis-
tencies in the attribution of sediment provenance except for
two samples (Az1_260 and Az1_330) from peaty deposits
and two other samples (NB_73 and L’O_90) from organic-
rich units. Therefore, these confirm suggestions provided by
Chapkanski et al. (2020), and we recommend systematically
pre-treating samples containing more than 10 % of organic
matter.

Overall, our findings confirm that the MIRS–DA tech-
nique is capable of determining the provenance of pale-
ochannel infills within the French Rhine alluvial plain with
high specificity. Moreover, the method is a low-cost and ef-
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Table 2. Provenance attribution of target samples containing more than 5 % organic matter (OM) before and after organic matter treatment.
The table also shows the deviation of each sample after organic matter removal. F1: discriminant function 1; F2: discriminant function 2.

Sample ID Depth Paleochannel OM before Deviation from Deviation from Provenance before Provenance after
(cm) treatment F1 after F2 after organic matter organic matter

(%) treatment treatment treatment treatment

Bz_80 80 Baltzenheim 15.38 1.71 1.58 Rhine Rhine
Az1_260 260 Artzenheim 1 16.86 3.60 3.11 Ill Rhine
Az1_330 330 Artzenheim 1 14.91 3.44 4.58 Ill Rhine
Az2_145 145 Artzenheim 2 5.79 0.02 1.43 Rhine Rhine
Jebs1_165 165 Jebsheim 1 6.89 0.09 0.17 Ill Ill
Jebs2_57 57 Jebsheim 2 11.77 0.07 2.79 Rhine Rhine
OB_44 44 Blind 1 8.25 1.96 1.13 Rhine Rhine
NB_73 73 Blind 2 12.21 5.14 4.79 Vosges Ill
NB_94 94 Blind 2 6.62 0.63 0.44 Ill Ill
Ried_88 88 Riedbrunnen 6.73 1.22 1.19 Rhine Rhine
L’O_60 60 Orchbach 12.24 1.96 0.81 Ill Ill
L’O_90 90 Orchbach 11.85 3.14 0.34 Rhine Ill
Wz_35 35 Wurzelbrunnen 11.34 1.53 2.58 Ill Ill
Spt_94 94 Spitzbrunnen 9.93 0.92 0.88 Ill Ill
Spt_121 121 Spitzbrunnen 10.47 0.58 2.30 Ill Ill

ficient alternative for provenance investigations of deposits
in large and complex fluvial systems. The MIRS–DA tech-
nique, however, has so far only been applied in the Upper
Rhine Valley, and it remains to be tested in other large river
floodplains.

5.2 Establishment of sedimentary facies

The subsurface morphology of the investigated paleochan-
nels exhibits a range of geometric forms, as well as var-
ied sedimentary infill (Fig. 7). Several other paleochannels
within the French Rhine alluvial plain have shown a similar
pattern of varying subsurface morphology and infill stratig-
raphy (e.g., Schmitt et al., 2016; Chapkanski et al., 2020).
These differences in internal sedimentary infills across the
plain indicate infilling by rivers with varying dynamics, re-
flecting lateral dynamics of the Rhine, Ill, and Fecht rivers.
To better understand the various dynamics and channel activ-
ity over time, we classified the stratigraphic units of our in-
vestigated paleochannels into four genetic groups (“Gravel”,
“Active”, “Infill”, and “Surficial” facies). These classifica-
tions are based on the characterization and interpretations of
various Late Pleistocene and Holocene fluvial deposits from
the Upper Rhine Valley (Dambeck and Thiemeyer, 2002;
Schirmer et al., 2005; Erkens et al., 2009, 2011; Schmitt et
al., 2016). By deciphering the different stages of channel ac-
tivity and assigning a provenance of filling dynamics to the
stages, we determined the river system(s) that contributed to
the infilling of the investigated paleochannels.

The gravelly sediments at the very bottom of the pale-
ochannels are categorized as “Gravel” deposits. These sed-
iments form the base and lateral limits of the paleochan-
nels and are easily differentiated from the overlying fill sed-

iments by their significantly larger grain sizes, with gravel
dominating. This facies is interpreted to have formed by
high-energy depositional conditions via non-selective bed-
load transport (Chardon et al., 2021). Moreover, Gravel is
ubiquitously present throughout the study area, and MIRS
spectroscopy reveals an unambiguous Rhine origin for these
deposits (Figs. 7 and 8). The ubiquity of these gravels, as
well as their sedimentary characteristics and provenance, in-
dicates that they are deposits of the Rhine braided belt, which
covered nearly the entire plain of the URG during the Late
Pleistocene (Lang et al., 2003; Kock et al., 2009). It is worth
noting that these sediments do not directly constitute the in-
filling sequences of the paleochannels. However, some flu-
vial reworking of the sediments and their deposition within
the stratigraphic infills may occur, thus forming essential
components for understanding channel dynamics.

The “Active” facies constitute the sand-rich stratigraphic
units (gravelly sands, sands, and silty sands) at the basal parts
of the paleochannels and overlying the Pleistocene gravel
(Gravel). These sandy strata are interpreted as channel de-
posits, comprising gravelly channel lags (bedload) and sandy
channel fills (bedload and graduated suspension; Plotzki et
al., 2015; Delile et al., 2016). The deposits indicate deposi-
tion during moderate- to high-energy periods of flow at the
beginning of infill. So this facies reveals deposition during
a permanent or intermittent connection to a basin-fed river.
Bank accretion may also have occurred during such peri-
ods. Thus, by identifying the Active deposits and their prove-
nance, we were able to discern which rivers were active in
infilling of each paleochannel. In contrast to the gravel de-
posits, which are exclusively Rhine-sourced, the sandy chan-
nel deposits (Active) show Rhine, Ill, and Vosges signatures
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as revealed by MIRS (Figs. 7 and 8). This disparity in prove-
nance sources indicates that the infilling sources changed
over time in some cases, highlighting active past lateral dy-
namics of the main rivers within the alluvial plain.

The succession of silty and clayey layers, interspersed
with peat and organic mud, are classified as “Infill” facies.
Unlike the Active channel deposits, which are generally re-
stricted to the paleochannels’ deepest and central sections,
the Infill sediments mostly form a blanket of fine-grained
materials that covers the whole width of the paleochan-
nels (Fig. 7). Furthermore, these units are characterized by
an abundance of plant macrorests and shell fragments. Ac-
cordingly, these units’ stratigraphic position and sedimentary
characteristics represent low- (silt) to very low-energy (clay,
organic mud, peat) depositional environments. Silt and clay
transport (and deposition) also indicates a homogeneous sus-
pension (Delile et al., 2016). In such a context, channels have
no (or a weak) upstream connection to a basin-fed river. The
peat and organic mud, which can be considered a sub-class
of the Infill facies (given the close association in the succes-
sions), indicate autochthonous sedimentation and starvation
or minimal input of clastic sediments in the channels (Hoff-
mann et al., 2008; Toonen et al., 2012).

Consequently, the Infill sediments serve as key strati-
graphic markers for determining an important filling phase
associated with reduced fluvial activity and a partial or to-
tal disconnection from feeding rivers. Such depositions oc-
curred mostly during floods which extended to the channels.
Furthermore, establishing the provenance of these sediments
was critical for determining which river(s) contributed to the
paleochannel filling phase (after their abandonment). Prove-
nance (MIRS) investigations reveal a mixture of Rhine, Ill,
and Vosges signatures for the Infill sediments (Figs. 7 and
8), confirming the lateral movements of the basin-fed rivers
across the alluvial plain.

The uppermost sequences of the paleochannels are classed
as “Surficial” facies and are typically formed of clays and
silts (and in some places, reworked floodplain sands and
gravel). Additionally, this facies contains biogenic materials
and some anthropogenic materials locally. Typically, the up-
permost portion of these floodplain surface deposits shows
organic soils and traces of agricultural activity (plowing).
The pedogenesis indicates (quasi-)total channel abandon-
ment and a very weak sedimentation rate for centuries. In the
cases where a current stream runs in the paleochannels, the
presence of this surface facies indicates that the current chan-
nel is in a (quasi-)steady state (which may be linked in some
cases to some human dredging activities; Schmitt, 2001;
Schmitt et al., 2007, 2011). Considering the Upper Rhine
valley is highly anthropized (Lang et al., 2003; Wantzen et
al., 2021), these units are considered to be affected by di-
rect human alteration. Hence, they are only used to develop
an understanding of soil formation processes and agricultural
practices in the immediate environment. They are not used to

make direct inferences regarding the fluvial processes within
the alluvial plain.

5.3 Reconstructing the temporal trajectories of the five
paleochannel groups

Remote sensing combined with qualitative and quantitative
morphometric analysis of the surface topography provided
a basis for classifying five paleochannel groups within our
study area. Additional datasets from the fieldwork and prove-
nance analysis provide information into further complexities
amongst these paleochannel groups. In the following section,
we combine all of the datasets, as well as information from
earlier studies, to provide insights into the origins and the
temporal trajectories of these paleochannel groups and spec-
ulate on the various basin-fed rivers with which they may be
associated.

5.3.1 PG 1

The PG 1 paleochannels in the easternmost sector of the
study area are clearly visible in the landscape, with the high-
est values of width and depth of all the paleochannel groups
(Fig. 6; Table 1). These paleochannels exhibit a relatively
high degree of sinuosity (average 1.4), as well as a multi-
threaded channel pattern, and are almost entirely composed
of Rhine-sourced infill sediments, as shown by the pale-
ochannels Baltzenheim, Artzenheim 1, and Artzenheim 2
(Fig. 7a–c). The topographic surfaces and lidar analysis in-
dicate a braided channel pattern. However, the remaining
streams in this part of the alluvial plain exhibit an anasto-
mosing channel pattern (Schmitt et al., 2007, 2011). Further-
more, as depicted on historical maps, the sub-modern Rhine
system in this region was characterized by a similar anasto-
mosing channel pattern (see Supplement). Thus, we consider
the PG 1 paleochannels to consist of two main generations of
paleochannels: an initial system with a braided channel pat-
tern, which metamorphosed (fluvial metamorphosis) to the
current anastomosing (and paleo-anastomosing, i.e., discon-
nected upstream) system. Accordingly, the PG 1 paleochan-
nel group can be described as a palimpsest, consisting of the
current and paleo-anastomosing patterns, with a low level of
flow energy, superimposed on – and controlled by – the for-
mer braided channel pattern of the highly dynamic (with a
high level of energy) Late Glacial Rhine fluvial hydrosystem
(Schmitt, 2010).

5.3.2 PG 2

The south-southeast–north-northwest-oriented PG 2 pale-
ochannels exhibit a similar multi-threaded pattern to PG 1.
They are, however, less sinuous (average 1.27) than the PG 1
paleochannels. The surface channel pattern of these pale-
ochannels is obscured by agricultural activity in the area,
which has smoothed much of the microtopography. How-
ever, visual inspection of the elevation data and aerial pho-
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tographs reveals traces of some features that appear to reflect
a braided channel pattern. This is reinforced by high values
of the width / depth ratio (Schmitt et al., 2007). Furthermore,
the PG 1 and PG 3 paleochannels to the east and west respec-
tively appear to cross and intersect the PG 2 paleochannels,
which may indicate an older age for the PG 2 paleochannels.
Based on these observations, it can thus be suggested that the
PG 2 paleochannels are relicts of the Late Glacial braided
Rhine system, with a more south–north flow direction. This
fluvial style was the dominant character of the Rhine system
during the Late Pleistocene, occupying almost the entirety of
the alluvial plain (Lang et al., 2003; Schmitt et al., 2016). At
the start of the Holocene, the individualization of the Rhine
and Ill rivers resulted in the abandonment and partial filling
up of the PG 2 paleochannels.

In comparison to the PG 1 paleochannels, which contain
only Rhine-sourced sediments, it is worth noting that the Ac-
tive facies of the Jebsheim 1 paleochannel show both Rhine
and Ill sediments. Gravelly sand at the basal part of pale-
ochannel is Rhine-sourced, while the overlying medium sand
has an ill origin (Fig. 7). In contrast, all the stratigraphic units
of the Jebsheim 2 paleochannel are Rhine-sourced (Figs. 7
and 8). A similar mixed Rhine–Ill sediment infilling pattern
was observed in a northwest-trending paleochannel about
3 km north (downstream) of the Jebsheim 1 paleochannel
(Chapkanski et al., 2020). Thus, the presence of Ill-derived
sediments in the braided Rhine paleochannels can be ex-
plained by branches of the ensuing Holocene anastomosing
Ill system re-occupying parts of the paleochannels before it
migrated westward as well (Schmitt et al., 2016). Following
the lateral migrations of the Rhine and Ill systems and the
abandonment of the PG 2 paleochannels, the central area of
the alluvial plain most likely remained dry except for peri-
odic large floods.

The channel pattern is relatively more anastomosing in the
downstream part of this group (north of Colmar), which is
likely due to a general slope decrease.

5.3.3 PG 3

The PG 3 paleochannels are generally south-southwest–
north-northeast trending and correspond to paleochannels of
the main course of the Ill River, as well as former main
and flood channels of this river at the eastern and western
banks of the Ill. The surface topography shows these pale-
ochannels to be narrower (average 20.13) than those of the
PG 1 and PG 2 groups. The channel pattern shows a rel-
atively high sinuosity, with a general multi-threaded chan-
nel pattern (Fig. 5). These paleochannels correspond to Ill-
inherited geomorphic features. However, there are significant
differences in their internal stratigraphy and sediment prove-
nance. The Blind paleochannels, for example, are first filled
by Rhine sediments and afterward by Ill sediments (Fig. 7f
and g). The Riedbrunnen paleochannel is entirely filled by
Rhine deposits, whereas the nearby Orchbach paleochannel

is completely filled with Ill sediments (Figs. 7 and 8). On the
western side of the Ill River, a similar Rhine sequence, fol-
lowed by an Ill infilling sequence, is also recorded for the
smaller Wurzelbrunnen and Daschsbrunnen paleochannels.
Based on these findings, we propose that the PG 3 paleochan-
nels are actually a mixture of Rhine and Ill paleochannels.
The Rhine not only transported and deposited gravelly Ac-
tive sediments, but Rhine discharge also shaped some of the
paleochannels. However, there is no prior record of coeval
activity of the Rhine and Ill systems in this area. Following
the individualization of the Rhine and Ill, the Rhine shifted
westwards progressively, and the channels were abandoned
after some of them were more or less filled by Rhine sedi-
ments. The ensuing Ill system then reoccupied and modified
several of these ancient Rhine paleochannels, depositing Ill
sediments.

The investigated PG 3 paleochannels provide an excellent
illustration of these dynamics. The Blind paleochannels, for
instance, are defined by a meandering/anastomosing channel
pattern in the lidar DEM, suggestive of the Ill system. How-
ever, the fill stratigraphy reveals “a wide paleochannel” with
coarse-grained Active deposits from the Rhine, overlain by
Active and Infill sediments bearing an Ill signature. Thus, we
presume that the Blind paleochannel was created and used
by the Rhine. Following its abandonment, the Ill re-occupied
and modified the channel, depositing Ill sediments. This con-
jecture is consistent with the findings of Carbiener (1969),
Hirth (1971), and Schmitt et al. (2016), the latter suggest-
ing that the current Blind River is flowing in a former main
channel of the Ill River.

In comparison, the Riedbrunnen paleochannel, located
close to the contemporary Ill River, is completely filled with
Rhine-derived sediments. This atypical sediment provenance
can be explained by a former Rhine channel that was aban-
doned and completely filled by the Rhine, probably before
it moved far further east. As a result, this paleochannel was
not re-occupied by the Ill system. Interestingly, the Orchbach
paleochannel, 1.5 km east of the Riedbrunnen, contains only
Ill-derived sediments. Looking at the spatial position, plan-
form morphology, and infilling of the Orchbach paleochan-
nel, it appears that the Orchbach paleochannel was a former
main channel of the Ill River that was created and used solely
by the Ill River.

Other paleochannels documented in this section of the al-
luvial plain (Al Siddik, 1986; Schmitt et al., 2016) show pa-
leochannels of mixed origin, as well as those of pure Rhine
and pure Ill origin. Some with a pure Ill provenance were
also recorded further downstream of our study area. Based on
these findings, we can conclude that the PG 3 paleochannels
are best described as a mixture of older Rhine and younger
Ill paleochannels. This distribution pattern is also the result
of the Ill being relatively smaller than the Rhine, and it did
not wholly occupy large areas of the Holocene alluvial plain.
This explains why a small part of the Rhine “Hardt Grise”

E&G Quaternary Sci. J., 71, 191–212, 2022 https://doi.org/10.5194/egqsj-71-191-2022



M. Abdulkarim et al.: Holocene paleochannels in the Upper Rhine plain 209

exists close to the Ill River, southwest of the village of Bis-
chwihr (Fig. 3; Hirth, 1971).

5.3.4 PG 4

The PG 4 paleochannels constitute distinctively southwest–
northeast-trending paleochannels that originate from the
eastern bank of the current Ill River channel. Although field
investigations and provenance analysis remain to be under-
taken for these paleochannels, analysis of their surface to-
pography and spatial distribution indicates that they are most
likely natural flood channels cutting the eastern bank of the
Ill River. They were most likely only active during high
floods, diverting floodwaters away from the Ill River towards
the floodplain. Owing to the lack of a temporal context for
these paleochannels, it is unknown if they are contempora-
neous with some PG 3 paleochannels or if they were period-
ically active during historical times. These paleochannels are
predominantly concentrated along the regulated reach of the
Ill River (where no floods occur anymore), upstream of the Ill
River floodplain (Q100 flood discharge; Fig. 5). Therefore,
these paleochannels are not currently active, but they were
probably active prior to the mid-19th century regulation of
the Ill River.

5.3.5 PG 5

The PG 5 paleochannels, the westernmost component, are the
narrowest (average 10 m), primarily single-threaded chan-
nels with low sinuosity (average 1.18). These paleochannels
have a southwest–northeast orientation and a fluvial style
different from those of the Rhine and Ill, which may re-
flect a link with the Fecht River fluvial hydrosystem. More-
over, the infilling of the Spitzbrunnen paleochannel shows an
Active facies with Vosges signature, overlain by Infill sedi-
ments of Ill provenance (Fig. 7l). This filling pattern indi-
cates that the Spitzbrunnen paleochannel was carved by a
Vosgian river and later filled with overbank sediments from
the Ill following its abandonment. A detailed examination of
the Spitzbrunnen’s surface topography indicates parallels to
the modern Fecht River. As a result, it can be argued that the
Spitzbrunnen paleochannel was most likely a former bed of
the Fecht River. Considering the morphology and infill of the
Spitzbrunnen, as well as the character and placement of the
other PG 5 paleochannels, we propose that the PG 5 pale-
ochannels are very likely to be the former channels and side
channels of the Fecht River. Accordingly, we assume that the
Fecht River was located farther east within the alluvial plain,
and it moved westwards towards its current position over the
course of its evolution, naturally and/or by human activities
(Schmitt, 2001).

This delineation of a putative Fecht paleochannel clus-
ter and the absence of true Ill paleochannels beyond the
Spitzbrunnen imply that the Ill River did not extend be-
yond the Spitzbrunnen paleochannel in its western lateral

migration. This observation is consistent with the sugges-
tion of Schmitt et al. (2016) that the Ill River’s western
migration during the Holocene was limited to somewhere
near the Wurzelbrunnen paleochannel. However, our find-
ings show that the Ill did migrate slightly westward, up to the
Daschsbrunnen paleochannel. As a result, we assume that the
Ill River’s Holocene displacement limit was somewhere be-
tween the Daschsbrunnen and Spitzbrunnen paleochannels.
This boundary corresponds to an area near the eastern limit
of the Fecht’s alluvial fan.

6 Conclusions

Using remote sensing data, we identified and mapped a de-
tailed and extensive network of paleochannels spanning a
19 km wide corridor within the French Upper Rhine alluvial
plain. The mapped paleochannels exhibit a range of surface
morphological characteristics, including planform character,
geometry, and paleo-flow orientations. Additional data from
field investigations and provenance analysis revealed con-
siderable differences in the sedimentary characteristics and
provenance of the infillings of the paleochannels, indicating
significant changes in hydro-geomorphodynamic processes,
especially lateral displacements of the main rivers.

Five paleochannel groups (PG 1 to PG 5) were delineated
in the study area based on assessments and interpretations
of the remotely sensed data, hand-augured core data, and
mid-infrared spectroscopic analysis. The PG 1 paleochannels
correspond to remnants of the Holocene braided Rhine hy-
drosystem which is currently predominantly an anastomos-
ing system, while the PG 2 paleochannels represent relicts of
the Late Pleistocene braided Rhine. The PG 3 paleochannels,
on the other hand, are a complex mixture of paleochannels
from the Ill hydrosystem superimposed on the Rhine braided
channels. The PG 4 paleochannels are ancient Ill flood chan-
nels, while the Fecht river system formed the PG 5 pale-
ochannels.

While our findings unequivocally establish the presence
of at least five paleochannel groups in the area, their tem-
poral trajectory remains vague. Age assignments for the pa-
leochannel systems, as well as additional sedimentological
analyses, need to be established. Accordingly, further studies
on these paleochannels will be carried out to develop these
datasets, which will provide new insights into the chronol-
ogy of paleochannel development, the paleoenvironments in
which they formed, and the processes that controlled their
formation, all mainly linked to the Holocene lateral dynam-
ics of the Rhine, Ill, and Fecht rivers.

Data availability. All data relevant for this study are either pre-
sented in the main text or the Supplement.
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Abstract: The term “Bergstraßenneckar” (BSN) refers to an abandoned course of the river Neckar. It flowed in
a northern direction east of the river Rhine in the eastern part of the northern Upper Rhine Graben in
southwestern Germany. The former meandering course merged with the Rhine ca. 50 km further north
of the site of the present-day confluence near Mannheim. The palaeo-channels are still traceable by
their depressional topography, in satellite images and by the curved boundaries of adjacent settlements
and land parcels. In the plan view, satellite and aerial images reveal a succession of meander bends,
with older bends being cut off from younger channels. Based on stratigraphic investigations of the
channel infill in the northern part of the BSN, fluvial activity is assumed from ca. 14 500 years ago
until the onset of the Holocene. We present results of the first stratigraphic investigations at two
sites in the southern part of the BSN near Heidelberg (Rindlache, Schäffertwiesen), together with
results from granulometric, carbonate and organic content analyses, as well as electrical resistivity
tomography (ERT) measurements. The data clearly show a change from high-energy fluvial bedload
(sand, gravel) to low-energy fluvio-limnic suspended load (organoclastic and calcareous mud) and
to peat formation. Radiocarbon dating indicates a time lag of ca. 1500 years between the cut-off
meander site (Schäffertwiesen) and the younger site (Rindlache) that was possibly still active until the
present-day confluence near Mannheim was established and the BSN eventually became abandoned.
Our preliminary data conform with the pedo-sedimentary evidence from the northern BSN, but slight
differences in the stratigraphic pattern of the youngest channels are identified: whilst for the younger
channel sections of the northern BSN the channel-bottom facies (sand, gravel) is directly overlain
by peat, the channel at Rindlache shows substantial intervening mud deposition, which is interpreted
as suspension load from flooding by the new Neckar channel nearby. The study shows that more
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chronostratigraphic data from channel sections of the southern BSN are needed to better constrain
the timing of the fluvial activity and to decipher the reasons for the abandonment of the BSN. These
data are also necessary to better understand the pattern of temporary reactivation of the BSN channels
across the Holocene and their usage by humans, which can be deduced from historical sources and
archaeological data.

Kurzfassung: Mit dem Begriff Bergstraßenneckar (BSN) wird der heute inaktive mäandrierende Lauf des Neckars
bezeichnet, der im Spätglazial dem östlichen Rand des nördlichen Oberrheingrabens folgte. Von dort
floss der BSN dem Rhein bei Trebur zu, bevor er sein Mündungsgebiet um ca. 50 km nach Sü-
den in den Raum Mannheim verlegte. Die morphologischen Strukturen der verlandeten Neckarbet-
ten sind in Satellitenbildern, im Mikrorelief und am Verlauf von Flurgrenzen erkennbar. Auf Basis
von stratigraphischen Untersuchungen an Rinnenfüllungen des nördlichen BSN wird die Aktivität
dieses Flusslaufs von ca. 14 500 Jahren vor heute bis zum Beginn des Holozäns angenommen. Hier
präsentieren wir die ersten stratigraphischen Untersuchungen zweier Lokalitäten im südlichen Bereich
des BSN (Rindlache, Schäffertwiesen) gemeinsam mit granulometrischen, Organik-, Karbonat- und
widerstandsgeoelektrischen Daten. Die Ergebnisse reflektieren deutlich den Übergang von einer aktiv
durchflossenen Rinne (Sand- und Kiesfazies) hin zu Verlandung unter fluvio-limnischen Bedingun-
gen (organoklastische und kalkreiche Feinkornablagerungen) mit abschließendem Torfwachstum. Die
bislang verfügbaren 14C-Daten deuten auf einen zeitlichen Versatz der Aktivität von ca. 1500 Jahren
zwischen der morphologisch älteren Mäanderschlinge (Schäffertwiesen) und der jüngeren Lokalität
(Rindlache) hin, die möglicherweise noch zu der Zeit die Hauptrinne bildete, als die Mündung nach
Süden in den Raum Mannheim verlagert wurde. Die hier präsentierten vorläufigen Daten sind mit
der bestehenden Chronologie am nördlichen BSN vereinbar, wenngleich auch Unterschiede in der
stratigraphischen Abfolge der Verlandungssedimente in den zuletzt aktiven Rinnen identifiziert wer-
den: Während im Norden die fluviale Sand- und Kiesfazies unmittelbar von Niedermoortorf über-
lagert wird, sind in den jüngeren Rinnen im Süden Feinkornablagerungen zwischengeschaltet, die
als Suspensionsfracht periodischer Überflutungen möglicherweise ausgehend vom nur wenige Kilo-
meter entfernten neuen Neckarlauf interpretiert werden. Die Ergebnisse verdeutlichen, dass weitere
chrono-stratigraphische Untersuchungen an Rinnenstandorten des südlichen BSN erforderlich sind,
um den Zeitrahmen und die Abfolge der fluvialen Aktivität besser eingrenzen und die Ursachen für
die Laufverlagerung besser definieren zu können. Zudem ergäben sich so detailliertere Hinweise auf
die temporäre Reaktivierung bestimmter Abschnitte des BSN über das gesamte Holozän hinweg sowie
auf deren Nutzung durch den Menschen, die in historischen Quellen und durch archäologische Daten
belegt ist.

1 Introduction

The term “Bergstraßenneckar” (BSN) refers to an abandoned
course of the river Neckar in the eastern part of the northern
Upper Rhine Graben in southwestern Germany. Whilst the
modern river Neckar flows in a western direction to connect
with the river Rhine at Mannheim after leaving the Odenwald
Mountains at Heidelberg, the BSN flowed from Heidelberg
almost 50 km in a northern direction to join the river Rhine
near Trebur (Fig. 1a). The palaeo-meanders of the BSN run
parallel to the foothill zone (“Bergstraße”) connecting the
Odenwald Mountains and the Upper Rhine Graben (Man-
gold, 1892; Bernhard and Hickethier, 1966; Dambeck, 2005;
Dambeck and Bos, 2002; Dambeck and Thiemeyer, 2002;
Beckenbach, 2016). The palaeo-meanders can be identified
by their sinuous courses, lowered surface and the typically
curved boundaries of adjacent settlements and roads, as well

as cadastral boundaries. Satellite and aerial images reveal a
relative chronology of younger and older meander bends,
with younger bends truncating the older bends and older
bends being cut off from younger channel sections. Since
early modern times, it has been contentious whether natu-
ral or anthropogenic processes caused the Neckar to aban-
don the BSN riverbed. The hypothesis of a man-made di-
version of the lower Neckar from a northern flow direction
(i.e., the BSN) to a western direction towards Mannheim
(i.e., the modern Neckar) in the late Middle Ages (after
1354 CE) as a flood protection measure (e.g. Saur, 1593;
Winkelmann, 1697; Mone, 1826) was later rejected (Man-
gold, 1892; Barsch and Mäusbacher, 1979, 1988). Some
palaeo-channel sections of the BSN may have still served
as waterways in historical times, particularly in the Roman
period (Eckoldt, 1985; Wirth, 2011). Systematic chronolog-
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ical and sedimentological investigations from the northern
Upper Rhine Graben indicate drainage of the lower Neckar
catchment through the BSN during a short period between
ca. 14 500 years ago and the onset of the Holocene (see
Große-Brauckmann et al., 1990; Dambeck, 2005; Dambeck
and Thiemeyer, 2002; Bos et al., 2008, 2012). This phase
of fluvial activity encompasses the formation and abandon-
ment of different meanders, a relative chronology of which
has been established by Dambeck (2005). Here, we aim to
generate an initial chronostratigraphy of palaeo-meanders
in the southern part of the BSN near Heidelberg (here-
after: southern BSN). We compare our results to mean-
der activity phases as identified for the northern BSN by
Dambeck (2005), Dambeck and Bos (2002), and Dambeck
and Thiemeyer (2002) to establish working hypotheses for
detailed investigations on the southern BSN in the future.

2 Regional setting

Two palaeo-meanders were investigated at the field sites
Rindlache (RL) and Schäffertwiesen (SW). The sites are lo-
cated 1 km apart, ca. 15 km northwest of Heidelberg and
ca. 10 km northeast of Mannheim, at the border between the
German federal states of Baden-Württemberg and Hesse near
Viernheim (Fig. 1b). The study area is part of the eastern
Upper Rhine Graben and located between the river Rhine
and the eastern graben shoulder, formed by the southern
Odenwald with a Palaeozoic basement covered by (among
others) Triassic Buntsandstein sandstone (Barsch and Mäus-
bacher, 1979, 1988; Nickel and Fettel, 1979; Eisbacher and
Fielitz, 2010). Quaternary subsidence rates of the eastern Up-
per Rhine Graben near Heidelberg of ∼ 0.2 mm yr−1 are an
order of magnitude higher compared to other parts of the
graben and lead to high sedimentation rates and a thick late
Quaternary infill (Peters and van Balen, 2007; Buness et al.,
2009; Gabriel et al., 2013).

The study sites are located north of the alluvial fan of the
Neckar, which forms where the river leaves the Odenwald
and enters the surface of the last-glacial Lower Terrace in-
side the Upper Rhine Graben (Fig. 1b) (Barsch and Mäus-
bacher, 1979, 1988). In the northernmost part of the Upper
Rhine Graben, the Lower Terrace is categorised into an up-
per Lower Terrace (t6, early to middle Würm) underlying the
fluvial landscape of the northern BSN and a lower Lower
Terrace (t7, late Würm) underlying the Rhine and its flood-
plain (Scheer, 1978; Dambeck, 2005; Erkens et al., 2009).
In the area of the southern BSN no such distinction is made
(Schottler, 1906; Kupfahl et al., 1972; Holzhauer, 2013). The
Lower Terrace around the study sites shows varying ratios of
sand and gravel, has an irregular surface, is cut by BSN chan-
nels, and is overlain by up to several metres of BSN-related
sand- and silt-dominated flood deposits (Barsch and Mäus-
bacher, 1979; Löscher, 2007). During the late Pleistocene–
Holocene transition, dunes formed on top of the silt- and

sand-covered Lower Terrace (Löscher, 2007; Löscher et al.,
1989) as elements of a larger regional dune system cover-
ing substantial parts of the northern Upper Rhine Graben
(Dambeck, 2005; Holzhauer, 2013; Holzhauer et al., 2017;
Pflanz et al., 2022).

The meandering course of the former BSN is reflected
in the spatial distribution of peat deposits in Fig. 1a cor-
responding to morphological depressions of a depth of
∼ 2–4 m (Fig. 1b) (Barsch and Mäusbacher, 1979). The
two study sites are situated in the most prominent palaeo-
channels of the southern BSN (Fig. 1b) with distinct chan-
nel morphologies of inwardly convex and outwardly con-
cave banks, and with diameters (half-meander path lengths
sensu Howard and Hemberger, 1991) of 800–900 m. The
two sites have been chosen as representative examples of
(1) the presumably youngest course of the BSN (mean-
der Rindlache) and (2) an earlier fluvial phase (cut-off
meander Schäffertwiesen) (see maps in Mangold, 1892;
Barsch and Mäusbacher, 1979) (Fig. 1b). The historical field
names indicate that the sites were formerly used for pas-
ture (Rind= cattle; Wiese=meadow) likely due to waterlog-
ging (Lache=marsh/swamp) caused by a high groundwa-
ter table. The formerly high groundwater table in the Upper
Rhine Graben has lowered significantly due to major regula-
tion measures on the Neckar and Rhine since the early 19th
century and subsequent river incision. More recently, the in-
tensified exploitation of drinking and irrigation water added
to groundwater level fall (see Barsch and Mäusbacher, 1979;
Dister et al., 1990).

3 Methods

The stratigraphy at both sites was studied using 2-D electrical
resistivity tomography (ERT) and sediment cores. ERT pro-
files were measured using a GeoTom MK1E100 device with
Schlumberger configuration, 100 electrodes and 1 m spacing,
as in Kneisel (2003). The composite ERT profile 6–7–8–11
at Rindlache consists of four separate profiles integrated with
an overlap of 25 m (profiles 6–8) and 66 m (profiles 8 and
11), respectively. ERT profile 1–2 (112.5 m long) at Schäf-
fertwiesen combines two separate profiles overlapping for
37.5 m. Post-processing of ERT data comprises the calcula-
tion of standard inversions without filtering using Res2Dinv
software. Erroneous data points, e.g. resulting from discon-
nected electrodes during the measurement, were removed
from the raw data prior to data modelling.

Along the ERT profiles, sediment cores were taken using
a vibracorer and two different stainless-steel sampling tubes
(Table S1 in the Supplement): (1) open percussion gouges
(ø 6 cm) (Figs. S1, S2) and (2) closed percussion gouges
equipped with PVC liner tubes (ø 5 cm) (Figs. S3–S7). Sed-
iment cores taken in the open gouges were documented and
sampled in the field according to Ad-hoc-AG Boden (2005)
and the Munsell Soil Color Charts (Munsell Color Labo-
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Figure 1. Overview of the study area. (a) Simplified geological map of the northern Upper Rhine Graben based on the Geological Map of
Germany 1 : 1 000 000 (GK1000) and, for the peat deposits, the General Geological Map of Germany 1 : 200 000 (GUEK200), sheets CC
6310 Frankfurt/Main – West and CC 7110 Mannheim. Data source: Bundesanstalt für Geowissenschaften und Rohstoffe (BGR). (b) High-
resolution digital elevation model emphasising relief variation at 84–110 m NHN to highlight the active and abandoned fluvial channels
of the BSN between Heidelberg and Mannheim. RL = Rindlache; SW = Schäffertwiesen. Data source: DGM1 of the Federal State of
Baden-Württemberg provided by Landesamt für Geologie, Rohstoffe und Bergbau (LGBR) and established in 2000–2005. (c) Drone-based
photograph of the Rindlache site (9 November 2020). (d) Drone-based photograph of the Schäffertwiesen site (17 January 2020).

ratory, 2000) (Table S2). The upper part of each core seg-
ment is prone to disturbances from material collapsing in-
side the borehole or from the recovery process. These distur-
bances were identified based on comparison with the lower-
most part of the overlying core segment and removed from

the record. The PVC liners were opened and the sediment
documented (Munsell Color Laboratory, 2000; Ad-hoc-AG
Boden, 2005) and sampled in the Laboratory for Geomor-
phology and Geoecology, Institute of Geography, Heidel-
berg University (Table S3). One additional core (RL01) was
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taken using an Edelman-type corer. At each site one core was
analysed in more detail in the laboratory to support facies
interpretation. All depths reported in the result section fol-
low the original documentation and correspond to the core
photographs in Figs. S1–S7. Additionally, adjusted depths
of unit boundaries of the uppermost compressed metre are
given in Tables S2 and S3. Samples were dried, carefully pes-
tled by hand and sieved for the < 2 mm fraction. Grain-size
distributions of the < 2 mm fraction were measured using a
laser particle sizer (Fritsch Analysette P22) with a measur-
able range of 0.8–2000 µm at the Laboratory of Sedimen-
tology, Institute of Geosciences, Heidelberg University. All
samples were pre-treated with 10 mL H2O2 (30 %) to remove
organic carbon and Na4P2O7 (55.7 g L−1) for aggregate dis-
persion. Univariate statistical measures were calculated using
the Excel sheet GRADISTAT v9.1 (Blott and Pye, 2001). Or-
ganic matter was determined by loss-on-ignition (LOI) fol-
lowing a protocol slightly modified from Heiri et al. (2001).
Samples of 3–5 g were combusted at 550 ◦C for 4 h in a muf-
fle furnace. The carbonate content was measured using the
Scheibler method according to DIN ISO 10693.

Four samples of autochthonous peat were dated by 14C ac-
celerator mass spectrometry (AMS) at the Curt-Engelhorn-
Centre Archaeometry in Mannheim, Germany. The absence
of allochthonous root material was verified under a binocular
microscope prior to sample submission to the dating labo-
ratory. All samples were pre-treated with HCl, NaOH and
HCl according to the acid–base–acid (ABA) method, during
which the “base” step eliminates ex situ humic acids (Wild et
al., 2013). The non-dissolved residual was then used for dat-
ing. The analysis was carried out on a MICADAS type AMS
system (Kromer et al., 2013). Results were calibrated using
CALIB 8.2 (Stuiver et al., 2022) and the IntCal20 dataset
(Reimer et al., 2020). For age interpretation, the 2σ error was
considered (Table S4). The reference date for all calibrated
14C data is 1950 CE.

The positions of all sediment cores and ERT electrodes,
as well as topographic corrections, were determined using
a Leica GS16 differential global navigation satellite sys-
tem (DGNSS) and the satellite positioning service of the
Federal State of Baden-Württemberg (SAPOS BW) in real-
time kinematic (RTK) mode (lateral error: 1–2 cm; vertical
error: 2–3 cm). Elevations are given in metres above NHN
(Normalhöhen-Null: official vertical datum used in Germany
signifying mean sea level in reference to Normaal Ams-
terdams Peil or Amsterdam Ordnance Datum) within the
DHHN2016 (Deutsches Haupthöhennetz: official German
height reference system, newly levelled and introduced in
2016–2017; AdV, 2018).

4 Results

4.1 The Rindlache site

4.1.1 Stratigraphic record

Sediment core RL09 represents the stratigraphy of the BSN
at Rindlache and was taken on a harvested crop field in the
central part of the assumed palaeo-channel (Fig. 1b). The
bottom unit of 5.45–5.20 m b.s. (below surface) is dominated
by sand of changing colour and shows only minor amounts
of silt and fine gravel (Figs. 2, S2). Between 5.20 and
4.50 m b.s., it is grain-supported, and coarser components of
up to 5 cm (long axis) contribute up to > 50 %. The sort-
ing varies. The LOI values are very low, and the carbonate
content is around 8 %. The section 4.50–2.30 m b.s. shows
medium to coarse sand with lower amounts of coarser com-
ponents and with improved sorting. The organic content is
equally low, and the carbonate content decreases to 5 %–
7 %. This unit is overlain by light greyish brown mud with
upward-increasing carbonate content, culminating in a high
value of > 90 % in the uppermost part at 1.50 m b.s. Sand or
coarser components are absent, whereas reddish brown verti-
cal root casts are visible. Unfortunately, the lower boundary
could not be identified due to core loss (2.30–2.00 m b.s.);
however, it is abrupt in parallel core Gerd 1b (Fig. S3). The
LOI values up to 1.36 m b.s. increase slightly to levels of
3 %–4 %. Above a sharp contact, black peat was found, most
of which was lost during the core recovery (core loss: 1.30–
1.00 m b.s.). The LOI values reach up to > 40 %. In the par-
allel core Gerd 1b, peat from this unit at 1.05 m b.s. was
dated to 6539–6402 cal yr BP (MAMS 43 986). The peat is
overlain by dark grey, well-sorted organic-rich mud (0.92–
0.80 m b.s.) showing LOI values of 13 %, a very low carbon-
ate content and many fine roots. From 0.80 to 0.57 m b.s.,
the grey mud contains a few terrestrial gastropod shells and
shell fragments, as well as some fine vertical roots. The
carbonate content is slightly increased, whereas the LOI
value is lower. Above this unit, the clayey silt has a light
yellowish-brown colour, still containing gastropod shell frag-
ments exhibited as higher carbonate content. The uppermost
unit (0.46–0.15 m b.s.; for decompacted values see Table S3)
is silt-dominated with increased LOI values representing the
anthropogenically turbated plough horizon.

4.1.2 Electrical resistivity tomography (ERT)

The ERT profile 6–7–8–11 runs perpendicular to the BSN
channel, indicated by a surface depression (Fig. 2a, c). It in-
cludes the flanks on both sides and intersects with core RL09
at 183 m horizontal distance (h.d.). In the northwest, the ERT
profile starts at the foot of a late Pleistocene dune (Betten-
berg, Fig. 2c; mapped in Barsch and Mäusbacher, 1979) at
ca. 102 m NHN, running down a slightly concave slope with
a small terrace bordering the outer bank at approximately
75–95 m h.d. It reaches the lowest elevations of the palaeo-
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Figure 2. BSN meander at Rindlache. (a) Transect ERT 6–7–8–11 crossing the palaeo-river channel and showing the distribution of fine-
grained deposits in blue (low resistivity values) and coarse-grained deposits in green, yellow, brown and red (intermediate to high resistivity
values). (b) Synopsis of sediment cores RL08, RL01 and RL09 with tentative facies interpretation. For RL09, grain-size distributions, mean
grain size, LOI values and CaCO3 content are displayed. (c) Oblique view of the BSN meander in combination with the transect ERT 6–7–
8–11 and tentative facies interpretation. A legend for the bottom drawing is provided in panel (b). Data source: DGM1 of the Federal State
of Baden-Württemberg provided by LGBR and established in 2000–2005.
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meander channel at ca. 95 m NHN (ca. 125 to 210 m h.d.) and
terminates at the inner bank of the palaeo-meander. The root
mean square error (RMSE) is 4.1 % after three iterations of
data modelling. The maximum difference in elevation across
the entire profile is 6.5 m. The measured resistivity ranges
between ∼ 10 and ∼ 1100�m, and a depth of ca. 20 m b.s.
was reached (Fig. 2a). The central channel between 125 and
210 m h.d. shows the lowest resistivity in the uppermost 4–
6 m. This is in strong contrast to values which are an order of
a magnitude higher at the southeastern end of the ERT profile
between 210 and 260 m h.d. The slope at the foot of the Bet-
tenberg dune also shows higher resistivities of 200–500�m
with a slightly thicker wedge of low-resistivity materials on
top. Between 10 and 55 m h.d. this pattern is reversed, with
ca. 1 m of medium resistivities (50–100�m) at the top above
very low resistivities, similar to the palaeo-meander channel
infill.

4.2 The Schäffertwiesen site

4.2.1 Stratigraphic record

The sediment cores from Schäffertwiesen were taken along
an ERT profile oriented perpendicular to the meander chan-
nel including the outer bank and a part of the channel
(Figs. 1b, 3b, c). Sediment core SW01 was taken on the slope
of the outer bank and reaches a depth of 4 m b.s. (Fig. S4).
The lower part from 4.00 m to 1.74 m b.s. is characterised
by a medium to coarse sand matrix and varying amounts
of well-rounded gravel components, the latter mostly be-
low 2.68 m b.s. This lowermost section is clast-supported
between 3.45 m and 3.00 m b.s. (mostly limestone of Mid-
dle Triassic Muschelkalk, Upper Jurassic Weißjurakalk and
red sandstone of Lower to Middle Triassic Buntsandstein,
as well as other limestone and quartzite varieties). It shows
increased carbonate content of up to 10 % and very low
LOI values (< 0.3 %). Between 2.75 m and 2.40 m b.s. some
finer and darker laminae occur. From 2.40 m to 2.00 m b.s.,
the core is disturbed by collapsed material. A sharp bound-
ary separates the sand to gravel deposits from sandy to
clayey mud (1.74–0.84 m b.s.), where LOI values increase
to up to 6 %, and carbonate content reaches up to 25 %.
A thin sand layer resembling the bottom facies is inter-
calated at 1.61–1.57 m b.s. Plant remains from a depth of
1.67 m b.s. were dated to 11 258–11 195 cal yr BP (MAMS
46037). The carbonate-rich mud is overlain by peat (0.84–
0.59 m b.s.) with LOI values of up to 57 % and a very low
carbonate content of < 1 %. Peat-derived 14C data range
from 11 079–10 722 cal yr BP (0.80 m b.s., MAMS 46036)
to 7920–7701 cal yr BP (0.60 m b.s., MAMS 46035). This
peat section is separated from the organic-rich topsoil (0.28–
0.11 m b.s.; LOI values up to 24 %) by a brownish grey sandy
mud section.

The coarse sand and gravel unit was found in the basal
parts of all cores from Schäffertwiesen, where it varies in
thickness (Fig. 3b). Its sharp upper boundary rises from

93.11 m NHN in the west (SW03) to 93.72 m b.s. (SW01),
94.22 m b.s. (SW04) and 96.17 m b.s. (SW02) in the east.
The overlying poorly sorted sandy mud from SW01 (1.74–
0.84 m b.s.) was not found in SW02 and SW04 but can be
correlated with a much thicker occurrence in the western part
of the profile (SW03; 4.45–0.55 m b.s.). The peat, however,
is only present in SW04, close to the top of the sequence, in
similar thickness as observed in SW01.

4.2.2 Electrical resistivity tomography (ERT)

The stratigraphic correlations between the cores are reflected
by the ERT profile 1–2 at Schäffertwiesen (Fig. 3a). It has
a length of 112.5 m and an RMS error of 3.9 % after three
iterations of data modelling. Resistivity values are in the
same range as in ERT profile 6–7–8–11 at Rindlache. From
its southwestern end, the profile traverses over a flat terrace
for ca. 30 m at ca. 98 m NHN before following a concave
slope down to ca. 95.5 m NHN in the lowest part of the pro-
file, which is also where core SW01 was taken. Between
45 m h.d. and the northeastern end, the profile gradually rises
in the form of a slightly convex slope to ca. 96.5 m NHN. The
flat part of the profile in the southwest, represented by core
SW03, shows very low resistivity values (10–40�m) cor-
relating with the sandy mud facies. Here, resistivity only in-
creases below ca. 5 m b.s., where the sand and gravel deposits
were encountered in SW03. Likewise, in the topographically
lowest part of the profile, corresponding to SW01, the basal
sand and gravel deposits are reflected by medium resistiv-
ity values of around 80�m, compared to 20–50�m in the
sandy mud and peat of the uppermost 1.70 m of the sequence.
In the northeastern part of the profile, medium to high resis-
tivity values reach close to the surface, following the rising
boundary between the sand and gravel unit and the peat.

5 Discussion

5.1 Fluvial activity as reconstructed from facies patterns

The sand and gravel deposits found in the basal part of all
cores from both palaeo-meander sites consist of varying ra-
tios of predominantly medium to coarse sand and rounded to
well-rounded gravel components. They represent the bedload
of the BSN deposited at the bottom of the formerly active
meander channel. Primary deposition of the material in pre-
late-glacial times, perhaps in a braided system in Pleniglacial
times of the last-glacial period, and subsequent reworking
of these deposits in late-glacial times by a single meander-
ing channel is plausible. As the channels are incised into the
Lower Terrace of the Rhine, it is possible that Rhine deposits
were reactivated by the BSN. Although a quantitative petro-
graphic analysis to discriminate between Rhine and Neckar
deposits is still pending, the visual inspection of basal gravel
components in both master cores RL09 and SW01 already
shows a dominance of Muschelkalk, Weißjura and other
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Figure 3. BSN meander at Schäffertwiesen. (a) Transect ERT 1–2 crossing the palaeo-river channel and showing the distribution of fine-
grained deposits in blue (low resistivity values) and coarse-grained deposits in green, yellow, brown and red (intermediate to high resistivity
values). (b) Synopsis of sediment cores SW03, SW01, SW04 and SW02 with tentative facies interpretation. For SW04, grain-size distribu-
tions, mean grain size, LOI values and CaCO3 content are displayed. (c) Oblique view of the BSN meander in combination with the transect
ERT 6–7–8–11 and tentative facies interpretation. A legend for the bottom drawing is provided in panel (b). Data source: DGM1 of the
Federal State of Baden-Württemberg provided by LGBR and established in 2000–2005.
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limestones, as well as Buntsandstein sandstone, collectively
representing the main erosional products of the Neckar catch-
ment (Barsch and Mäusbacher, 1979; Fezer, 1997; Bibus and
Rähle, 2003; Löscher, 2007; LGBR, 2021). These deposits
shape the youngest part of the wide alluvial fan of the Neckar
(Löscher et al., 1980; Barsch and Mäusbacher, 1988), which
belongs to the Mannheim Formation (LGBR, 2021) and, at
its northern boundary, almost reaches the study area (Fezer,
1997; Beckenbach, 2016).

The typical sediment sequence of palaeo-meander chan-
nels of the northern BSN (e.g. site of “Wasserbiblos” in
Dambeck, 2005; Dambeck and Bos, 2002) also starts with
fluvial sands and few pebbles. The general fining-up gradi-
ent from a sand and gravel mixture (in the southern BSN with
some clast-supported sections) to matrix-supported units and
pure fluvial sands indicates a decrease in fluvial transport ca-
pacity at the end of the phase of fluvial activity of the BSN.
This decrease is either related to lower discharge or a thal-
weg shifting away from the coring site. However, it cannot
be excluded that the increasing medium sand component in
the upper part of the fining-up sequence is partially related to
reactivated aeolian processes and input during the Younger
Dryas (Löscher et al., 1989; Dambeck and Thiemeyer, 2002;
Pflanz et al., 2022). The poorly sorted greyish-brown sandy
mud overlying the in-channel fluvial sands in RL09 (bound-
ary at 2.30 m b.s.) and SW01 (boundary at 1.74 m b.s.) re-
flects a distinct shift from a fluvial channel carrying bed-
load – until then presumably the main active channel of the
BSN – to a cut-off channel restricted to suspension-load set-
tling during stages of overbank flow by an adjacent active
channel (Barsch and Mäusbacher, 1979). At Schäffertwiesen,
this adjacent channel was the Rindlache channel. After the
BSN was entirely abandoned, the Rindlache site was sub-
ject to flooding and received suspension load from a new
Neckar course close by. This might have been the current
channel heading straight to the Rhine near Mannheim, al-
though this assumption requires verification with future re-
search. Along the northern BSN this type of fluvio-limnic
deposition is observed for the older meander generation be-
fore peat formation commenced, whereas at the younger
meander sites peat deposits immediately overlie the coarse-
grained channel-bottom deposits (Dambeck, 2005; Dambeck
and Bos, 2002). Thus, the sedimentary sequences at Rind-
lache and Schäffertwiesen both resemble the infill of the
older meander sites along the northern BSN. At some palaeo-
channel sites of the northern BSN (e.g. “Auf Esch”, “Großes
Bruch”), as well as at Rindlache, peat formation is inter-
rupted by organic-rich black clays that may represent a re-
activation of overbank deposition and indicate increased in-
put of fine-grained material into the inactive fluvial system
(Dambeck, 2005; Dambeck and Thiemeyer, 2002).

Dambeck and Bos (2002) and Dambeck and Thiemeyer
(2002) refer to the sandy mud overlying the fluvial channel-
bottom facies at the older meander sites as clays, silts, loam
or gyttja with occasional fine sandy laminae, depending on

the site. The very high carbonate content in the uppermost
part of this fine-grained unit (> 90 % in RL09) right be-
low the overlying peat, also referred to as calcareous gyttja
along the northern BSN (Dambeck and Bos, 2002; Bos et al.,
2008), was identified as secondary carbonate precipitation.
At present, two models for the formation of this carbonate
precipitation are considered.

– The first is precipitation within the sediment body at
distinct substrate boundaries in the groundwater fluctu-
ation zone, along the capillary fringe, as described for
the so-called Rheinweiß in similar contexts (Dambeck,
2005; Holzhauer, 2013; Holzhauer et al., 2017). Being
this close to the present-day land surface, the Rheinweiß
represents a relict feature. It predates the river regulation
measures in the Upper Rhine Graben from 1817 CE on
that led to rapid linear incision of the Rhine and to low-
ering of groundwater levels by several metres in the en-
tire graben area (Barsch and Mäusbacher, 1979; Dister
et al., 1990).

– The second is precipitation in the fluvio-limnic envi-
ronment of the cut-off meander by photosynthesising
Charophyceae and aquatic plants, aided by the uptake
of CO2 from bicarbonate (HCO−3 ) dissolved in the wa-
ter (e.g. Bohnke and Hoek, 2007). The general model,
according to which carbonate ions (CO2−

3 ) are released
and attract Ca2+ ions to form Ca2CO3 in the immedi-
ate vicinity of the photosynthesising organisms, is de-
scribed in, for example, Merz (1992).

Whilst in both the southern and the northern (site “Wasser-
biblos” in Dambeck and Bos, 2002) parts of the BSN
these calcareous muds mostly date into the Preboreal (11.7–
10.3 kyr ago) (Fig. 4), they are also well recognised to have
formed earlier during the Alleröd (13.4–12.7 kyr ago) else-
where in Central Europe (e.g. Bohncke and Hoek, 2007;
Pawłowski et al., 2016). They may in general be associated
with warmer phases of the late-glacial to Holocene transition
with more abundant (aquatic) vegetation, shifting the carbon-
ate balance and leading to increased carbonate precipitation
(Waldmann, 1989; Dambeck, 2005).

5.2 Timing of fluvial activity of the southern BSN

There are diverging assumptions regarding the timing of the
fluvial activity of the BSN. Its relatively short existence has
been associated with the late-glacial formation of the north–
south-directed dune belt between Schwetzingen and Lorsch
(Fig. 1a) (e.g. Dambeck, 2005), which is assumed to have
blocked the direct connection with the Rhine between Hei-
delberg and Mannheim. Yet, none of the palaeo-channels of
the northern BSN are covered by any significant drift sands,
the formation of which terminated mostly before the Older
Dryas (13.6–13.4 kyr ago). Instead, drift sands were eroded
by the BSN in some places, indicating that fluvial activ-
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Figure 4. Assumed timeline of fluvial activity and inactivity of the Bergstraßenneckar (BSN). All sites refer to profiles from palaeo-channels,
apart from Heißfeld (profile on the Lower Terrace adjacent to a BSN palaeo-channel). Results from the northern BSN (upper part) were taken
from Dambeck (2005) and Bos et al. (2008). Preliminary data and interpretation from the southern BSN (this study) are shown in the lower
part on the grey background. Wetland or temporary standing-water conditions at Rindlache during Roman times are inferred from the partially
excavated wooden bridge across the same BSN channel ca. 1 km to the south (Wirth, 2011).

ity postdates the period of main aeolian activity. Initial ac-
tivity of the BSN is tentatively dated to ca. 14 500 years
ago (Dambeck, 2005). At the site “Fasanerie” near Groß-
Gerau (Dambeck, 2005) and near Schwanheim (Hoffmann
and Kzyzanowski, 1984) (Fig. 1a), Laacher See tephra, now
dated to 13 006± 9 cal yr BP (Reinig et al., 2021), was
identified in overbank deposits of the northern BSN. The
detailed stratigraphic investigations in the northern part of
the BSN indicate a dune breach of the Neckar towards the
Rhine at approximately 12 800 to 11 500 years ago during
the Younger Dryas (12.7–11.7 kyr ago) and an end to flu-
vial activity of the BSN channels at some point between ca.
11 600 and 10 120 years ago (Haupt, 1928; Wagner, 1981;
Große-Brauckmann et al., 1990; Dambeck, 2005; Dambeck
and Bos, 2002; Bos et al., 2008, 2012). However, there are
several historical accounts and archaeological data pointing
to the reactivation of certain sections of the BSN by smaller
tributaries draining the western Odenwald Mountains and
their use as waterways for the transport of goods, in particu-
lar during Roman times (Eckoldt, 1985; Wirth, 2011).

For the northern BSN, two palaeo-meander generations
have been classified. Whilst the relatively younger meander
generation forms a more or less continuous course to the for-
mer mouth west of Trebur, the relatively older meanders are
morphologically detached (Kupfahl et al., 1972; Dambeck,
2005). Based on palynostratigraphical evidence and radio-

carbon data, mud deposition in cut-off meanders of the older
generation started in Alleröd times (site “Dornheimer Lache”
in Bos et al., 2008) or by the end of the Younger Dryas
(site “Wasserbiblos” in Dambeck, 2005; Dambeck and Bos,
2002; Bos et al., 2012). Elsewhere, it is assumed that sands
were blown out from the inactive point bars of cut-off me-
anders to form proximal dunes on the Lower Terrace (HLfB,
1990), e.g. at the site “Heißfeld” (Dambeck, 2005; Dambeck
and Thiemeyer, 2002) at a time, during the Younger Dryas,
when aeolian dunes and drift sands of the northern Upper
Rhine Graben were reactivated to a limited extent (Löscher
et al., 1989; Dambeck and Bos, 2002; Pflanz et al., 2022).
The younger meander sites show a distinct shift from fluvial
sands to peat growth roughly at the beginning of the Prebo-
real (Fig. 4), possibly reflecting the abandonment of the BSN
and confluence of the Neckar with the Rhine further to the
south near Mannheim (Dambeck, 2005).

The basic stratigraphic patterns of the northern and south-
ern BSN show striking similarities, but presently, very few
radiocarbon ages are available for the southern BSN. How-
ever, if these are used as chronometric tie points as illustrated
in Fig. 4 (lower part), the similarities become even more ob-
vious. As the clastic mud deposits at the site Schäffertwiesen
may date to the Younger Dryas to Preboreal period, we as-
sume that the coarse-grained channel-bottom deposits under-
neath date to late-glacial times. The shift from mud sedimen-
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tation to peat growth may have been induced by a denser
vegetation cover at the onset of the Preboreal (Dambeck and
Bos, 2002; Bos et al., 2008) leading to reduced suspension
load during flood events and termination of the silting-up
process. At the site “Wasserbiblos”, northern BSN, sedimen-
tation of similar silty and calcareous mud, reflecting a change
in fluvial conditions from in-channel bedload transport and
accumulation at the channel bottom to fluvio-limnic condi-
tions inside a cut-off meander, is also dated to the end of the
late-glacial period. A temporal overlap of changing fluvial
dynamics at the Schäffertwiesen meander (between 12 000
and 11 500 cal yr BP) at the southern BSN and the older me-
ander generation at the northern BSN, represented by the site
“Wasserbiblos” (Dambeck, 2005; Dambeck and Bos, 2002;
Bos et al., 2012), is likely. Yet peat formation at the northern
BSN started earlier, during Preboreal times, and lasted un-
til the end of the Boreal or beginning of the Atlantic period
(ca. 8000–7500 cal yr BP). The peat at Rindlache continued
to form until ca. 1500 years later (ca. 6500–6000 cal yr BP)
(Fig. 4). The deposition of organic-rich black clays inside
the channels and as overbank fines during the Atlantic pe-
riod may represent an initial signal of anthropogenic soil ero-
sion by Middle Neolithic communities (Große-Brauckmann
et al., 1990; Dambeck and Thiemeyer, 2002). This interpre-
tation is supported by the first occurrence of Cerealia in
pollen spectra of northern BSN sites as an indicator of the
introduction of agriculture and a decrease of Ulmus, which
is related to the Neolithic Linear Pottery and Rössen cul-
tures using this type of wood for fire and construction (Bos
et al., 2012). In the area of the southern BSN people of
the Late Neolithic Michelsberg (ca. 4400–3500 BCE; Lang,
1996) and/or the end Neolithic Corded Ware ceramic cultures
(ca. 2900–2350 BCE; König, 2015) may have intensified soil
erosion resulting in a subsequent increase in suspension load
and the formation of the black clays.

Assuming that the Rindlache site – in contrast to the
cut-off meander of Schäffertwiesen – represented the active
channel until the modern Neckar channel was established
and the BSN finally abandoned, the entire chronostratigra-
phy may be offset by ca. 1500 years. Thus, it would overlap
with the chronostratigraphy of northern BSN sites represent-
ing the younger meander generation, sensu Dambeck (2005),
even though the Rindlache site shows an interim sequence of
fluvio-limnic sandy mud, which in the north is characteristic
of only older meander sites (Fig. 4).

6 Conclusions and outlook

Palaeo-meanders of the southern BSN are an understudied
geomorphological archive. This is all the more surprising
as studies along the northern BSN in Hesse proved to re-
veal detailed aspects of the late-glacial to Holocene his-
tory of the Upper Rhine Graben riverscape (e.g. Dambeck,
2005; Dambeck and Thiemeyer, 2002; Bos et al., 2008).

The palaeo-meander channels of the southern BSN can still
be morphologically identified in the field, as well as from
satellite imagery and digital elevation models (Beckenbach,
2016), representing a sequence of relatively older meanders
which have been cut off from younger channels. Our pilot
study at the relatively older Schäffertwiesen meander and the
younger Rindlache meander shows a stratigraphic sequence
reaching from partially clast-supported sand and gravel in-
channel facies to muds and peat representing the phase af-
ter which the meanders were cut off, and the Neckar shifted
its course entirely. The 14C data of the upper boundaries
of the peat deposits at both sites, Schäffertwiesen (cut-off
meander) and Rindlache (part of the latest course), are off-
set by ca. 1500 years, reflecting the overall older age of
the Schäffertwiesen sequence. In comparison with the aban-
doned riverscape of the northern BSN (Dambeck, 2005),
both sites studied here resemble the stratigraphic pattern of
the older meander phase with fluvio-limnic mud deposition
which is vertically confined by coarse-grained in-channel fa-
cies (below) and peat and black clays (above). The chronol-
ogy of the Schäffertwiesen site tentatively correlates with the
older meander generation, while the Rindlache site has more
of a chronological overlap with the younger meander gener-
ation of the northern BSN, where, however, the intermittent
mud is absent. Therefore, the presence of fluvio-limnic sed-
iments in the abandoned river channel may be a function of
flooding frequency and proximity to a still active channel.
Whilst this was the case for both of the southern sites after
the final abandonment of the BSN as they were still close to
the new Neckar course, the northern BSN channel sites were
cut off from a regular flooding regime.

Evidently, more palaeo-channel stratigraphies of the
southern BSN need to be investigated and correlated, in com-
bination with an extended chronological dataset of 14C ages
for the organic-rich sediments and optically stimulated lu-
minescence ages for the sand-dominated in-channel facies,
for which no data are available to date. In particular, the
palaeoenvironments of the fluvio-limnic muds, along with
any potential anthropogenic impact, require further attention
and need to be reconstructed in more detail. Deciphering a
chronology of fluvial activity in the southern BSN domain
will provide the basis for investigating the reactivation of
some reaches of and human interaction with the BSN across
the Holocene, in particular during Roman times and later
historical periods, for which only fragmented historical and
archaeological information is available so far (e.g. Eckoldt,
1985).
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J., and Zieliński, T.: Late Weichselian and Holocene record
of the paleoenvironmental changes in a small river val-
ley in Central Poland, Quaternary Sci. Rev., 135, 24–40,
https://doi.org/10.1016/j.quascirev.2016.01.005, 2016.

https://doi.org/10.5194/egqsj-71-213-2022 E&G Quaternary Sci. J., 71, 213–226, 2022

https://doi.org/10.1016/S1040-6182(02)00006-X
https://doi.org/10.1002/rrr.3450050102
https://doi.org/10.1016/j.geomorph.2008.07.021
https://doi.org/10.3285/eg.47.1.10
https://doi.org/10.1016/j.quaint.2012.10.044
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.11588/heidok.00015714
https://doi.org/10.1127/zfg_suppl/2017/0357
https://doi.org/10.1016/0169-555X(91)90002-R
https://doi.org/10.11588/fbbw.2015.0.44523
https://doi.org/10.1016/j.nimb.2012.01.015
https://lgrbwissen.lgrb-bw.de/rohstoffgeologie/rohstoffe-des-landes/kiese-sandig/kiese-sande-des-neckars-im-oberrheingraben
https://lgrbwissen.lgrb-bw.de/rohstoffgeologie/rohstoffe-des-landes/kiese-sandig/kiese-sande-des-neckars-im-oberrheingraben
https://lgrbwissen.lgrb-bw.de/rohstoffgeologie/rohstoffe-des-landes/kiese-sandig/kiese-sande-des-neckars-im-oberrheingraben
https://doi.org/10.3285/eg.39.1.10
https://doi.org/10.3285/eg.30.1.07
https://doi.org/10.1007/BF02539795
https://doi.org/10.1016/j.quascirev.2016.01.005


226 M. Engel et al.: Fluvial activity of the late-glacial to Holocene Bergstraßenneckar

Peters, G. and van Balen, R. T.: Tectonic geomorphology of the
northern Upper Rhine Graben, Germany, Global Planet. Change,
58, 310–334, https://doi.org/10.1016/j.gloplacha.2006.11.041,
2007.

Pflanz, D., Kunz, A., Hornung, J., and Hinderer, M.: New in-
sights into the age of aeolian sand deposition in the northern
Upper Rhine Graben (Germany), Quaternary Int., 625, 1–13,
https://doi.org/10.1016/j.quaint.2022.03.019, 2022.

Reimer, P. J., Austin, W. E., Bard, E., Bayliss, A., Blackwell, P. G.,
Ramsey, C. B., and Grootes, P. M.: The IntCal20 northern hemi-
sphere radiocarbon age calibration curve (0–55 cal kBP), Ra-
diocarbon, 62, 725–757, https://doi.org/10.1017/RDC.2020.41,
2020.

Reinig, F., Wacker, L., Jöris, O., Oppenheimer, C., Guidobaldi,
G., Nievergelt, D., Adolphi, F., Cherubini, P., Engels, S., Es-
per, J., Land, A., Lane, C., Pfanz, H., Remmele, S., Sigl, M.,
Sookdeo, A., and Büntgen, U.: Precise date for the Laacher See
eruption synchronizes the Younger Dryas, Nature, 595, 66–69,
https://doi.org/10.1038/s41586-021-03608-x, 2021.

Saur, A.: Parvum theatrum urbium, Frankfurt, 1593.
Scheer, H.-D.: Gliederung und Aufbau der Niederterrassen von

Rhein und Main im nördlichen Oberrheintalgraben, Geol. Jb.
Hessen, 106, 273–289, 1978.

Schottler, W.: Erläuterungen zur geologischen Karte des Grossher-
zogtums Hessen im Maßstabe 1:25000, Hessischer Staatsverlag,
1906.

Stuiver, M., Reimer, P. J., and Reimer, R. W.: CALIB 8.2 (WWW
program), http://calib.org, last access: 19 January 2022.

Wagner, P.: Riedstadt-Goddelau, Kreis Groß-Gerau. Holzbrücken
im alten Neckarbett, Ausgrabungen im Hessischen Ried 1976–
1977, Archäol. Denkm. Hessen, 20, 1–12, 1981.

Waldmann, F.: Beziehungen zwischen Stratigraphie und Boden-
bildungen aus spätglazialen und holozänen Sedimenten in der
nördlichen Oberrheinebene, PhD thesis, University of Freiburg,
Germany, 1989.

Wild, E. M., Steier, P., Fischer, P., and Höflmayer, F.: 14C dat-
ing of humic acids from Bronze and Iron Age plant remains
from the eastern Mediterranean, Radiocarbon, 55, 599–607,
https://doi.org/10.1017/S003382220005774X, 2013.

Winkelmann, J. J.: Gründliche Beschreibung der Fürstenthümer
Hessen und Hersfeld, Brauer, Bremen, 1697.

Wirth, K.: Ein Bohlenweg oder eine Sumpfbrücke aus römischer
Zeit in Mannheim-Straßenheim, in: Archäologie der Brücken,
Vorgeschichte, Antike, Mittelalter, Neuzeit, edited by: Pflederer,
T. and Sommer, C., Friedrich Pustet Verlag, Regensburg, 102–
105, 2011.

E&G Quaternary Sci. J., 71, 213–226, 2022 https://doi.org/10.5194/egqsj-71-213-2022

https://doi.org/10.1016/j.gloplacha.2006.11.041
https://doi.org/10.1016/j.quaint.2022.03.019
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1038/s41586-021-03608-x
http://calib.org
https://doi.org/10.1017/S003382220005774X


E&G Quaternary Sci. J., 71, 227–241, 2022
https://doi.org/10.5194/egqsj-71-227-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Comparison of bulk and sequential sampling methodologies on
mammoth tooth enamel and their implications in
paleoenvironmental reconstructions
Zuorui Liu1, Amy Prendergast1, Russell Drysdale1, and Jan-Hendrik May1,2

1School of Geography, Earth and Atmospheric Sciences (SGEAS), University of Melbourne, Melbourne, VIC, Australia
2GeoQuest Research Centre, School of Earth, Atmospheric and Life Sciences, University of Wollongong,
Wollongong, NSW, Australia

Correspondence: Zuorui Liu (zuoruil@student.unimelb.edu.au), Amy Prendergast (amy.prendergast@unimelb.edu.au),
and Jan-Hendrik May (janhendrikmay@unimelb.edu.au)

Relevant dates: Received: 29 March 2022 – Revised: 18 August 2022 – Accepted: 30 August 2022 –
Published: 30 September 2022

How to cite: Liu, Z., Prendergast, A., Drysdale, R., and May, J.-H.: Comparison of bulk and sequential sampling
methodologies on mammoth tooth enamel and their implications in paleoenvironmental reconstruc-
tions, E&G Quaternary Sci. J., 71, 227–241, https://doi.org/10.5194/egqsj-71-227-2022, 2022.

Abstract: Mammoth teeth have been widely investigated using stable-isotopic analysis for paleoenvironmental
and paleoecological reconstructions due to their large size and frequent discoveries. Many past in-
vestigations sampled the tooth enamel with the “bulk” method, which involves drilling one sample
from the occlusal surface to the root for each tooth. Some of the more recent studies applied the “se-
quential” method, with a sequence of samples drilled following the dominant enamel growth direction
to produce a time series of isotopic oscillations that reflects high-resolution environmental changes,
as well as changes in mammoth dietary behavior. Although both the bulk and mean sequential δ18O
values are expected to represent the averaged signal over the time of tooth formation, it is uncertain
whether their paleoenvironmental records were formed during similar periods of time. In this study,
we applied both sampling methods (sequential drilling first followed by a thin layer of bulk drilling)
on the same enamel ridges of multiple mammoth teeth and compared their respective δ18O values.
The results indicated that, in most enamel ridges, the bulk samples have more negative δ18O values
compared to the average sequential values, and some of the bulk values even fall outside the range
of sequential values. The most likely explanation for the differences is the structure and formation
stages of enamel that caused uneven distributions of different seasons recorded in the samples. This
finding provides insights into current limitations of the two sampling methods and the applicability of
cross-method data comparison from past studies.

Kurzfassung: Aufgrund ihrer relativen Fundhäufigkeit und Grösse werden Mammuthmolare vielfach für paläoökol-
ogische Zwecke und Umweltrekonstruktionen mit Hilfe von stabilen Isotopen herangezogen. Bei vie-
len der bislang publizierten Arbeiten wurde dabei Zahnschmelz mit der “Bulk”-Methode beprobt,
bei der für jeden Zahn eine einzelne Probe von der Kaufläche bis zur Wurzel gebohrt wird. Neuere
Studien wenden nun die “sequenzielle” Methode an, bei der eine Reihe von Proben entlang der
Hauptwachstumsrichtung des Zahnschmelzes gebohrt wird, um die Variation der Isotopenwerte über
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die Zeit zu bestimmen, welche sowohl hochauflösende Umweltveränderungen als auch Veränderun-
gen im Ernährungsverhalten der Mammuts widerspiegeln kann. Obwohl sowohl “Bulk”- als auch die
gemittelten sequenziellen δ18O-Werte ein zeitlich gemitteltes Signal der Zahnbildung repräsentieren
sollten, ist bislang nicht klar, inwieweit diese Werte tatsächlich den selben, direkt vergleichbaren
Zeitraum wiederspiegeln. In dieser Studie haben wir beide Methoden der Probenahme (zuerst sequen-
zielle Proben, dann eine dünne Schicht von “Bulk”-Proben) an denselben Schmelzkämmen mehrerer
Mammutzähne angewandt und ihre jeweiligen δ18O-Werte verglichen. Die Ergebnisse zeigen, dass in
den meisten Schmelzkämmen die “Bulk”-Proben im Vergleich zu den mittleren sequenziellen Werten
negativere δ18O-Werte aufweisen, und einige der “Bulk”-Werte sogar außerhalb der Variationsbre-
ite der sequenziellen Werte liegen. Die wahrscheinlichste Erklärung für diese Unterschiede liegt in
der Struktur sowie den Bildungsraten und -stadien des Zahnschmelzes, welche eine ungleichmäßige
Verteilung der verschiedenen in den Proben erfassten Jahreszeiten verursachen. Die Ergebnisse geben
Einblick in die derzeitigen Grenzen der beiden Probenahmeverfahren und ermöglichen damit einen
kritischeren und verbesserten methoden-übergreifenden Datenvergleich.

1 Introduction

Stable-isotopic analysis on mineralized tissues of animals
has added great knowledge to our understanding of past envi-
ronments and climates. Among all the animal tissues, Pleis-
tocene mammoth teeth and tusks are of special interest for
paleoenvironmental and paleoclimatic reconstructions over
the past decades due to their large size and frequent dis-
coveries. Oxygen-isotope ratios in mammoths can represent
their surrounding environmental properties because they are
directly related to the isotopic ratios of their ingested en-
vironmental water, which in turn primarily reflects regional
temperature and water balance (Dansgaard, 1964; Longinelli,
1984; Luz et al., 1984). Previous studies of oxygen iso-
topes in mammoth remains have provided paleoenvironmen-
tal records in Europe and North America from Marine Iso-
tope Stage (MIS) 5 to MIS 2 (130–22 ka cal BP). In most
previous studies, the sampling method has been drilling one
“bulk” sample from each tooth from the occlusal surface to
the root (Genoni et al., 1998; Tütken et al., 2007; Ukkonen
et al., 2007; Iacumin et al., 2010; Kovács et al., 2012; Pryor
et al., 2013). The purpose of bulk sampling is to try to cover
the longest possible period of time of tooth formation (Pryor
et al., 2013), as the sample should represent an averaged
isotopic signal across the tooth formation time (Fricke and
O’Neil, 1996; Sharp and Cerling, 1998; Hoppe, 2004). Al-
though this method can effectively reconstruct the averaged
paleoclimatic conditions over several years, the temporal res-
olution of reconstruction is limited to decadal scale, and con-
sequently, a very small amount of data exist on sub-annual
environmental conditions and climatic variations during the
Quaternary from these regions. Such data, however, are cru-
cial in understanding how the highly variable climate of the
Late Pleistocene translated into regional- to local-scale envi-
ronmental conditions, ultimately affecting a range of animal–
environmental and human–environmental interactions (Den-

ton et al., 2005; Bradtmöller et al., 2012; Prendergast and
Schöne, 2017; Prendergast et al., 2018).

To address this issue, a “sequential” approach has also
been applied to mammoth and isotope research in some stud-
ies (Koch et al., 1989; Fisher and Fox, 2007; Metcalfe and
Longstaffe, 2012; Widga et al., 2021; Wooller et al., 2021).
Like most mammal species, mammoth tooth enamel has a
dominant growth direction from the occlusal surface to the
roots at a relatively constant rate (Metcalfe and Longstaffe,
2012). Therefore, it has the potential to yield highly re-
solved time series of paleoenvironmental information over
the course of tooth formation. In several recent studies, mul-
tiple sequential samples were drilled from the same mam-
moth tooth following its growth direction with a resolution
up to 1mm per sample, forming a time series of isotopic os-
cillations that likely reflects paleoenvironmental changes at
sub-annual scales (Metcalfe and Longstaffe, 2012; Wooller
et al., 2021; Miller et al., 2022). The mean value of the se-
quential samples should therefore reflect the averaged iso-
topic signal during the period of time of tooth growth, which
is also what the bulk sample is expected to represent. How-
ever, this remains untested, and it is unknown whether the
mean sequential value and the bulk value obtained from the
same mammoth tooth yield similar isotopic compositions, as
well as whether they have recorded the environmental prop-
erties during approximately the same period of time. Due to
this limitation, it is still uncertain whether isotopic results
obtained from bulk and sequential sampling methods can be
directly compared, interpreted, and used for paleoenviron-
mental reconstruction.

In this study, we explored the potential differences be-
tween the sequential and the traditional bulk sampling meth-
ods. We obtained four mammoth teeth of MIS 3 age from
southwestern Germany and applied both sampling methods
on each tooth. The bulk and average sequential δ18O values
from the same tooth were then compared.
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Figure 1. A photograph and its corresponding schematic diagram
of a mammoth molar tooth used in this study (UW-1).

2 Background

2.1 Mammoth tooth growth

Similar to modern elephants, the woolly mammoths (Mam-
muthus primigenius) had six sets of teeth and a total num-
ber of 24 molar teeth throughout their lifespan. At any one
time only one tooth was fully in operation in each of the four
jaws (Maschenko, 2002; Lister and Bahn, 2007). Each mo-
lar tooth of M. primigenius is a combination of 22–24 molar
plates (Lister and Bahn, 2007), which are flat thin sections
of dentine folded in enamel. Each molar plate is adhered by
cementum (Ferretti, 2003). The apex of these molar plates
forms the occlusal surface for grinding food, and their lat-
eral outer surface is exposed, forming separate enamel ridges
(Fig. 1).

Within each molar plate, mammoth tooth enamel has pri-
mary and secondary stages of formation (Smith, 1998; Smith
and Tafforeau, 2008). During the secretory (primary) stage,
daily incremental features grow from the enamel-dentine
junction (EDJ) to the outermost surface, and these incre-
mental lines are parallel to the EDJ under microscopic view
(Metcalfe and Longstaffe, 2012). Tooth increments formed
during the primary stage take up only about 20 %–30 % of
the entire enamel weight (Passey and Cerling, 2002; Passey
et al., 2005). The maturation (secondary) stage starts after
the secretory stage ends, and it takes up most enamel weight
and formation time (approximately two-thirds of total forma-
tion time) (Smith, 1998). During this stage, enamel formation
starts at the apex (occlusal surface) near the EDJ side, grow-
ing dominantly along the tooth height to the root while ex-
tending to the outermost surface simultaneously. Secondary
daily incremental features captured by microscopic analysis
indicated that enamel growth direction is inclined at an angle
of 55–60◦ to the EDJ (Metcalfe and Longstaffe, 2012).

2.2 Oxygen isotopes and mammoth water source

Oxygen isotopic composition in animal bioapatite can be
used as an indicator of past climates and environmental

conditions. For large-sized homeothermic animals (animals
which can keep a constant body temperature) such as the
mammoths, the δ18O values in their enamel carbonate are
solely determined by the δ18O values in their body water
(Longinelli, 1984; Luz et al., 1984). Mammoths were obli-
gate drinkers, with more than two-thirds of their body wa-
ter being obtained from direct consumption of environmen-
tal water (Koch et al., 1989; Ayliffe et al., 1992). Therefore,
their body water δ18O values directly reflect those in their
ingested environmental water, which are in turn primarily
controlled by local- to regional-scale environmental factors
such as discharge, precipitation, and air temperature (Dans-
gaard, 1964). A cyclicity of oxygen isotopic variations is ex-
pected from the sequentially drilled mammoth enamel sam-
ples, since they should reflect regional surface water δ18O
values, and nearly all natural water bodies, including streams,
estuaries, and lakes, experience seasonal oscillations of δ18O
values due to seasonally differing water balances (Rozanski
et al., 2001; Theakstone, 2003). The surface water isotopic
content of any given water body is determined by the iso-
topic composition and amount of its water sources (input),
as well as those of the water output (Rozanski et al., 2001;
Benson and Paillet, 2002). In the context of the late Pleis-
tocene Rhine River catchment (Fig. 2), the main input water
sources for the catchment would have included groundwater,
precipitation sourced from the Atlantic ocean, and snow and
glacier melt, and output is primarily runoff and evaporation.
These input water sources have different effects on the δ18O
values in surface water. Glacier and snow meltwater usually
have the most depleted 18O/16O ratio (Theakstone, 2003),
and the 18O/16O ratio in precipitation and groundwater is
usually more enriched than surface water (Theakstone, 2003;
Yeh and Lee, 2018; Bedaso and Wu, 2021). We also ana-
lyzed modern hydrological data of the Rhine River (for the
period 2005–2010 at Lobith, Netherlands) to better constrain
the mechanism of isotopic oscillations. In the modern Rhine
River, δ18O values show seasonal variations, with δ18O val-
ues being approximately 1 ‰ more negative during summer
than in winter months (Rozanski et al., 2001). Under inter-
glacial (Holocene) climatic conditions, the summer 18O/16O
depletion is caused by increased contributions of meltwater
from alpine glaciers (Rozanski et al., 2001). Therefore, in
the sequential δ18O records from the mammoth teeth, local
troughs (minima) in a curve are expected to correspond to
the summer months when glacier melt is highest, and local
peaks (maxima) are the coldest winter month. A cycle of iso-
topic variation should thus closely approximate the range of
climatic variability throughout a year, with the distance be-
tween two neighboring maxima (or minima) corresponding
to one “hydrological year” of tooth growth (Metcalfe and
Longstaffe, 2012; Prendergast and Schöne, 2017).
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Figure 2. (a) A schematic diagram of mammoth water source
model during the Late Pleistocene; (b) average modern monthly
water δ18O values of the Rhine River (Lobith, Netherlands, 2005–
2010). Error bars represent standard deviation. Data collected from
local IAEA stations and retrieved from https://nucleus.iaea.org/
wiser/index.aspx (last access: 24 March 2022).

3 Methodology

3.1 Study location and materials

Three complete molar teeth (one M1 and two M3 molars) and
one fragmentary molar of woolly mammoths (Mammuthus
primigenius) were recovered from a gravel quarry called
Hardtsee, which is located in Ubstadt-Weiher, Upper Rhine
Graben, southwestern Germany (49.17694◦ N, 8.622163◦ E;
Fig. 3). The quarry lake where the teeth were discovered
is approximately 2 km east of the Rhine River, and gravel
mining occurs underwater via dredging at controlled depths.
The teeth were recovered from various depths between 5 and
15 m, and they stem from fluvial sediments that were pre-
dominantly transported to the Upper Rhine Graben by melt-
water discharge from an upstream alpine glacier advance
(Preusser et al., 2021). The enamel on the outermost sur-
face was preserved with no indication of erosion, which sug-
gests they were not likely transported over long distances.
Therefore, we essentially interpret the Hardtsee location as
the death location of the mammoths and the Rhine catch-
ment as their primary water source. The teeth were radiocar-
bon dated, and the resulting ages fit into four different time

windows during Marine Isotope Stage 3, approximately 43–
34 ka cal BP (Table 1).

3.2 Analytical methods

A 1 mm cylindrical diamond-coated drill bit attached to a low
speed hand drill and a state drill model were used to drill the
enamel and collect its powder. Two sampling methods were
applied. The first method was bulk drilling, which involves
taking one sample from one enamel ridge by scraping down
the entire enamel length, and only a thin layer (< 1 mm) of
powder was collected. The second method is sequential sam-
pling. For this, we drilled each enamel ridge by taking suc-
cessive samples along a horizontal line perpendicular to the
tooth height at a resolution between 1.5 and 2 mm, starting
from the occlusal surface and moving downward (Fig. 4).
Both methods were applied to all available enamel ridges of
the four samples. We first used the drill bit to remove the out-
ermost surface of all enamel ridges, followed by sequentially
sampling the enamel, and finally we took one bulk sample
from each enamel ridge in the same trench as the sequen-
tial sampling. The mass of each sample was approximately
15 mg.

We then conducted chemical pretreatment, following the
protocol developed by Snoeck and Pellegrini (2015), which
involves soaking the samples in acetic acid (1 M, buffered
with sodium acetate, pH= 4.5) for 30 min and rinsing in dis-
tilled water before drying overnight at 40◦C. Pretreated sam-
ples were analyzed using an Analytical Precision AP2003
continuous-flow stable-isotope ratio mass spectrometer at
the SGEAS, University of Melbourne. Containers were first
placed on a hot plate set to 70 ◦C. Then they were purged
with ultrapure helium gas, followed by injection of 0.5–1 mL
of 104 % orthophosphoric acid with syringes. Samples were
left to react with the acid for 30 min, and the headspace CO2
gas produced was introduced to the mass spectrometer for
analysis. Results are presented in delta (δ) notation and in
units of per mil (‰) in relation to the Vienna Pee Dee Belem-
nite (VPDB) standard. The AP2003 mass spectrometer ana-
lyzed both δ18O and δ13C values for each sample; however,
our main focus is only the oxygen isotopic values in this
study. Three inorganic standards, NEW1, NEW12, and NBS
18, were used to set the calibration scale. The analytical pre-
cision was approximately 0.12 ‰ for δ18O and 0.08 ‰ for
δ13C, which was the standard deviation calculated based on
the replicate analysis of in-house standards.

3.3 Statistical analysis

The similarity of bulk and mean sequential values was first
assessed by their offset. If the offset is less than the analyti-
cal precision of the mass spectrometer (0.12 ‰), the two val-
ues are considered the same, and t tests were also performed
to examine the statistical differences between the bulk and
mean sequential values in each tooth.
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Figure 3. (a) Geographic context of the Rhine catchment during MIS 3 and MIS 2 (Ehlers et al., 2011; Hughes et al., 2015; Seguinot et
al., 2018). (b) Topographic map of the Rhine catchment highlighting of study location site at Ubstadt-Weiher at a resolution of 15 arcsec
(Tozer et al., 2019).

Table 1. Information on the mammoth teeth used in this study. Radiocarbon dating was undertaken at the Research School of Earth Science,
Australian National University, and calibrated with Calib (http://calib.org/calib/calib.html, last access: 27 August 2020). Samples were dated
to stadial/interstadial phases by comparing their ages with Greenland ice-core records (GISP2) (Grootes and Stuiver, 1999).

Sample name Depth Radiocarbon dates Radiocarbon dates Phase in No. of enamel
(m) (ka cal BP, median) (ka cal BP, 95 % CI) MIS 3 ridges assessed

UW-1 5 33.7 34.6–32.7 Stadial 6
UW-2 10 36.4 38.0–34.7 Interstadial 10
UW-3 15 39.7 40.8–38.2 Interstadial 7
UW-3b 15 42.3 45.1–40.2 Uncertain 1

In addition to offsets, we also used a “modified seasonal
method” to analyze where the bulk value sits in relation to
the range of values from the sequential samples. This method
is based on the season of mollusk collection method from
Prendergast et al. (2016), in which four seasons can be dif-
ferentiated from the sequential records by generating quar-
tiles in the range of δ18O values. However, in this study we
applied this method not for reconstructing seasons; instead
it is being adapted as a way of comparing the data distri-
butions of bulk and sequential values. We differentiated the
sequential δ18O values from each enamel ridge into four
quartiles with equal data distributions. Based on the Late
Pleistocene hydrological model we built in Fig. 2a and by
reference to seasonal variations in δ18O values in the cur-
rent Rhine River, we defined the lower quartile (< 25th per-
centile) in the sequential results to reflect the warmest sum-
mer months when an increased amount of glacier meltwa-
ter was mixed in the river discharge; consequently, the up-
per quartile (> 75th percentile) reflects the coldest winter
months, and the middle quartiles (25–75th percentile) re-
flect intermediate environmental conditions during autumn
or spring. Although this method can effectively analyze vari-

ous paleoenvironmental aspects (e.g., seasonality and season
of death) in the sequential records (Koch et al., 1989; Fisher
and Fox, 2007; Prendergast and Schöne, 2017), it may be in-
appropriate for the comparison between bulk and sequential
values due to two arguments. First, the bulk value is not from
the same dataset as the sequential results, and consequently it
has the possibility of falling outside the sequential data dis-
tribution. Also, the four seasons interpreted from the quar-
tiles are based on the sequential δ18O values within 1 year
of records. One enamel ridge of a mammoth tooth may hold
several either complete or incomplete years of records. The
median and quartile values may skew when an incomplete
year was recorded. For instance, if the enamel ridge contains
2.5 years of records, there are unequal numbers of warming
and cooling seasons, which may skew the data distribution to
one direction.

To address the two issues, this seasonal method was fur-
ther modified, and we decided to calculate a “relative per-
centile” of bulk values compared to sequential data distribu-
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Figure 4. (a) A schematic diagram of an enamel section showing the difference between bulk and sequential sampling methods. Vertical
dashed lines represent primary incremental lines of enamel, and black curves represent secondary incremental lines of enamel, with the arrow
indicating the growth direction. (b) Photograph of sampled tooth UW-2 as an illustration of the sequential sampling technique. White arrows
highlight the drilling spots.

tions with the following equation:

Relative Percentile (%)

=
Bulk Value−Min (Seq. Value)

Max (Seq. Value)−Min (Seq. Value)
× 100 .

In this equation, we defined the minimum and maximum se-
quential values along one enamel ridge to be between 0 %
and 100 %, respectively, and this range was equally divided
into 100 units. Within this range, we still divided the data into
four quartiles. The bulk value is expected to fall within the
middle quartiles, as the averaged signal over several years is
unlikely to reflect environmental conditions during extreme
summer or winter months.

4 Results

4.1 Data distribution

In total, 24 bulk and 1114 sequential samples were drilled
out of 24 enamel ridges. The results for each enamel ridge
are summarized in Table 2 and plotted in Fig. 5. In the se-
quential results, we removed the outliers with boxplots. The
data distributions of each tooth were box-plotted separately,
and values that are smaller than the 25th percentile minus
1.5 interquartile ranges and greater than the 75th percentile

plus 1.5 interquartile ranges were considered as outliers and
removed (n= 16). After removing outliers, the bulk δ18O
values range from −10.4 ‰ to −7.6 ‰, and sequential val-
ues are between −11.3 ‰ and −5.7 ‰. Both the bulk and
sequential values for all teeth are significantly different to
each other based on t tests (p < 0.05). The fragmentary mo-
lar UW-3b is excluded from bulk comparison since there is
only one value.

For both bulk and average sequential values, more posi-
tive δ18O values were found in teeth UW-2 and UW-3, which
are dated to interstadials, compared to tooth UW-1, which is
dated to a stadial period (Fig. 4a). Tooth UW-1 is also the
youngest sample; therefore, the three complete molar teeth
show progressively more negative mean δ18O values from
the oldest to the youngest between 39 and 33 ka cal BP. The
bulk δ18O value of UW-3b is more positive than the younger
UW-1 and UW-2, and it is intermediate to those of UW-3.
The mean sequential δ18O value of UW-3b, however, is the
most negative value among all four teeth.

4.2 Intra-enamel isotopic variations

The cyclicity of all enamel ridges was assessed to identify
features of seasonal environmental changes. For UW-1, UW-
2, and UW-3, the intra-tooth sequential δ18O exhibits mul-
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Table 2. The list of results of the study, including the length, number of identifiable years, and the bulk and sequential δ18O values of all
sampled enamel ridges (outliers removed).

Enamel Length No. of Bulk Seq. Offset Seq. Seq. Relative
ridge (mm) years value value mean (bulk seq. mean) value min value max percentile

identified (‰) (‰) (‰) (‰) (‰) (%)

UW-1 1 136 5 −9.90 −9.27 −0.64 −10.46 −8.3 25.78
2 150 6.5 −10.41 −9.39 −1.02 −10.55 −8.1 5.93
3 150 8 −9.72 −9.25 −0.47 −10.44 −8.51 37.41
4 160 8 −10.03 −9.23 −0.81 −10.12 −8.17 4.51
5 152 9.5 −9.49 −9.46 −0.03 −10.29 −8.52 45.10
6 146 7.5 −9.66 −9.35 −0.31 −10.32 −8.38 34.09

UW-2 1 32 2 −8.54 −7.88 −0.66 −8.9 −7.45 24.93
2 42 1.5 −8.77 −8.09 −0.68 −8.67 −7.68 −10.06
3 54 3 −8.64 −8.1 −0.54 −8.76 −7.43 9.01
4 54 4 −8.70 −8.43 −0.28 −8.96 −7.9 24.23
5 72 5 −8.50 −8.38 −0.12 −9.11 −7.54 39.01
6 74 6 −8.36 −8.49 0.13 −8.98 −7.92 58.41
7 80 6 −8.63 −8.24 −0.39 −9.22 −7.48 34.21
8 84 6.5 −8.44 −8.29 −0.15 −9.14 −7.52 43.07
9 92 8 −8.57 −8.33 −0.24 −9.12 −7.63 37.19

10 100 8 −8.41 −8.61 0.20 −9.35 −7.88 63.88

UW-3 1 60 2.5 −8.31 −6.93 −1.38 −7.9 −6.03 −21.80
2 78 3.5 −8.19 −6.98 −1.21 −7.63 −6.07 −36.28
3 78 3.5 −8.50 −7.12 −1.38 −8.06 −6.03 −21.77
4 82 3.5 −8.54 −7.28 −1.26 −8.4 −6.49 −7.20
5 90 3.5 −7.86 −7.15 −0.71 −8.15 −6.1 14.17
9 112 5 −8.19 −7.1693 −1.02 −8.17 −6 −1.06

10 108 5 −7.63 −7.13 −0.50 −7.98 −6.31 20.56

UW-3b 1 37.5 NA −8.25 −9.6 1.35 −11.29 −8.14 96.63

NA: not available.

tiple local maxima and minima along the entire ca. 100–
150 mm of enamel length, and examples are plotted in Fig. 6.
The data resemble cyclic oscillations, with the δ18O values
of maxima being approximately 0.8 ‰ to 1.1 ‰ higher than
those of the minima. Among these three teeth, the sequen-
tial values of UW-3 show the clearest oscillations, with five
complete cycles of similar incremental lengths identified. In
teeth UW-1 and UW-2, however, the cyclicity is more diffi-
cult to identify, as both selected enamel ridges have a reduced
amplitude of isotopic variation in the middle of the enamel
ridge. The enamel ridge of the fragmentary molar UW-3b has
the most difficult isotopic variation to interpret. Although we
can identify one maximum and minimum (and potentially a
second maximum), it is uncertain whether these data cover
a full year of records considering the incremental length is
only 37.5 mm. The number of cycles in each enamel ridge
ranges from one to eight, and they are correlated to the in-
cremental length of enamel ridges (r2

= 0.60, n= 23), with
longer enamel ridges generally containing more interpreted
hydrological years.

4.3 Comparison of bulk and sequential values

Significant differences (p < 0.05) were detected between
bulk and mean sequential δ18O values in all complete teeth
based on t tests (i.e., UW-1, UW-2, UW-3), with the dif-
ference varying from 0.03 ‰ to 1.35 ‰. One enamel ridge
from UW-1 has a difference of less than 0.12 ‰. The differ-
ences of three enamel ridges from UW-2 are between 0.1 ‰
and 0.15 ‰. All other samples have differences greater than
0.2 ‰ (Table 2). Overall, the mean differences in the younger
teeth UW-1 (0.54 ‰) and UW-2 (0.34 ‰) are smaller com-
pared to the older UW-3 (1.06 ‰) and UW-3b (1.35 ‰). For
all enamel ridges of teeth UW-1 and UW-3, the bulk values
are more negative than the mean sequential values. The bulk
values of most enamel ridges (8 out of 10) of UW-2 are more
negative, and the other two are slightly more positive. The
bulk value of UW-3b is 1.35 ‰ more positive than the se-
quential value, which is the greatest among all enamel ridges.

The relative percentile values were also analyzed and
shown in Table 2 and Fig. 7. The bulk values of most enamel
ridges of teeth UW-1 (4 out of 6) and UW-2 (6 out of 10) are
located between the 25th and 75th percentiles within the mid-
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Figure 5. Data distribution of the four teeth and comparison between bulk and sequential results. Each cross represents the δ18O value of
one sequential spot, and dots are bulk (x axis) and averaged sequential (y axis) δ18O values of different enamel ridges. The diagonal line
represents data points for which bulk and sequential means are equal; if a dot is located above this line, the mean sequential δ18O value of
this enamel ridge is more positive than the bulk value, and vice versa.

Figure 6. Examples of δ18O variations along one enamel from each tooth with expected years. Local maxima (winter) and minima (summer)
are highlighted with blue and orange dots, respectively.

dle quartile with the remaining values falling below the 25th
percentile including one value for UW-2 being more nega-
tive than the minimal sequential value. The bulk values of all
enamel ridges of tooth UW-3 are below the 25th percentile,
with the majority (5 out if 7) being more negative than the
minimal sequential value. The relative percentile of UW-3b
is 96.3 %, the only data point above the 75th percentile.

5 Discussion

5.1 Sample preservation

It is essential to evaluate whether physical and chemical
transformations of sample materials may lead to isotopic ex-
change and loss of primary isotopic signal (Keenan, 2016;
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Figure 7. The plot of relative percentiles of bulk values from all the
enamel ridges of the four teeth.

Goedert et al., 2016). The preservation condition of our
mammoth teeth was assessed, and based on three pieces of
evidence, at least part of their original materials seems to
have been preserved. The first piece of evidence is the se-
quential δ18O values which show variations that mimic sea-
sonal patterns. The δ18O values of all sequential samples
would likely be homogenized if all material had been com-
pletely recrystallized (Metcalfe and Longstaffe, 2012; Goed-
ert et al., 2016); therefore, this supports the point that at least
some of the primary enamel material is preserved and still
holds records of paleoenvironmental changes, but it is not a
full proof. The carbon isotopic compositions, although not
analyzed in detail in this study, provide additional evidence
of primary material preservation. Carbon isotopes of her-
bivorous animals are incorporated from the vegetation they
consumed (Arppe and Karhu, 2006; Kovács et al., 2012;
Prendergast and Schöne, 2017), with the δ13C values of an-
imals which forage upon C3 and C4 plants to be −20 ‰ to
−8 ‰ and from 0 ‰ to +5 ‰, respectively (Kohn and Cer-
ling, 2002). The δ13C values of the four teeth range between
−13.13 ‰ and −11.21 ‰ (Liu, 2020), which falls within
the C3 foraging range, and this agrees with mammoth di-
etary behavior observed from their fecal remains (Kirillova
et al., 2016). Therefore, both oxygen and carbon isotopic
results suggest that at least some primary isotopic signal is
preserved. In addition, we drilled additional enamel pow-
der from each tooth, and the powder was sub-divided into
pretreated and non-pretreated groups. The isotopic values of
both groups were tested, and no statistically significant dif-
ferences were detected between the δ18O values of these two
groups.

Although there is still a possibility of diagenetic alteration,
all samples were pretreated with acetic acid to remove any
secondary carbonates. Additionally, due to its low porosity
and low organic contents, tooth enamel is one of the most
resistant materials to diagenetic alteration and is capable of

preserving primary isotopic signals for millions of years.
Based on all the above considerations, we assume our mam-
moth teeth have at least partially preserved their original iso-
topic signals, and the acquired δ18O values reflect their living
environmental properties.

5.2 Comparison between bulk and mean sequential
values

Differences between bulk and sequential results are present
in all four mammoth teeth, with the bulk values being gen-
erally more negative than the mean sequential values. There
is only one exception, which is the enamel ridge of UW-3b,
with the bulk value being 1.35 ‰ more positive. This may be
caused by the absence of a complete annual cycle, as only
37.5 mm of material was sampled. The incomplete hydro-
logical year in the records of UW-3b could also cause the
data distribution of sequential samples to taper. Older tooth
samples also have generally greater offsets. Only one enamel
ridge from UW-1 has a difference less than 0.12 ‰, which
is within the precision of the mass spectrometer. Therefore,
the bulk and sequential values for this sample can be consid-
ered as equal. Three enamel ridges from UW-2 show slightly
greater offsets between 0.12 ‰ and 0.15 ‰, which may still
be considered as similar. Most other enamel ridges in teeth
UW-1 and UW-2 (n= 11) have offsets between 0.2 ‰ and
0.81 ‰, with only one enamel ridge from UW-1 having a
difference value over 1 ‰. All enamel ridges from teeth UW-
3 and UW-3b have difference values of at least 0.5 ‰, and
most of them (6 out of 8) are greater than 1 ‰. The relative
percentiles for all UW-3b enamel ridges are located in the
lower quartile, while most enamel ridges from teeth UW-1
and UW-2 are within the middle quartile. However, even if
some samples are located within the middle quartile, most
of them in UW-2 and all samples in UW-1 are more nega-
tive than the median. The uneven distributions suggest that
bulk and sequential samples reflect different environmental
conditions in these two teeth.

One explanation for the difference is the geometry of in-
cremental lines. Our two sampling methods each predomi-
nantly cover one growth direction: a bulk sample covering
the entire enamel height with only a thin layer of enamel
collected, whereas each sequential sample includes a deeper
sampling pit covering the majority of the enamel thickness
but with only a small proportion of the enamel height. Nei-
ther of the two methods followed the exact enamel growth di-
rection: the incremental lines of mammoth secondary enamel
material are inclined at an angle of 55–60◦ to the enamel-
dentine junction (EDJ). The inconsistency between drilling
orientation and enamel growth direction can cause “damp-
ing” of the isotopic signal due to time averaging (Passey
et al., 2005; Metcalfe and Longstaffe, 2012). A simplified
model is presented in Fig. 8 to illustrate how the angle of
incremental lines can cause potential isotopic damping. In
this model, although we assumed the four seasons in a year
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have the same incremental distance in a section of the enamel
ridge, the seasonal distribution in the bulk sample is uneven
with an incomplete representation of increments formed dur-
ing the last summer and autumn. The sequential samples
have the same issue, with the first autumn incompletely rep-
resented in our model. Therefore, this may result in bulk re-
sults more similar to the isotopic signals near the occlusal
surface and mean sequential values more similar to those
near the root. However, the seasonal distribution of the com-
bination of all sequential samples is slightly more even as
they occupy more enamel thickness (and much more enamel
material overall). If only one method is applied and it covers
the entire enamel thickness, then the obtained samples would
theoretically have even distributions of the four seasons.

This problem may be more significant in enamel ridges of
shorter lengths. In Fig. 9, we plotted the difference values
against the incremental lengths of each enamel ridge. Teeth
UW-2 and UW-3 have enamel ridges of different lengths,
varying from 32 to 112 mm, and both of them show strong
negative relationships between enamel length and difference
value. No correlation was detected from the enamel ridges
of UW-1. This could be due to their similar lengths (136–
160 mm). Inter-tooth comparison also indicates that enamel
ridges with longer lengths generally have smaller differences
between bulk and mean sequential values: greater difference
values (> 1 ‰) predominantly occurred in enamel ridges less
than 100 mm in length. When the bulk sample recorded un-
even distributions of seasons, it mainly occurred at the apex
and root of the enamel (Fig. 8); therefore, a longer enamel
ridge with more annual records in the middle would theo-
retically reduce this impact. However, despite the correlation
between the offsets and incremental lengths, the primary de-
ciding factor of the offsets is still inter-tooth difference given
that (1) the inter-tooth difference of values is greater than
intra-tooth variations especially between UW-2 and UW-3
and (2) the offset values of UW-1 have a variation of nearly
1 ‰, although all of its enamel ridges are more than 100 mm.

The geometry of incremental lines may have another con-
sequence, which is reduced seasonal amplitude in sequential
isotopic records (Passey et al., 2005). In Fig. 8, one sequen-
tial sample may contain increments formed during more than
one season, especially those formed during seasonal transi-
tions. In fact, oxygen and carbon isotopic cyclicity has been
detected from the EDJ to the outer surface, indicating that
there was tooth growth through the enamel thickness, al-
though the growth rate was much slower compared to the
growth along tooth height. Therefore, each sequential sample
obtained in this study may hold an averaged isotopic signal
of one or multiple seasons, and the isotopic variation in en-
vironmental water would have potentially greater amplitude.

Another possible explanation for the difference between
bulk and sequential results is that the two methods collect
enamel formed during different times. Reade et al. (2015)
sampled the tooth enamel of Barbary sheep (Ammotragus
lervia) with both bulk and sequential sampling strategies.

They also found different bulk and mean sequential δ18O val-
ues. The main difference between the two studies is that the
locations of the two sampling methods are the opposite: their
bulk samples were taken before the sequential samples and
therefore are closer to the outer surface. They proposed an
explanation, which is that the bulk samples in their study con-
tain a greater proportion of enamel mineralized later because
the enamel mineralization process at their sampling locations
(outer surface) is slower than the sequential samples obtained
near the EDJ (Suga, 1979, 1982). In our case, the bulk sam-
ples are then expected to contain more enamel mineralized
earlier, and this argument agrees with the impact caused by
the angle of incremental lines (Fig. 8). Therefore, there could
be an offset in the formation time of the material collected
by the two methods, and in turn this caused differences in
isotopic compositions due to different time averaging in the
samples.

A third explanation is the mixture of primary and sec-
ondary enamel increments in the samples. We primarily sam-
pled the secondary incremental lines in the teeth. However,
there was also a primary mineralization phase in mammoth
tooth formation, although it only took up 20 %–30 % of
the total enamel mass (Passey and Cerling, 2002; Passey et
al., 2005). Primary mineralization forms vertical incremental
lines under microscopic view, indicating the material grows
from the EDJ to the outer surface (Metcalfe and Longstaffe,
2012). Therefore, the thin layer of enamel powder collected
by the bulk sampling method may also contain primary min-
eralized material formed during a short period of time. This
period of time could be during any season; consequently,
if the collected primary increments were formed during ex-
treme summer or winter months, the mixture of primary and
secondary enamel material might skew the isotopic signal
to one direction. This could be the cause of the bulk values
of several enamel ridges falling outside the data distribution
of sequential values, since primary increments were formed
during a different time to the secondary increments. If the
collected primary increments were formed during spring or
autumn months with the isotopic signal in environmental wa-
ter closer to the annual average, there is less impact from
primary material, and the bulk and mean sequential values
would be more similar. The sequential samples again are less
influenced by the primary mineralization, as more enamel
thickness is sampled, covering primary increments formed
during a longer period of time and maybe including multiple
seasons.

5.3 Comparison of sampling methods

The bulk and mean sequential results obtained in this study
show both similar and different values. Here we discuss how
these differences may help us decide the optimal sampling
methods for future research. The bulk samples, at least those
obtained through the method applied in this study, do not al-
ways reflect an averaged isotopic signal at decadal scales.
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Figure 8. A simplified model showing secondary incremental lines formed during different seasons and the sampling spots. (a) A schematic
diagram of an enamel section with the assumption of the four seasons having equal incremental lengths, (b) sampling spots for both bulk and
sequential sampling methods, and (c) the duration and distribution of different seasons included in each sample.

Figure 9. Plot of difference values against incremental lengths of all enamel ridges.

Instead, it is more likely a reflection of either extreme sum-
mer/winter environmental conditions or spring/autumn iso-
topic compositions which are close to the annual mean value.
In comparison, the sequential method is less influenced by
the primary increments and the geometry of secondary in-
cremental lines. We do not suggest the sequential sampling
method itself can more accurately reflect paleoenvironmen-
tal conditions. The main reason it does in this study is that
with our drilling method, the combination of all sequential
samples covers the entire enamel length and the majority of
enamel thickness, which included increments formed during
a longer period of time than the thin layer of the bulk sam-

ple. Reade et al. (2015) suggested sampling the entire tooth
height, as well as the enamel thickness, to reduce isotopic
damping caused by the enamel growth pattern. We also rec-
ommend that future studies which involve surface sampling
on mammoth teeth drill all available enamel material in both
directions, regardless of which sampling method will be ap-
plied.

However, this means we can only apply one method
to each enamel ridge. We suggest the sequential sampling
method is more optimal because it provides not only an av-
eraged multi-annual-scale isotopic composition (mean se-
quential value) but more importantly a time series of high-
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resolution paleoenvironmental records. Such records are cru-
cial for understanding the highly variable climatic con-
ditions of the Late Pleistocene and deciphering human–
environmental interactions (Denton et al., 2005; Bradtmöller
et al., 2012; Prendergast et al., 2018). In addition, the se-
quential δ18O variations that reflect seasonal environmental
changes can also indicate whether there is a complete an-
nual cycle, and if so, how many of them are recorded in each
enamel ridge. A fragmentary enamel ridge without one an-
nual cycle may not provide an accurate annual mean δ18O
value, so the temporal duration of the record is unsuitable
for the bulk sampling method. This also indicates that the
completeness and size of mammoth teeth should be impor-
tant criteria considered during sample selection. Mammoth
teeth with complete and long enamel ridges should have the
highest priority because long enamel ridges generally con-
tain more annual cycles of δ18O oscillations. Although off-
sets between bulk and mean sequential values may still be
detected in long ridges, the difference value is likely smaller
than those of short enamel ridges, as the long sequence of
isotopic records reduces the impact of uneven seasonal dis-
tributions in both bulk and sequential samples.

Although we recommend using complete and large-sized
mammoth molar teeth as the preferred study material, we are
aware that such samples are not always available at certain
sites. Mammoth teeth may have been weathered and trans-
ported by surrounding environments, and consequently they
may break into fragments and lose enamel thickness through
erosion. Due to this limitation, it is unclear which part of
the enamel and how much enamel thickness and tooth height
were sampled in many past stable-isotope studies on mam-
moth teeth, especially those which employed bulk sampling
methods. Given that the bulk values in some of our samples
fall outside the range of sequential values, we recommend
only comparing results obtained from sequential sampling
methods with other sequential sampling studies. If results ob-
tained from two different methods are compared directly, the
potential isotopic offset between bulk and sequential samples
may be falsely concluded to reflect different environmental
conditions.

5.4 Limitations and future research

The main limitation of this study is the different locations
of the two sampling methods. Although the sampling spots
are from the same trenches, bulk and sequential samples are
powder from different parts of the enamel ridge. A possible
improvement in further studies is to use only part of the pow-
der in each sequential sample and combine all the remaining
powder along one enamel ridge to form the bulk sample. In
this case, enamel powder taken from the two methods would
have covered roughly the same incremental length of enamel
thickness and tooth height. Another possible improvement is
applying the two methods on the enamel ridges at two sides
of the same molar plate. However, this method assumes that

enamel ridges on both sides grow simultaneously. Nonethe-
less, this study has provided insights into the degree to which
we can compare past studies, as it is likely that different parts
of enamel ridges were sampled in different studies, and some
studies might have only sampled a thin layer of enamel ma-
terial as the bulk samples.

Another limitation is that we considered primary enamel
mineralization as a factor that caused differences in bulk and
sequential results, but we are uncertain about the proportion
of primary mineralization collected in each sample and its
degree of impact. These questions require further investiga-
tions into mammoth dental morphology and separate isotopic
analysis of primary and secondary incremental materials.

In addition, although the sequential samples provide high-
resolution records of likely seasonal environmental changes,
they are not perfect reflections of paleoenvironments. The
geometry of secondary incremental lines potentially caused
several different seasons recorded in one sequential sample,
averaging the isotopic signal and in turn reducing the am-
plitude of isotopic oscillations. In future sequential sampling
of mammoth teeth, we may section the teeth to expose the
enamel thickness, identify incremental features under micro-
scopic views so that we can perform spot-drilling on each
incremental line to avoid seasonal averaging.

6 Conclusion

We applied both bulk and sequential sampling methods to
mammoth enamel and compared the results. Both similar
and different δ18O values between bulk and mean sequen-
tial results were discovered, and in most samples, they are
different, with the bulk samples having more negative δ18O
values. Multiple potential factors might have jointly caused
the offsets, including the geometry of secondary incremental
lines, the mixture of primary increments, and different pe-
riods of time formation near the EDJ and outer surface. In
this study, the mean sequential values may be more accurate
reflections of decadal-scale paleoenvironmental conditions
because their samples include most material in both tooth
height and enamel thickness direction. A thin layer of enamel
material collected by the bulk sampling method may have un-
even distributions of different seasons, and consequently the
δ18O values may reflect either an annual average or condi-
tions in only a certain season. Choosing long enamel ridges
that contain more annual cycles as study materials may re-
duce the impact of uneven seasonal distribution caused by
incremental line geometry. Therefore, we recommend that
future isotopic analysis on mammoth teeth selects complete
and large-sized samples and drills the entire tooth height and
enamel thickness if possible. Considering that the sampling
locations are unknown in many past studies, a cross-method
data comparison is not recommended.

We also effectively obtained high-resolution paleoenvi-
ronmental records of sub-seasonal resolution. These records
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hold the potential of reconstructing paleo-climate and paleo-
hydrology for various aspects, such as seasonality and inter-
annual differences, in future studies. However, we must be
aware that the amplitude of isotopic signal obtained from
this sequential sampling method might be reduced, since the
drilling direction has an angle against the incremental lines
so that enamel materials formed during more than one season
could be mixed in each sample. This issue may be improved
by combining the sequential sampling method with micro-
scopic analysis on mammoth dental morphology to achieve
spot-drilling on each incremental line in future research.
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1 Introduction

With the opening of the Landsat archive in 2002, the largest
remote sensing archive became available to the public (Wul-
der et al., 2012). This record presents the most comprehen-
sive civil database on the Earth’s surface, and it has stimu-
lated research across the globe for many disciplines (Wul-
der et al., 2016). Several spaceborne remote sensing mis-
sions have since then been launched (Belward and Skøien,
2015), some of them operating now for more than 20 years,
such as the highly successful missions carrying the MODIS
instrument. Furthermore, recent spaceborne earth observa-
tion missions not only continue the building of global re-
mote sensing archives using various sensors but also signifi-
cantly increased the temporal and spatial resolution (e.g. the
Sentinel-2 mission), allowing the dynamics of the Earth to
be studied at so far unprecedented spatio-temporal resolu-
tion on a global scale. These datasets have also contributed
to the field of geomorphology and geoarchaeology. Exem-
plarily, Brandolini et al. (2021) and Orengo and Petrie (2017)
used time series of the Sentinel-2 or Landsat mission to in-
fer and map differences in soil and moisture properties re-

lated to historic or palaeogeographical features. Further, Ull-
mann et al. (2020) have investigated long-term differences in
the normalized difference water index (NDWI) in the Nile
Delta to map buried palaeogeographical features, i.e. related
to former river branches of the Nile, or buried Pleistocene
sand hills (“geziras”) often used as settlement mounts. While
these archives and datasets certainly offer new opportuni-
ties, the handling and analyses come with challenges, most
strikingly arising from the enormous data load and the high
computing effort. Fortunately, some of these limitations can
be overcome by recently available cloud-computing capac-
ities, exemplary offered by the Google Earth Engine (GEE)
(Gorelick et al., 2017). These capacities allow processing and
analysing large stacks of earth observation data in a cloud
environment in a very fast and efficient manner without the
need of downloading and processing the raw data. To make
these new developments applicable for users with less ex-
perience in remote sensing, we present here a freely avail-
able GEE tool that allows the processing of remote sensing
archive data from Landsat, MODIS, and Sentinel-2 in a user-
friendly way. The tool is based on the GEE efforts of previ-
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ous research (Ullmann et al., 2020) but provides an improved
and ready-to-use browser-based application that is suitable
for users who are less familiar with GEE. In this contribu-
tion, we exemplarily show the processing results of the tool
for the entire Nile Delta for Landsat, MODIS, and Sentinel-
2 and continue mapping buried palaeogeographical features
using the long-term differences in NDWI (see Ullmann et
al., 2020).

2 Study area

The Egyptian Nile Delta covers about 24 000 km2 and is
the largest delta of the Mediterranean Sea. Historic textual
sources witness up to seven major Nile branches that flowed
through the delta, while today only the Rosetta and Dami-
etta branches exist (Fig. 1; Bietak, 1975). In antiquity, these
waterways were of high significance for intra-Egyptian trade
and traffic, and major ancient Egyptian cities are exclusively
found in their immediate surroundings. Hence, the recon-
struction of the Holocene delta environments is also crucial
for studying the human–environment interactions of ancient
Egypt (Butzer, 1976; Pennington et al., 2017; Bietak, 1975).
For protection against the seasonal Nile floods, settlements
were either built on Pleistocene sand mounds (“geziras”) or
on the embankments of the river branches. However, due to
the long-term dynamics of the riverine system, the landscape
of the Nile Delta has constantly changed. Water courses have
been silted up and are no longer visible in the modern land-
scape. Knowing about the importance of localizing the route
of former Nile branches, several geophysical and geoarchae-
ological investigations were carried out in the past, of which
some also rely on remotely sensed imagery, e.g. Ginau et
al. (2017) and El-Fadaly et al. (2019).

3 Material and methods

In continuation of these efforts, the processing of remote
sensing time series of Landsat (including Landsat 9 and Col-
lection 2 data), Sentinel-2 and MODIS was conducted us-
ing the cloud-based processing capacities of the GEE. For
this purpose, we developed a script which allows the gen-
eration of cloud-free surface reflectance products and var-
ious spectral indices for a user-defined period, region of
interest, and for the earth observation data of the respec-
tive sensors. The source code of this tool is freely available
on GitHub (https://github.com/EricMoeller96/master_thesis,
last access: 9 November 2022) and comes with documenta-
tion on the most important settings. The tool requires a mini-
mum of user inputs for the execution and can be executed for
a user-defined region. Exemplarily, the datasets, specified in
Table 1, were processed to generate median RBG compos-
ites for the entire Nile Delta (Fig. 1). In addition, multispec-
tral indices, such as the normalized difference vegetation in-
dex (NDVI), NDWI (Gao, 1996), and normalized difference

snow index (NDSI), are calculated and processed by default.
Following the approach presented in a preceding work (Ull-
mann et al., 2020), in this study we exemplarily focus on
two median NDWI images which were calculated from the
time series: one for the winter (January/February) and one
for the summer (July/August) seasons and for each sensor.
These NDWI images were then differenced (summer minus
winter) to draw the long-term seasonal difference (1NDWI;
Fig. 2).

4 First results and discussion

The GEE script allows cloud-free summer and winter mo-
saics to be processed for the entire Nile Delta in a fast manner
and for all sensors (Fig. 1) using analysis-ready products (i.e.
surface reflectance). Processing time in the GEE was about
10 to 30 min, which would not be achievable using standard
computing facilities given the high number of scenes (e.g.
more than 1900 scenes for Landsat).

Thus, the analyses are not limited to the spectral indices,
but the multispectral information can also be utilized, which
opens possibilities for further investigations apart from the
differentiation of spectral indices, e.g time series analysis or
land cover classification. The 1NDWI images of all three
sensors show corresponding positive and negative anomalies
on the broadest scale (Fig. 2), which follow the general sys-
tematic outlined in Ullmann et al. (2020). As such, the largest
and strongest anomalies likely display distinctive features
of the general (palaeo-)environmental setting as sketched by
Butzer (1976). For instance, strong negative anomalies of the
1NDWI somewhat match the proposed location of sands at
or near the surface at several locations between the modern
course of the Rosetta and the Damietta branches and between
Tanta and Cairo. In all datasets negative 1NDWI values are
found in the western Nile Delta (south of Alexandria and
west of Damanhur), the central Nile Delta (south of Tanta to-
wards Cairo), and in the northern Nile Delta (in the vicinity
of Lake Burullus). Positive 1NDWI values are less frequent,
and the largest patches are found near Lake Burullus (north)
and Lake Manzala (east). Obviously, the higher spatial reso-
lution of Landsat and Sentinel-2 allows a more detailed pic-
ture to be depicted; in both datasets spatially varying posi-
tive and negative anomalies are found in the delta west of
the Rosetta branch. Overall, Sentinel-2 data deliver a better
geometric resolution revealing more details (e.g. as exem-
plified for Geziret Sineita in Fig. 2d–f); however, due to the
rather short time series of 4 years (compared to 36 years of-
fered by Landsat), anomalies are less clear, and the 1NDWI
image shows more heterogeneities compared to the results
of Landsat. This is also displayed by the higher deviation
used to scale the 1NDWI images (Fig. 2). It is likely that
this issue is linked to the short time series as seasonal differ-
ences in NDWI become best visible when long timescales are
analysed (Ullmann et al., 2020). As such, a long observation
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Figure 1. Comparison of cloud-free summer (July/August) median RGB composites of the Nile Delta: (a) MODIS (2001–2021), (b) Landsat
(1985–2021), (c) Sentinel-2 (2017–2021), and (d–f) detailed views of the city of Zagazig. Ancient river channels of the Nile are drawn
according to Pennington et al. (2017).

Table 1. Overview of investigated remote sensing datasets which were processed using the Google Earth Engine. Bands refer to
B = blue, G = green, R = red, NIR = near infrared, and SWIR = short-wave infrared. Multispectral indices and products are as follows:
NDVI = normalized difference vegetation index, NDWI = normalized difference water index, NDSI = normalized difference snow index,
NBR = normalized burn ratio, and LST = land surface temperature. Composites of each band, index, and product were generated using the
median operator; as such, a pixel shows the median value over the entire stack of all cloud-free acquisitions within the period of investigation.

Mission Resampled Bands Multispectral indices and Period of Number of
geometric products investigation images
resolution

(m)

MODIS 500 B, G, R, NIR1, NIR2, SWIR1, SWIR2 NDVI, NDWI, NBR, NDSI, LST January/February 1240
2001 to 2021

MODIS 500 B, G, R, NIR1, NIR2, SWIR1, SWIR2 NDVI, NDWI, NBR, NDSI, LST July/August 1363
2001 to 2021

Landsat 30 B, G, R, NIR, SWIR1, SWIR2 NDVI, NDWI, NBR, NDSI January/February 620
1985 to 2021

Landsat 30 B, G, R, NIR, SWIR1, SWIR2 NDVI, NDWI, NBR, NDSI July/August 1310
1985 to 2021

Sentinel-2 20 B, G, R, Red Edge 1, Red Edge 2, Red Edge 3, NDVI, NDWI, NBR, NDSI January/February 412
NIR, Red Edge 4, SWIR1, SWIR2 2017 to 2021

Sentinel-2 20 B, G, R, Red Edge 1, Red Edge 2, Red Edge 3, NDVI, NDWI, NBR, NDSI July/August 814
NIR, Red Edge 4, SWIR1, SWIR2 2017 to 2021

period is important to identify rather weak anomalies in the
1NDWI. Thus for now, the Landsat archive appears to be the
most useful and promising record for identifying 1NDWI
anomalies associated with surface and near-surface discon-
tinuities in soil properties. Taking this further, Fig. 3 shows

preliminary results from the continued mapping efforts. The
visual analysis of the Landsat 1NDWI revealed several addi-
tional linear and meandering anomalies, especially between
Damanhur and Tanta and in the surroundings of Zagazig.
Some of them correspond remarkably well with the general
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Figure 2. Comparison of 1NDWI anomalies of the Nile Delta: (a) MODIS (2001–2021), (b) Landsat (1985–2021), (c) Sentinel-2 (2017–
2021), and (d–f) detailed views of Geziret Sineita (Tell es-Sunayta) (see van den Brink, 1987). Ancient river channels of the Nile are drawn
according to Pennington et al. (2017).

Figure 3. Preliminary mapping results of 1NDWI anomalies in
the central Nile Delta based on Landsat imagery (1985–2021). An-
cient river channels of the Nile are drawn according to Pennington
et al. (2017).

flow directions and river routes indicated by Pennington et
al. (2017). These anomalies could therefore indicate former
courses of the Canopic Branch and Saitic Branch.

5 Conclusion

The increased number and availability of spaceborne remote
sensing records, their enhanced spatio-temporal resolution,

and latest cloud-based processing capacities open new op-
portunities to study the nature and dynamics of the land sur-
face on a local to global scale. This opens opportunities in the
field of geomorphology and geoarchaeology, e.g. in the con-
text of landscape archaeology. In the present contribution,
we highlight as an example the application of a freely avail-
able Google Earth Engine (GEE) tool to process cloud-free
composites for the Nile Delta using the archives of MODIS,
Landsat, and Sentinel-2. Following a preliminary approach,
seasonal differences in the NDWI were investigated and in-
terpreted in the context of buried palaeogeographical fea-
tures. Among the investigated data, the Landsat archive of-
fers the most promising record to identify spectral anoma-
lies related to surface and surficial discontinuities of soil and
land properties. Given the global availability of remote sens-
ing data from Sentinel-2, Landsat, and MODIS, as well as the
capacities that arise from the Google Earth Engine, a transfer
to other sites with similar environmental conditions (e.g. con-
tinuous rather that homogeneous land cover) seems certainly
feasible and of interest for future investigations.

Code and data availability. Data relating to this paper
are available from the corresponding authors upon reason-
able request. The Google Earth Engine code is available at
https://doi.org/10.5281/zenodo.7313130 (EricMoeller96, 2022).
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Abstract: Based on extensive investigations along the coast and in the coastal waters of NE Germany, a litho-
stratigraphic classification of the Holocene coastal deposits is presented. Their characteristics, i.e. the
lithofacies, reflect the spatial change in hydrodynamics, sediment supply, salinity, bioproduction, etc.
in the accumulation space. The displacement of the facies associated with the sea-level rise of the
Baltic Sea led to the formation of regularly occurring vertical depositional sequences. From these reg-
ular profiles, four lithostratigraphic formations and two subformations of the coastal deposits can be
delineated as approximately homogeneous sedimentary bodies, which are described in detail, defined
in terms of their spatial extent and classified with regard to the time of accumulation.

Kurzfassung: Auf der Grundlage umfangreicher Untersuchungen entlang der Küste und in den inneren
Küstengewässern NE-Deutschlands wird eine lithostratigraphische Gliederung der holozänen Küsten-
ablagerungen vorgestellt. Deren Merkmale, d.h. die Lithofazies, spiegeln den räumlichen Wandel der
Hydrodynamik, Sedimentzufuhr, Salinität, Bioproduktion, etc. im Akkumulationsraum wider. Die mit
dem Meeresspiegelanstieg der Ostsee einhergehende Verlagerung der Fazies führte zur Herausbildung
regelhaft auftretender vertikaler Depositionssequenzen. Aus diesen Regelprofilen lassen sich als an-
nähernd homogene Sedimentkörper vier lithostratigraphische Formationen und zwei Subformationen
des Küstenholozäns ausgliedern, die detailliert beschrieben, in ihrer räumlichen Ausdehnung definiert
und deren Akkumulation zeitlich eingestuft werden.

1 Introduction

Lithostratigraphy is the branch of stratigraphy that correlates
rock units exclusively on the basis of rock properties (lithofa-
cies) and their changes in space (within a sedimentation area)
and time (within the vertical profile). Any fossil content is
taken into account as a rock property. According to the strati-
graphic principle, the lithofacies of coastal sediments reflect
environmental conditions such as hydrodynamics, salinity

and bioproductivity in the accumulation areas and trace their
temporal changes and spatial displacements due to shoreline
shifts, which can be caused by an unbalanced sediment bud-
get but mainly by rising or falling sea levels (Kraft, 1978).

The basic unit in the lithostratigraphic hierarchy is the for-
mation, which is defined by its lithology, its internal het-
erogeneity/anisotropy and facies-change-related boundaries.
Since the properties of formations are identifiable with field
methods and because they can be traced in the landscape

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



250 R. Lampe: Lithostratigraphic formations of the coastal Holocene

without any additional stratigraphic information, they build
the primary mapping units in geological surveys (Ad-hoc-
Arbeitsgruppe Geologie, 2002). For land-use planning, con-
struction, mineral resource exploitation, water management,
and coastal and landscape conservation, it is important to
know the spatial distribution of geological and geotechni-
cal properties in the sub-ground. Maps of formations reflect
this information and mirror the distribution of the parameters
needed for planning purposes (Weerts et al., 2005).

According to Remane et al. (2005), a formation represents
a lithologically sufficiently homogeneous rock unit that can
be mapped on the ground surface or in the subsurface and
represented at a scale of at least 1 : 10000. Terrain morpho-
logical criteria can also be taken into account. The bound-
aries of the formation are determined by a distinct change
in lithological characteristics, which are usually diachronic
due to the spatial displacement of the sedimentation areas.
Formations can be grouped together on account of common
lithological features. It is also possible to separate subforma-
tions due to their specific characteristics.

This paper deals with the lithostratigraphic formations and
subformations of the coastal Holocene along the SW Baltic
shoreline in Mecklenburg-Vorpommern. Although the term
“coastal Holocene” is commonly used, no explicit definition
exists. Therefore, the following definition is here proposed:
the coastal Holocene comprises the subaqueous and subaerial
accumulations whose formation is determined by littoral pro-
cesses and brackish-marine environments. In the subaque-
ous part of the coast, those depositions are to be considered
which accumulated above a critical water depth where wind
waves cause sediment transport due to bottom contact. In the
subaerial part, all accumulations count as coastal Holocene
which formed directly under the influence of seawater or un-
der environmental conditions which are characteristic for the
proximity to the sea (wind regime, salt and sediment inputs,
flooding).

On the coast of Mecklenburg-Vorpommern, the critical
water depth is about 10 m (Ministerium für Landwirtschaft,
Umwelt und Verbraucherschutz Mecklenburg-Vorpommern,
2009). Since the Holocene global sea-level rise reached the
Baltic Sea basin around 8800 years ago, the water level has
risen by about 25 m (Niedermeyer et al., 2011). Therefore,
coastal Holocene sediments are also to be expected beyond
the current 10 m isobath. Although comprehensive seabed
data are available (Bundesamt für Seeschifffahrt und Hydro-
graphie, 2012, 2016), they only reflect the conditions close to
the ground surface. Since the sediments and their bounding
surfaces in the deeper sub-ground remain widely unknown,
such data are not sufficient for the definition of formations.
The explanations presented in this paper are therefore lim-
ited to the near-coastal area, which is comparatively better
explored (Fig. 1).

In the past, studies to subdivide the German coastal
Holocene lithostratigraphically were made only for the North
Sea coast of Lower Saxony (Brand et al., 1965; Sindowski,

1968; Barckhausen et al., 1977; Streif, 1979). The underly-
ing principles, however, are hardly transferable to the North
Frisian coast (Ahrendt, 2006) and not applicable to the Baltic
Sea coast due to different sediment layering. Further, the
studies mentioned do not include any aeolian accumula-
tions, which are important coastal landforms along the SW
Baltic region (Niedermeyer et al., 2011). For the coast of
Mecklenburg-Vorpommern a spatial representation of litho-
logically defined units was given by the Quaternary litho-
facies map 1 : 50000 LKQ50 (Cepek, 1999) produced in
the German Democratic Republic (GDR). As the map se-
ries was designed for the entire national territory, the coastal
Holocene as such is not shown separately but is integrated
into the Holocene horizon map and shown with signatures as
marine brackish, telmatic or aeolian accumulation and differ-
entiated as gravel, sand, silt and clay, marine or limnic mud,
fen peat, or aeolian sand.

Currently, the descriptions of lithostratigraphic units used
for geological maps in Germany are collected in a uni-
fied way. This posed the challenge to subdivide the coastal
Holocene into formal units that correspond to the crite-
ria of the lithostratigraphic lexicon LithoLex. LithoLex – a
joint project of the German Stratigraphic Commission and
the Federal Institute for Geosciences and Natural Resources
(DSK and BGR, 2021) – was initiated in 1999 as a collection
that records all defined lithostratigraphic units of Germany.
Since 2006 LithoLex has established a dynamic database
which is publicly accessible via the internet. It complements
the Stratigraphic Table of Germany 2016 (STD 2016) and
should provide descriptions of all units mentioned there, and
these are also the mapping units of the geological maps of
the state geological surveys.

The formations of the coastal Holocene on the SW Baltic
coast were defined and evaluated by the Subcommission on
Quaternary Stratigraphy for the first time in 2014. However,
the standard forms used in LithoLex allow only short descrip-
tions which need to be amplified and explained separately.

Therefore, the aim of the paper is

– to summarise the available lithological information by
defining homogeneous sedimentary units (formations),
describing their general lithological properties, their oc-
currence, boundaries, mean thickness and spatial inter-
relations;

– to relate the accumulation of these units to specific
phases of the regional Baltic sea-level development and
to show their genetic and chronostratigraphic correla-
tions;

– to contribute an exemplary solution within the efforts
for a comprehensive and uniform definition of lithostra-
tigraphic units in Germany (LithoLex) as a basis for fu-
ture geological maps.
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Figure 1. Occurrences of larger coherent areas of the coastal Holocene in Mecklenburg-Vorpommern (schematised), locations of the type
areas of the formations and subformations, and the sediment cores and photos used for their description. SB: Saaler Bodden; BB: Bodstedter
Bodden; G: Grabow; GJB: Großer Jasmunder Bodden; KJB: Kleiner Jasmunder Bodden; AW: Achterwasser; ND: Neudarß; W: Werder
islands and sandflat; Ge: Gellen and Gellenschaar; F: Fährinsel; B: Bessin and Bessinsche Schaar; P: Peenemünder Haken; Ba: Banneminer
Niederung.

2 Data sources and methods

The definitions and descriptions of the coastal formations of
the SW Baltic region rely mainly on data from investigations
which were conducted at the University of Greifswald dur-
ing the past decades, among them unpublished project re-
ports and diploma and PhD theses. They document more than
600 descriptions of on- and offshore sampled sediment cores
(sampled onshore mostly with motor-hammer-driven core
devices and offshore with shipborne vibrocorer or gravity
corers) and related lithological investigations (colour, grain
size distribution by sieving or with a laser particle sizer, con-
tent of organic matter as loss on ignition (LOI) at 550 ◦C, car-
bonate according to Scheibler or as the difference of LOI at
1100 ◦C and LOI at 550 ◦C, trace elements using X-ray fluo-
rescence spectroscopy (XRF), or inductively coupled plasma
(ICP), as well as macroscopically identifiable remains of or-
ganisms), which were used to derive the general lithology of
the coastal sediment bodies and to gain cross sections of the
coastal landforms. In some cases ground penetrating radar
(GPR) or sediment echo sounder records provide supplemen-
tary information regarding the spatial layering. Additionally,
for many samples or cores radiocarbon or optically stimu-
lated luminescence (OSL) datings and analyses of pollen, di-
atoms, molluscs or macro-remains are available which pro-

vide information about the deposition period, environmental
conditions, accumulation rates and human impact. Almost all
of these investigations were conducted to reconstruct the sea-
level development and/or the evolution of the coastal land-
scape.

From the lithological and topographical information con-
tained in these data, supplemented by the data documented in
the drilling data repository of the State Geological Survey of
Mecklenburg-Vorpommern, the general layering structure of
the coastal morphogenetic units, such as strandplain, coastal
mire, barrier, lagoonal infill, etc., is known, and from this a
useful classification into lithostratigraphical formations can
be derived. The characteristic of a formation is essentially
determined by its position in the accumulation space relative
to the shoreline. This position might be temporarily shifted
due to sea-level or sediment budget variations, and thus, the
formations as pure lithostratigraphic units can be linked to
chronostratigraphy to some extent.

3 Outline of the Holocene evolution

With few exceptions, the morphogenetic framework for the
development of today’s coastal landscape was formed during
the Weichselian Glacial. The sediment and relief legacy of
this glaciation determined the spatial distribution of the ele-
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vations and depressions of the ground surface, as well as the
type and volume of the sediment that built up the later coastal
landforms and is responsible for the development of re-
gionally predominant coastal types (Hurtig, 1957). After the
deglaciation of northern Germany about 14 500 years ago,
the present coastal area remained under terrestrial-limnic
conditions until the Atlantic (Kolp, 1976; Verse et al., 1998;
Schumacher and Bayerl, 1999). The precursors of the Baltic
Sea – the Baltic Ice Lake, the Yoldia Sea and the Ancylus
Lake – did not exceed a level of −18 m NHN (standard ele-
vation zero) according to present knowledge (Lemke, 1998;
Lampe et al., 2005); only sediments of local waters have
survived. Therefore, in today’s coastal area, deposits of the
coastal Holocene are always separated from those of the
terrestrial-limnic Late Pleistocene or Early Holocene by an
erosional unconformity.

The development of the coastal landscape started with the
Littorina transgression, i.e. the time when the postglacially
rising ocean flooded the connecting sounds between the
Baltic Sea and the Kattegat and entered the Baltic Sea basin
(Fig. 2). There are differing opinions about the exact time.
Rößler et al. (2011) give an age of 8 ka b2k (all ages are con-
verted to millennia before 2000 CE (ka b2k) and rounded)
for the onset of marine sedimentation in the Mecklenburg
Bay and 7.2 ka b2k for the Arkona Basin, while Andrén
et al. (2000) found an age of 7.8 ka b2k for the Bornholm
Basin. For today’s coastal areas, however, most researchers
describe marine sediments from as early as 8.8–8.0 ka b2k
(e.g. Kliewe and Janke, 1982; Berglund et al., 2005; Lampe
et al., 2010; Rosentau et al., 2021).

The further development of sea level is also interpreted
somewhat differently depending on the investigator. In gen-
eral, however, it can be divided into four phases, which
are characterised by different rates of rise and the forma-
tion of characteristic coastal landscape units (Niedermeyer
et al., 2011). Depending on the regional context and the dat-
ing methods used, the information on the time intervals of
the phases can vary by several hundred years; the following
information follows Lampe and Lampe (2021).

During the Littorina-1 Transgression (L1T; Fig. 2), ca.
8.8–7.5 ka b2k, a very rapid water-level rise occurred at a
rate of 6–9 mm a−1 on average; for more precise data, the
regionally varying isostatic movements of the coastal sec-
tions must be taken into account (Dietrich and Liebsch,
2000). The abrasion of the inundated land areas remained
relatively low, it can rather be assumed that the landscape
drowned (cf. Schwarzer et al., 2019). In the depressions of
the present-day lagoons (Bodden), which were protected by
surrounding Pleistocene uplands, mud accumulated rich in
shell hash. Over the Littorina-2 Transgression (L2T), ca. 7.5–
6.3 ka b2k with a gradual transition to the next phase, the
rate of rise decreased to about 1–2 mm a−1. This was associ-
ated regionally with an increase in abrasion and locally with
the filling of the near-shore submarine areas with shallow-
water sands. Towards the end of the phase, the first stable

coastal landforms emerged. The Post-Littorina Retardation
(PLR), ca. 6.3–1.2 ka b2k, was characterised by a largely sta-
ble sea level, but several decimetre-scale fluctuations were
found (Fig. 2). The phases of falling or at least stagnating
sea level coincide with known climate variations such as
the Homeric Minimum (ca. 2.9–2.6 ka b2k; Martin-Puertas
et al., 2012; Mayewski et al., 2004) and the Dark Age Cold
Period (ca. 1.6–1.2 ka b2k; Helama et al., 2017). The mean
rate of rise was about 0.2–0.4 mm a−1. During this phase,
coastal equilibration was largely completed, with the afore-
mentioned water-level fluctuations appearing as intervals of
varying shoreline progradation or retreat. The fourth phase
began at about 1.2 ka b2k, when the rate of rise increased
again with the onset of the Late Sub-Atlantic Transgression
(LSAT). Due to the interruption during the Little Ice Age
(LIA), which in Central Europe is mostly dated to 0.55–
0.15 ka b2k, the mean rate of rise for the entire period was
0.5–0.7 mm a−1 but reached 1.0–1.5 mm a−1 before and af-
ter the LIA (Fig. 2). Initially, the phase was characterised by
increased abrasion on the cliffs and an increase in shoreline
progradation along the coastal barriers. At the same time, ex-
tensive mires developed on the back-barrier sand flats and
on other low-exposure sections of the coast. After the end of
the LIA, erosive tendencies generally intensified. Currently
about 70 % of the formerly prograding coastline has a nega-
tive sediment balance (Schwarzer, 2003). An accelerated sea-
level rise will exacerbate this trend in the future.

4 Lithofacies of the coastal Holocene

Lithofacies differentiation is mainly determined by the posi-
tion of depositional areas in relation to sea level and shore-
line, hydrodynamic exposure, and sediment availability. As a
result of the transgression- or regression-related shifts in the
facies spaces, characteristic vertical sequences of lithofacial
units developed in the course of the coastal evolution which
can be defined as standard profiles.

For example, with the inundation of the pre-Littorina relief
gravelly or blocky residual sediments formed on elevated till
deposits, which were covered by marine-brackish shallow-
water sand and later by dunes or cover peat (Fig. 4: Barrier).
In contrast, basal organic sediments indicating ponding ac-
cumulated in the depressions of the relief shortly before the
arrival of the transgressing sea (Kliewe and Janke, 1978). Af-
ter inundation, they were covered by thin strata of shallow-
water sand (which can also be missing and is therefore not
shown in Figs. 3 and 4) and lagoonal mud after a sufficient
water depth was reached (Fig. 4: Lagoon). Where elongat-
ing spits evolved, the mud was overlain by shallow-water
and beach sand or pebbles, on which dunes of different gen-
erations could develop as the shoreline started to prograde
(Fig. 4: Barrier).

The depositional sequences (standard profiles) empirically
proven by sediment cores are marked by arrows in Fig. 3.
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Figure 2. Relative sea-level curve for the Fischland and northern Usedom coastal sections (see Fig. 1). L1T/L2T: Littorina-1/Littorina-2
Transgression; PLR: Post-Littorina Retardation; LSAT: Late Sub-Atlantic Transgression; for explanation see text. Due to different glacio-
isostatic movements, the curve is flatter north of Fischland and Usedom and steeper to the south (see Lampe et al., 2010). For the period
after 6 ka b2k, a curve derived from degraded peat layers in the coastal mires is additionally given, which better reflects the small-scale sea-
level fluctuations (after Lampe and Janke, 2004; modified). Dashed curve sections mark periods of sea-level fall as deduced from degraded
peat layers. The amplitude of the lowerings is not known. For a detailed description of the sea-level index points (slip) see the database in
Rosentau et al. (2021).

More specifically, however, the depicted sequences do not
have to be fully developed but can end before any facies
change. They form the framework in which the lithofacial
units (formations) are to be defined. Since for practical rea-
sons the number of formations should be kept as low as nec-
essary (Piller et al., 2003), the thin basal peats and the resid-
ual sediments are not kept as separate formations but are
added to the subsequent facies unit. In addition, the dunes of
different generations are combined into one unit. This results
in four formations:

1. basal peat or lag sediment and brackish lagoonal mud
(Greifswalder Bodden Formation),

2. basal peat or lag sediment and marine-brackish shallow-
water and beach sediment (sand, gravel, boulder)
(Karlshagen Formation),

3. aeolian sand (Prerow Formation),

4. cover peat and sediments of the coastal mires (Redentin
Formation).

4.1 Greifswalder Bodden Formation (GBF)

Lithologically, the GBF is predominantly characterised by
lagoonal mud (Schlick). Although Möbus (2000) designated
the formation as Mudde-Sequenz, it is recommended to use

the term Schlick to emphasise the distinction from Mudde
as a limnic sediment (Ad-hoc-Arbeitsgruppe Boden, 2005).
Different approaches to the definition of lagoonal mud can be
found in Kolp (1966), Lindner (1972), Schlungbaum (1979),
Leipe (1986), and Lampe and Meyer (1995). In the revision
of the “Definitions of Geogenetic Term of the Geological
Mapping Guide” (AG Geologie, 2021), mud is described in
general terms, GeolKAID 323, and again under the term la-
goonal deposits, GeolKAID 29, in a narrower sense to denote
fine-grained basin sediments.

The muddy sediments of the GBF consist mainly of silt
(40 %–95 % dry weight) with variable admixtures of fine
sand and to a lesser extent also clay, as well as organic
matter between 5 % and 30 % dry weight. Within the in-
dividual lagoons, the composition is relatively uniform due
to intensive wind-driven resuspension. In contrast, there are
clear differences when comparing different lagoons, which
are mainly due to hydrographic conditions such as water
exchange with the Baltic Sea, river input, land use in the
catchment area, bioproductivity and resuspension conditions
(Lampe and Meyer, 1995). Lagoons having a high water ex-
change with the Baltic Sea (outer lagoons: Greifswalder Bod-
den, Großer Jasmunder Bodden, Grabow; Fig. 1) show lower
concentrations of organic matter and higher proportions of
fine sand.
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Figure 3. Sediment and facies sequences in the coastal Holocene of
Mecklenburg-Vorpommern, empirically proven by sediment cores.
The sequences do not have to be completely developed but can end
at each facies change. Transitions marked with broken lines occur
only rarely. Note that the vertical sequence of facies units is not
necessarily equivalent to the temporal sequence.

Below a brownish oxidised surface layer a few millimetres
thick (which may also be absent at times of oxygen deficit),
the colour of the mud is black or olive-black due to the forma-
tion of iron–sulfur compounds. Characteristic is the intensive
smell of H2S. The FeSx × nH2O content may reach more
than 7.5 % dry weight (Neumann et al., 2005). The forma-
tion can be traced into the lower sections of the coastal rivers
where it interlocks with peat and gyttja of the river flood-
plains. The Greifswalder Bodden as the largest water body
of the Western Pomeranian lagoons has been best studied
sedimentologically and stratigraphically (Kolp, 1976; Leipe,
1986; Verse, 2001) and represents the type area of the forma-
tion.

The lower boundary of the formation represents the trans-
gression surface of the Littorina Sea (Verse et al., 1998) dur-
ing L1T (Fig. 2). Its age depends on the time of flooding, and
it varies in its character depending on the exposure, sediment
and morphology of the flooded area. As a result of the sea-
level rise, at first the development of shallow paludification
mires (Versumpfungsmoor) started in the coastal lowlands
(this refers to the term Basistorf as defined by Lange and
Menke, 1967; detailed descriptions can be found in Kliewe
and Janke, 1978; Strahl, 1997; Verse et al., 1999). These
basal peats (see Figs. 3 and 4) mark the upper limit of the sea
level at the time of their growth, and, if reliably dated, they
can be used as sea-level indicators (sea-level index points,
slip; see Figs. 2 and S2 in the Supplement). For the indica-

tive meaning of sea-level indicators, methodological limita-
tions and uncertainties the reader is referred to the literature,
e.g. Dörfler et al. (2009), Hijma et al. (2015), and Khan et
al. (2019).

The transgression contact representing the transition from
the terrestrial to the marine environment is formed as a
change from this peat to a sandy and peaty mud or as an in-
terbedding of these sediments (Janke and Kliewe, 1990). As
an erosive reworking horizon, it is usually less suitable for
dating. In accordance with the landward shift of the facies,
marine shallow-water sand follows on top (Fig. 7). Due to
the fast sea-level rise and the resulting rapid increase in the
landward distance of the accumulation area, the sandy de-
posits generally have a low thickness and may even be miss-
ing. In hydrodynamically more exposed areas, an abrupt sed-
iment change can be observed, where superficially eroded
glaciogenic or fluviolimnic sediments of the Pleistocene or
Early Holocene are followed by the typical lagoonal mud.
Such a transition corresponds to an erosive ravinement sur-
face (Verse et al., 1998) and – if till is the underlying sed-
iment – might be accompanied by the formation of coarse-
grained lag sediments (Figs. 3, 4 and S3). According to the
little available 14C data, the hiatus associated with the change
from terrestrial-telmatic to marine-brackish conditions can
cover a period of several hundred to more than a thousand
years (see also Kliewe and Janke, 1978).

In the central areas of the basins, lagoonal mud accumula-
tion began with a thin layer that still contains little amounts of
shell hash of marine species. Above this, a several-decimetre-
thick section with a high concentration of mollusc shells is
generally observed. The detritus of mainly Cerastoderma,
Mytilus and Hydrobia shells can reach up to 50 % of the sedi-
ment mass (molluscan shell breccia, sensu Kolp, 1976). This
shell accumulation marks the phase of maximum inundation,
greatest land distance and lowest sediment input and is an ex-
pression of a sediment deficit in which relatively little clas-
tic material reached the accumulation area (Figs. 5, S3). The
extent to which a trophic favouring of the zoobenthos took
place during this period has not yet been investigated. The
massive shell hash accumulation in the Greifswalder Bodden
began around 7.1 ka b2k (Poz#2-91310) and ended around
5 ka b2k (Poz#2-91309, possible reservoir effect not included
in either case). In the Oder Lagoon, Borówka et al. (2005)
rank the marine-influenced section between 7.1 ka b2k (Gd-
16027) and ca. 5 ka b2k by estimate. Age estimates can also
be derived from pollen analyses of cores from other lagoons.
They show that in the sediment columns, the pollen zones VII
(late Atlantic) and especially VIII (Sub-Boreal, according to
Franz Firbas) are characterised by low mass accumulation
rates (Schumacher et al., 1998). Temporally, this largely co-
incides with the PLR (Fig. 2).

A noticeable growth of the spit and barrier system started
about 5 kyr ago and increasingly separated the lagoons from
the Baltic (Reimann et al., 2011; Lampe and Lampe, 2021).
During this phase, which lasted until about 2 ka b2k, mud ac-
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Figure 4. Schematised cross section (not to scale) through the SW Baltic coast illustrating the main coastal landforms, their typical vertical
sediment sequences (including the formations and subformations as described in this synthesis), and the lateral sediment interlocking, also
with sediments, not belonging to the coastal Holocene. Note that not all possible depositional sequences (see Fig. 3) are shown.

cumulation in the lagoons increased relative to the deposition
of shell hash. Storm-wave-induced resuspension and subse-
quent re-sedimentation of the uppermost sediment layer led
to the separation of mud and hash and thus to the formation
of numerous tempestite layers (Verse, 2001; Fig. S4).

For the period 2.1–0.75 ka b2k, another strong increase in
the mass accumulation rate is documented for the lagoons.
The onset of the LSAT (Fig. 2) and the related shoreline
erosion, an increased separation from the Baltic Sea, and
advancing deforestation in the catchment area can be as-
sumed as causes, but the relative significance remains un-
clear (Schumacher et al., 1998). As the dating of the period
is based on pollen data, the above timing does not necessar-
ily represent the interval of increased accumulation; it merely
gives the limits within which the rate was calculated.

The mollusc fauna reconstructed from the shell hash sug-
gests several salinity changes. Although marine-brackish
conditions developed rapidly with the flooding, the salinity
maximum appears to be offset by several hundred years due
to the backwater of the rivers. Characteristically, large and
thick shells of mainly Cerastoderma glaucum, Scrobicularia
plana and Mytilus edulis appear then. Littorina littorea – as
it prefers to colonise harder ground – is rarely found in the
mud probably due to redeposition.

With the ongoing isolation of the lagoons from the sea
and the increasing importance of river discharge in the wa-

ter exchange, the species spectrum adapted to the respective
salinity. In the lagoon Kleines Haff, the accumulation of mud
containing shells of marine species in appreciable quanti-
ties ended at about 4 ka b2k, in the Saaler Bodden at about
2 ka b2k and in the Großer Jasmunder Bodden (for locations
see Fig. 1) at about 1 ka b2k (Schumacher et al., 1998; ages
are derived from pollen data and can be several hundred years
higher than calibrated 14C ages of corresponding samples,
uncorrected for a reservoir effect). In contrast, due to the in-
tensive water exchange with the Baltic, the salinity develop-
ment in the Greifswalder Bodden rather reflects that in the
Pomeranian Bay (Fig. 1). So far, two special regional events
can be inferred from diatom analyses: the local maximum
salinity with 12–14 PSU lasted until about 4 ka b2k, then de-
creased to 10–12 PSU and dropped to the current level of 7–
8 PSU between 1.6 and 1.3 ka b2k (Janke, unpublished). In-
creased salinity over shorter periods in recent times (e.g. be-
tween 1.8 and 0.8 ka b2k in the Kleiner Jasmunder Bodden;
Fig. 1, Lampe et al., 2002) is possibly related to temporary
modifications in the water exchange with the Baltic Sea. The
last occurrence of the species Scrobicularia plana, typical
for Littorina-age sediments and indicating salinities≥ 8 PSU
(Frenzel, 2006) or ≥ 10 PSU (Jaeckel, 1952), is dated to
1.8 ka b2k in the Greifswalder Bodden (Poz#2-91305, not in-
cluding a reservoir effect). In the coastal section of the river
Ryck, which flows into the Greifswalder Bodden (Fig. 1),
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Figure 5. Composite photo of the 5.9 m long sediment core GB95-2 from the northern Greifswalder Bodden, water depth 8.2 m; for the
position see Fig. 1. Above late glacial/Early Holocene sediments (sand, peat, calcareous mud, peat), the lower boundary of the Greifswalder
Bodden Formation is situated within the upper peat at the transition from a terrestrialisation mire (Verlandungsmoor) to a paludification mire
(Versumpfungsmoor). Above marine sand in shallow-water facies (which is mostly of low thickness or missing) lagoonal mud (Schlick) with
numerous shells (molluscan shell breccia, sensu Kolp, 1976) follows, forming storm surge layers (tempestites) towards the top. Due to the
sampling method, the uppermost ca. 0.3 m of the core is missing (photo: Reinhard Lampe, 1995).

S. plana is recorded up to the middle of pollen zone IXa
(Janke, unpublished), which corresponds to an age of ca. 2.0–
1.8 ka.

The youngest mud strata, about 300–500 years old, are
nearly free of mollusc remains, which indicates a consider-
able deterioration of the living conditions. The occurrence
of Mya arenaria in the lagoons with a higher salinity is re-
stricted to sandier sediments in the transition to the Karls-
hagen Formation. An age of ≤ 0.5 ka is usually assumed for
this species being introduced from North America. Its first
occurrence in the Greifswalder Bodden was dated to about
0.7± 0.07 ka b2k by Behrends et al. (2005) based on amino
acid racemisation. However, probably due to temperature ef-
fects, this age may be too high. As another neozoon, Dreis-
sena polymorpha has populated the inner lagoons with the

lowest salinity (Saaler Bodden, Kleines Haff) since about
200 years ago (Gruszka, 1999).

Particularly characteristic is the increase in concentration
of organic matter, phosphorus and the metals Zn, Pb and Cu
in the uppermost decimetres of the sediment column, which,
according to Leipe et al. (1998), began with the industrial and
agricultural development in the catchment around 1850 CE
(cf. Borówka et al., 2005). Although this increase varies in
the individual lagoons depending on the river water input, it
is detectable in all of them (Fig. 6). In the highly eutrophic
waters of the Kleines Haff and the Saaler Bodden (Fig. 6a, b),
which belong to the inner lagoons and are both strongly in-
fluenced by the rivers Oder and Recknitz, chalk contents of
about 20 % and 10 % on average, respectively, are also char-
acteristic and are based on summer calcite precipitation as
a result of photosynthesis of the phytoplankton. This anthro-
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Figure 6. Concentrations of selected elements in short sediment
cores from the Kleines Haff (a, sample interval 1 cm, based on
Leipe et al., 1998), the Saaler Bodden, Bodstedter Bodden and the
Grabow (b, c, d; sample interval 10 cm, the P and Zn contents are
normalised to the Al concentration; TOC= total organic carbon;
based on Hensel et al., 2006). For the positions of the cores see
Fig. 1.

pogenically modified layer (Hensel et al., 2006) can comprise
the uppermost 10 to > 100 cm, depending on the sedimenta-
tion rate and redistribution intensity; an average of 20 cm is
to be expected.

The GBF forms the surface of the coastal Holocene in the
mud-filled central areas of the lagoons. The mean thickness
is probably about 3 m, and the maximum thickness known so
far is 9 m (Kleiner Jasmunder Bodden). Only the older part of
the formation is found under the coastal barriers. Here, due
to the distance of the depocentre from the shoreline and the
compaction due to the overburden, the characteristic black,
mollusc-rich mud is mostly found below−8 m NHN. In shel-
tered areas or in the coastal sections of the rivers, the forma-
tion is somewhat more complete and may already be present
at −1 to −3 m NHN (Janke and Kliewe, 1990). When cov-
ered by littoral shallow-water sand, the upper boundary of the
GBF is indistinctly marked by an alternating bedding of sand
and mud, which represents the transition to the Karlshagen
Formation. The age of the upper boundary is diachronic and
ranges from the beginning of the progradational coastal de-
velopment to the present.

It has to be noted that the marine mud of the much deeper
Baltic Sea basins differs significantly from the lagoonal mud
in terms of grain size distribution, fossil content, concentra-
tion of organic matter and trace elements and is not repre-
sented by the GBF.

4.2 Karlshagen Formation (KF)

During the phase of rapid sea-level rise, a large part of the
material eroded from the uplands reached the seaward edge
of the coastal zone comparatively quickly. Thus, it was not

available for long-shore transport or only available with a
time lag. Under these conditions, neither an equilibrium pro-
file normal to the coast could develop nor could a significant
shoreline adjustment parallel to the coast take place. As a re-
sult, the moraine landscape with its uplands and depressions
developed into an archipelago with deficient sedimentation
in the inundated basins (see GBF). With the declining sea-
level rise rate in the L2T (Fig. 2) the volume of coastal long-
shore transport started to grow. The material eroded from the
active cliffs and the still unbalanced foreshore areas was in-
creasingly transported parallel to the coast and accumulated
where the shoreline turned landward and the coastal long-
shore transport led into deeper water (Hoffmann and Lampe,
2007; Lampe and Lampe, 2021). Wide, sandy shallow-water
accumulations with subaerial spits growing into the basins
developed (Figs. 7, S5 and S6). At the same time, the fill-
ing of the basins intensified due to increased supply of silty
material transported beyond the shallow-water areas.

These shallow-water and beach sediments form the Karls-
hagen Formation (KF; Obere Sandfolge according to Möbus,
2000). They consist predominantly of grey, silty fine and
medium sands in varying mixtures. Coarse sands, gravels
and pebbles are, with exceptions, bound to (formerly) sub-
aerial beach ridges and berms. In general, the transition from
subaqueous to subaerially deposited sand is gradual. Grain
coarsening tendencies towards the ground surface (coarsen-
ing upward) are regularly observed, as well as from the back-
barrier to the front-barrier area (Kliewe, 1960; Hoffmann and
Barnasch, 2005; Hoffmann et al., 2005). Channel and over-
wash formations lead to local variations (Fig. 7). The sub-
aquatic sands contain small amounts of shell hash. Plant re-
mains occur regularly. Occasionally, they are concentrated
in platy detritus layers and should not be confused with thin
peat strata, which would be recognisable from a rooting hori-
zon below.

The diachronous lower boundary of the formation is
marked by the transition to glaciogenic sediments of the
Pleistocene or fluviolimnic sediments of the Early Holocene,
which often show a fossil soil or a basal peat on top. If the
KF is underlain by the GBF, the lower boundary is indistinct
due to alternating bedding of sand and mud at the transition.
So far, only a few absolute dates are available for the Banne-
miner Niederung/Usedom (Fig. 1), where the sands of the KF
have a maximum OSL age of 6530± 470 years (Lampe and
Lampe, 2021). Thus, the age of the lower boundary extends
from the end of the L2T to the present at sites where spits and
related foreshore and sandflat sediments (e.g. Bessin with the
Bessinsche Schaar/Hiddensee, Gellen/Hiddensee with Gel-
lenschaar, Zingst with the Werder sandflat; Figs. 1 and 7) ac-
cumulate over non-marine late glacial/Early Holocene sedi-
ments or muds of the GBF or where strandplains prograde
over marine sands of the Baltic Sea (Peenemünder Hak-
en/Usedom, Neudarß; Fig. 1). The distinction from the latter,
which are mostly marine redeposited sands of glaciofluvial
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Figure 7. Sandflat east of the Zingst peninsula (Z) with the islands
Großer Werder (GW), Kleiner Werder (KW) and Bock (B) and in
the background the southern tip of Hiddensee with Gellenschaar
(Ge) and Rügen (R); M marks the mainland (see Fig. 1 for the po-
sition of the image section). The sandflat and the bases of the is-
lands are made up of shallow-water sand up to 4 m thick and the is-
lands of prograding beach ridges. Between them overwash deposits
(O) are recognisable. All deposits belong to the Karlshagen Forma-
tion. Dunes (D) of the Prerow Formation are deposited on the sea-
ward beach ridges of the Zingst peninsula (photo: Reinhard Lampe,
2007).

or glaciolacustrine origin, is problematic because the grain
size spectrum and fossil content are very similar.

On the barriers of the Vorpommern coast, the average
thickness of the KF is about 8 m; the maximum thickness
observed so far amounts to 15 m. In the drilling data reposi-
tory of the Geological Survey of Mecklenburg-Vorpommern
even higher values are found, also in Kliewe (1960), but the
marine origin of the sands described there seems uncertain.
Lithofacially, the thin beach deposits in front of the cliffs,
which border the barriers and represent their main sediment
source, also belong to the KF (Fig. S7). The thickness of
these sediments hardly exceeds 1–1.5 m on average.

As a special feature, the Prora Subformation (PSF) is dif-
ferentiated. It is characterised by beach ridges consisting pre-
dominantly of pebbles. At the type location on the barrier
Schmale Heide/Rügen, the beach ridges with a thickness of
up to 4 m and a height of up to 2.5 m NHN consist of approx-
imately 95 % flint pebbles and cobbles, which probably orig-
inated from a glaciofluvial concentration in a neighbouring
shoal (Fig. 8). In the north of the barrier, they overlie a peat
layer of the Redentin Formation, which yielded a 14C age of
4.4 ka b2k (Hoffmann, 2004), but for morphological reasons
a somewhat older age must be assumed for the oldest ridges.
Similar beach ridge formations, consisting mainly of flint,
exist on Schaabe/Rügen and on the Fährinsel near Hiddensee
(Fig. 1).

For consistency reasons, all pebble and cobble beaches are
combined in the PSF and together with the sandy beaches

Figure 8. Aerial view of the Schmale Heide/Rügen spit from the
northwest, with the towns of Prora and Binz in the background (see
Fig. 1 for the position of the image section). The marine and beach
sands forming the spit, including the sands of the adjoining fore-
shore areas in the Baltic and the lagoon, belong to the Karlshagen
Formation. The light-coloured beach ridges in the image centre con-
sist mainly of flint pebbles (Prora Subformation). The dunes adjoin-
ing the Baltic Sea (to the left in the image), covered with forest, be-
long to the Prerow Formation. On the right two bays of the Kleiner
Jasmunder Bodden are recognisable. The peat of their reed belts
belongs to the Redentin Formation (photo: Reinhard Lampe, 2007).

assigned to the KF. Likewise, the coastal sand migration
zone, i.e. the foreshore with its sand bars, belongs to the KF
(Figs. S8 and S9). The offshore residual sediment zone is to
be regarded as the seaward boundary, where the shoreward
sand transport separates from the seaward transport of finer
material (Pratje, 1948; Kolp, 1966). However, such a resid-
ual sediment zone is clearly pronounced only where sedi-
ments with a wider grain size spectrum, e.g. till, are eroded
and depleted of fine particles. In the case of a purely sandy
foreshore, delineation is difficult. The upper boundary of the
formation is either equal to the ground surface or coincides
with the lower boundary of the dune sands of the Prerow For-
mation or the lower boundary of the coastal mires of the Re-
dentin Formation.

4.3 Prerow Formation (PF)

The PF comprises exclusively aeolian sediments. Most of
the sediments are dunes that rest on underlying beach ridges
belonging to the KF (Figs. 3 and 4). They consist mainly
of well to very well sorted, non-calcareous fine to medium
sands. The transition from the beach ridges to the overlying
drift sand is usually gradual, especially if the beach sand is
well sorted. Otherwise, the absence of coarse sand, gravel
and mollusc detritus is a useful criterion to distinguish them
from the beach sediment.

Usually, all sandy beach ridges, which are no longer re-
shaped by annual storm floods, have a drift sand cover and
are raised to a greater or lesser extent. Dunes form from them
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Figure 9. Brown dune of the Prerow Formation with pronounced
iron–humus podsol in Neudarß (for the position see Fig. 1; photo:
Reinhard Lampe, 1995).

where sand is delivered from the beach for a sufficiently long
time and is subsequently fixed by vegetation. With a prograd-
ing shoreline due to a positive sand balance or a falling sea
level, a new beach ridge forms in front of the dune within a
few decades. This increasingly focuses the sand input on a
new foredune, whereby the older dune successively becomes
inactive and finally covered by forest.

Keilhack (1912) gave a comprehensive description and
first subdivision of the beach ridges and the coastal dunes
on top of them, using the Świna Gate between the islands
of Usedom and Wolin as an example (see also Reimann et
al., 2011). According to the occurrence of typical soil hori-
zons and their colour, he distinguished between brown dunes
with iron–humus podzols (Bhs/Bs horizon; Fig. 9), yellow
dunes with humus podzols (Bh/Bsh horizons) and white
dunes (syrozems with O/Ai/Ah horizons) and concluded that
their age decreased in this order. Janke (1971) separated the
grey dunes with a distinct Ah horizon (regosols; see Ad-
hoc-Arbeitsgruppe Boden, 2005) from the white dunes and
placed them between the yellow and white dunes in terms of
age.

First attempts to date the dune generations are based on
14C data from swale peats (Prusinkiewicz and Noryskiewicz,
1966) between the dunes of the Świna Gate (see Fig. 1). The
results, however, are to be regarded as minimum ages. Reli-
able absolute chronological data can only be obtained with
the OSL method. So far, the oldest ages (6.6± 0.4 ka b2k)
within the KF have been found at the dunes of the Świna
Gate (Reimann et al., 2011) and fall into the L2T phase with
clearly decreasing water-level rise. Thereafter, the formation
of dunes remains closely linked to the sediment budget of the
coastal section. Rapid progradation of the shoreline is cou-
pled with the formation of relatively numerous beach ridges
with low dunes on top, while slow or no progradation results
in fewer beach ridges covered by higher dunes (Lampe and

Lampe, 2018). The grey dunes formed during the LIA. In
contrast to the uniform, linear walls of the other dune gener-
ations, they have an irregular, hummocky and elevated relief
with heights of up to 15 m. Fossil soils, lidar surveys and
OSL dating show that grey dunes often dispersed, develop-
ing individual barchanoid forms and transgressed over older,
lower linear dunes (Lampe and Lampe, 2021). Janke (1971)
attributes the development of this dune type, which can be
found on all SW Baltic strandplains, to the destruction of the
vegetation cover by humans and to the special climatic condi-
tions of the LIA. Today, they are mostly stabilised by forests,
but in some cases they are still active (Fig. S10).

Cliff-top dunes also belong to the aeolian landforms of the
coastal area. They form where cliffs predominantly consist
of non-cohesive, sandy sediments, which are blown out by
landward-directed winds and deposited behind the upper cliff
edge (Fig. S11). Like the cliff itself, they erode and shift land-
ward with the retreat of the cliff’s edge. Thus, cliff-top dunes
are subject to a constant recycling process and are always
relatively young accumulations. Although the mechanism of
development is different from that of strandplain dunes, the
lithological differences, such as the smaller grain size and a
chalk content of 2 %–3 % (Kliewe, 1973), are not striking. It
seems therefore appropriate to include the cliff-top dunes in
the PF. If necessary, their special position can be taken into
account by defining a subformation.

The lower boundary of the PF at the transition to the un-
derlying KF can be very gradual and indistinct but can be
estimated by its position relative to the sea level. For the cliff-
top dunes, the lower boundary is clearly marked by the soil
of the sub-ground over which the dune migrated. The average
thickness of the KF is difficult to determine due to the unsta-
ble relief but is probably around 2 m; the maximum thickness
is around 15 m in the transgressive grey dunes of the LIA. In
the case of the cliff-top dunes, a maximum thickness of 25 m
(which can no longer be verified) was observed at Streckels-
berg/Usedom (Wernicke, 1930); here, too, the mean thick-
ness is probably in the range of a few metres. The upper limit
of the formation is always equal to the ground surface.

4.4 Redentin Formation (RF)

In sheltered areas of the inner lagoons and in the lower
reaches of the coastal rivers, siliciclastic sedimentation was
not yet possible during the phases L1T and L2T of the sea-
level rise. With the onset of inundation, lagoonal mud accu-
mulated under marine influence (GBF), while gyttja predom-
inantly deposited in fluvially affected sections. In places, the
backwater into the river valleys temporarily led to the devel-
opment of lake-like waters in the lower reaches, in which cal-
careous fine detritus gyttja accumulated, e.g. in the Recknitz
valley (Succow, 2001). After the end of the rapid rise, Phrag-
mites peat accumulation prevailed in the river valley mires
(Flusstalmoore), in which the decreasing influence of seawa-
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ter is accompanied by a decreasing sulfur content (Kliewe
and Janke, 1978; Janke, 1978; Succow, 2001).

At the transition of the valleys into the lagoons, the river
valley mires interlock with the coastal mires, which are usu-
ally only shallow and continuously influenced by brack-
ish water. In small sheltered depressions their accumula-
tion started at about 7 ka b2k, while the largest increase in
area is linked to the LSAT, which began at about 1.2 ka b2k
(Fig. 2). This new transgression led to a widespread rise of
the groundwater table, to ponding in the lowlands surround-
ing the lagoons and to the development of coastal terrestri-
alisation mires (Küstenverlandungsmoore; Slobodda, 1989;
Fig. S12). Unlike in inland reed beds, however, the growth
zone of the Phragmites reed along the lagoon shores is con-
fined in the vertical to a small interval of ±0.2 m around
mean sea level (Krisch, 1978; Slobodda, 1989). Because of
this close relationship, only a rising sea level can lead to an
aggradation in the coastal mires dominated by Phragmites,
while even a slight lowering may lead to desiccation, min-
eralisation and associated peat shrinkage. This results in a
highly decomposed peat (Fen or Mulm according to the Ger-
man classification), which is characterised by the absence of
macroscopically recognisable plant remains and by a con-
spicuously dark colour (Schwarze Schicht; Fig. S13). Where
thicker peat strata accumulated in sheltered depressions, two
and in one case even three black layers within the uppermost
1.5 m have been detected (Lampe and Janke, 2004). Paly-
nostratigraphically and chronostratigraphically, these layers
were assigned to cooler climatic phases, which apparently
were associated with sea-level recession or retardation (see
Fig. 2). The conspicuous and typically formed uppermost
black layer is designated as the Karrendorf Subformation
(KSF; Fig. 10). The phenomenon probably corresponds to
the Humus-Dwog horizon in the marsh soils of the North Sea
coast (Behre, 1986; Scheder et al., 2018), but comparative
studies are still lacking.

In some areas, a further type of peatland occurs in the form
of coastal flood mires (Küstenüberflutungsmoore; Fig. S14).
Phenologically it differs from the coastal terrestrialisation
mires, which are characterised by reed beds, by the domi-
nance of grassland communities, and morphologically by a
higher position above the mean water level and sedimento-
logically by the occurrence of flooding silt (Überflutungss-
chlick), which is characterised by a higher content of min-
eral matter. Typically, the content of organic matter varies
between 20 % and 30 % (Antorf), but locally up to 80 % has
been observed. Phragmites largely recedes as peat-forming
vegetation; radicells of rushes (above all Juncus gerardii) and
grasses are predominantly observed as the main peat former,
but sedges occur too. Jeschke and Lange (1992) described
this sediment, which is characteristic of coastal mires used
as pastures or meadows, as saltmarsh peat; on the geological
map GK25 it is designated as flooding silt. The flooding silt
layer reaches thicknesses of 2 to 4 dm and typically occurs
above the KSF.

Figure 10. Between underlying Phragmites peat and overlying salt-
marsh peat, which together form the Redentin Formation, the Kar-
rendorf Subformation is recognisable as a black layer of heavily de-
graded peat. Shore of the Karrendorfer Wiesen near Greifswald dur-
ing low water (for the position see Fig. 1; photo: Reinhard Lampe,
2003).

According to Jeschke and Lange (1992), the development
of the sequence black layer with covering saltmarsh peat
(flooding silt) is the result of the coincidence of a sea-level
fluctuation and a land-use change. Hence, the regression at
the transition from the Medieval Climate Anomaly (MCA)
to the LIA led to the development of the black layer as a
result of the desiccation and oxidation of the peat that had
developed during the previous phase of rising sea level. Sub-
sequently, the use of the desiccated reed belt areas as mow-
ing meadows and cattle pastures, which began in the 13th
century, promoted the establishment of saltmarsh vegetation
and prevented a potentially renewed growth of Phragmites
reeds during the subsequent phase of sea-level rise. The com-
paction of the substrate by cattle trampling and the produc-
tion of H2S promoted by the saltwater influence ensured that
the grass roots were inhibited from decomposing. In combi-
nation with the more frequent flooding during the LIA and
the resulting increase in clastic sediment input, this led to the
saltmarsh growing up to 60 cm above the mean water level.
The saltmarsh peat (flooding silt) accumulation should there-
fore be regarded as an anthropo-zoogenic formation.

Lampe and Janke (2004) have shown that flooding silt al-
ready occurred in earlier phases of coastal mire evolution.
In such cases, too, it was the successor sediment of a black
layer (see Fig. 2) but, like the latter, not as typically formed
as the deposits built in the MCA and in the LIA. Mostly, it
is merely silty peat. Information about the mean content of
mineral matter is not meaningful for detection, as the values
vary greatly depending on the (palaeo-)exposure. However,
the deviation becomes clear in comparison to the under- and
overlain strata, and this may be used as an indicator.

In areas not affected by dyking, drainage or land use
change the flooding silt accumulated in the LIA is followed
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by a shallow saltmarsh peat as the uppermost layer, which
has a much higher organic content than the saltmarsh peat
below (Fig. S15). This transition to an increased accumula-
tion of organic matter is probably caused both by a reduced
sediment input from the lagoons and a decreased removal
of above-ground biomass of the mire through mowing and
grazing. The extent to which this also reflects an accelerated
sea-level rise is currently still open.

The RF includes two types of peatlands: coastal terrestri-
alisation mires and coastal flood mires. Lithologically, they
consist of moderately to highly decomposed reed, sedge and
saltmarsh peats with a variable content of mineral matter (An-
torf, Halbtorf or Volltorf), as well as moderately to strongly
degraded peat (Fen or Mulm) and flooding silt (Überflu-
tungsschlick), the latter both being restricted to the upper sec-
tion of the depositional sequence. Towards the shore, increas-
ingly silty and fine sandy admixtures occur in the peat. Espe-
cially in the immediate shoreline area, wide, shallow sandy
embankments can sit on top of the mires and can be inter-
preted as beach ridges.

The coastal mires rarely reach a thickness of more than
1.5 m, in many areas considerably less. Due to drainage mea-
sures and the associated subsidence and oxidation, the mires
are severely degraded, especially in the back-barrier areas.
Only in the lower reaches of rivers and creeks have thick-
nesses of up to 4 m been observed locally (Niederes Fis-
chland; Lampe et al., 2010; Redentin/Groß Strömkendorf;
Lampe et al., 2005; coastal sections of the rivers Recknitz;
Peene and Uecker, Janke, 1978; Endtmann, 2006; Michaelis
and Joosten, 2009). In the back-barrier areas, the formation
overlies the KF, which defines the lower boundary of the RF.
On the mainland side of the lagoons, the RF is underlain by
Pleistocene sands and till, mostly of the Mecklenburg Forma-
tion or Pommern Formation. The upper boundary is usually
defined by the ground surface, but in rare cases older parts
of the RF may be overlain by sediments of the KF and PF.
In sheltered bays and river valleys, the RF interlocks with
river valley mires (Fig. 4), which are difficult to differentiate.
Apart from vegetation remains or foraminifera indicating the
influence of brackish water, a higher sulfur content is a pos-
sible indicator for the coastal Holocene.

5 Summary and final remarks

The four lithostratigraphic formations and two subformations
described above represent all Holocene littoral deposits ac-
cumulated in the near-coastal SW Baltic realm since the re-
gion was reached by the Littorina transgression. The Greifs-
walder Bodden Formation started at first to accumulate, is
dominated by fine-grained mud and includes underlying thin
transgression contact deposits like basal peat or lag sedi-
ment. It mainly represents calm-water conditions, but tem-
pestite layers mark occasional erosion and redeposition dur-
ing storm floods.

The Karlshagen Formation started to accumulate not ear-
lier than about 7 kyr ago when the rate of the sea-level
rise declined. Sandy shallow-water accumulations with sub-
aerial spits evolved and developed into prograding beach-
ridge plains. The Prora Subformation as part of the Karls-
hagen Formation comprises all accumulations that are par-
ticularly coarse (pebble to boulder). All sediments reflect the
effects of waves and currents.

Many beach ridges of the Karlshagen Formation and the
Prora Subformation are covered by wind-driven sand. The
Prerow Formation comprises exclusively these aeolian de-
posits, including the cliff-top dunes. The formation started to
develop somewhat later than the Karlshagen Formation, as it
needs dry, subaerial sand accumulations to form dunes.

The Redentin Formation is dominated by organic deposits
as Phragmites peat or saltmarsh peat. In a few sheltered ar-
eas it started to accumulate somewhat after the Greifswalder
Bodden Formation, which it may overlie. The formation has
the widest distribution on the low-lying coastal belt of the
mainland and on the back-barrier areas of the coastal barri-
ers. Here, the accumulation started mainly about 1.2 kyr ago
with the onset of the Late Sub-Atlantic Transgression. The
Karrendorf Subformation is a layer of degraded peat, which
developed shortly before the Little Ice Age due to a falling
sea level. Except for the Karrrendorf Subformation, all for-
mations are still in development.

The lithostratigraphic units are defined in a way that they
are easy to recognise in the field from sediment cores and
without any methods, which are not usually available in field
surveys. However, it was not intended to test the suitabil-
ity of the defined formations for mapping. Mapping is the
task of the competent State Geological Survey, and thus,
the usefulness and applicability can only be assessed within
the survey’s mapping practice. With the mapping experience
gained, it might become necessary to revise and adjust the
subdivision of the units and their definitions.

The formations as described above are well backed by the
results of many investigations of the coastal barriers, the la-
goons and the near-coastal offshore area of Mecklenburg-
Vorpommern. Since the environmental conditions and the
related facial characteristics increasingly diverge because of
the growing extent of an accumulation area, the validity of a
formation’s definition is spatially limited. For neighbouring
regions, the definitions can not be adopted without reserva-
tion and must be verified in each case. For instance, different
remains of organisms or ages of accumulation must be ex-
pected even over shorter distances in the SW Baltic region,
as the environmental conditions vary greatly. Also, lithofa-
cially deviating characteristics are anticipated for lagoonal
sediments and coastal mires elsewhere, which may require a
more comprehensive characterisation of the existing forma-
tions in the future. Practicable solutions also need to be found
to separate the set of coastal formations from inland forma-
tions, especially in areas of valleys and lowlands, and from
marine formations of the open sea.
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Abstract: Large Pleistocene ice sheets have produced glacial structures both at and below the surface in northern
Europe. Some of the largest and most erosive structures are so-called tunnel valleys (TVs): large and
deep channels (typically up to 5 km wide and up to 400 m deep, with lengths up to 100 km), which
formed below ice sheets. Although the subject of many studies, the details of their formation and
fill are still not well understood. Here, we present an update on the distribution of TVs in the south-
eastern North Sea between Amrum and Heligoland based on a very dense grid of high-resolution 2D
multi-channel reflection seismic data (400 m line spacing). The known tunnel valleys (TV1–TV3) in
that area can now be traced in greater detail and further westwards, which results in an increased
resolution and coverage of their distribution. Additionally, we were able to identify an even deeper
and older tunnel valley, TV0, whose orientation parallels the thrust direction of the Heligoland Glaci-
tectonic Complex (HGC). This observation implies a formation of TV0 before the HGC during an
early-Elsterian or pre-Elsterian ice advance. For the first time, we acquired high-resolution longitu-
dinal seismic profiles following the thalweg of known TVs. These longitudinal profiles offer clear
indications of an incision during high-pressure bank-full conditions. The fill indicates sedimentation
in an early high-energy environment for the lower part and a subsequent low-energy environment for
the upper part. Our results demonstrate that a very dense profile spacing is required to decipher the
complex incisions of TVs during multiple ice advances in a specific region. We also demonstrate that
the time- and cost-effective acquisition of high-resolution 2D reflection seismic data holds the poten-
tial to further our understanding of the incision and filling mechanisms as well as of the distribution,
complexity and incision depths of TVs in different geological settings.

Kurzfassung: Große pleistozäne Eisschilde haben in Nordeuropa glaziale Strukturen sowohl an der Oberfläche als
auch unter der Oberfläche hinterlassen. Einige der größten und erosivsten Strukturen sind sogenannte
Tunneltäler (TV); große und tiefe Rinnen (typischerweise bis zu 5 km breit, bis zu 400 m tief,
mit einer Länge von bis zu 100 km), die sich unter Eisschilden gebildet haben. Die Bedingungen
ihrer Entstehung und Verfüllung sind jedoch noch immer nicht genau verstanden. Hier zeigen wir
eine Erweiterung der Verteilung von Tunneltälern in der südöstlichen Nordsee zwischen Amrum
und Helgoland auf der Grundlage eines sehr dichten Netzes von hochauflösenden 2D-Mehrkanal-
Reflexionsseismikdaten (400 m Profilabstand). Die bekannten Tunneltäler (TV1–TV3) in diesem Ge-
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biet können nun detaillierter und weiter westlich verfolgt werden, was zu einer erhöhten Auflösung
und Abdeckung ihrer Verteilung führt. Darüber hinaus konnten wir ein tieferes und älteres Tunneltal
TV0 identifizieren, dessen Ausrichtung parallel zur Schubrichtung des Helgoland Glazialtektonischen
Komplex (HGC) verläuft. Diese Beobachtung deutet auf eine Entstehung von TV0 vor dem HGC
während eines früh- oder vor-elsterzeitlichen Eisvorstoßes hin. Zum ersten Mal haben wir hochau-
flösende seismische Profile genau entlang des Verlaufs der bekannten Tunneltäler aufgenommen.
Diese Längsprofile liefern eindeutige Hinweise auf einen Einschnitt unter hohen Drücken. Die Fül-
lung deutet auf eine Sedimentation während einer frühen hochenergetischen Phase für den unteren
Teil und einer nachfolgenden niederenergetischen Phase für den oberen Teil hin. Unsere Ergebnisse
zeigen, dass ein sehr dichter Profilabstand erforderlich ist, um die komplexen Einschnitte von Tun-
neltälern während mehrerer Eisvorstöße in einer ausgewählten Region zu entschlüsseln. Wir zeigen
auch, dass die zeit- und kosteneffiziente Erfassung von hochauflösenden 2D-reflexionsseismischen
Daten das Potenzial hat, unser Verständnis für die Erosions- und Füllmechanismen sowie für die
Verteilung, Komplexität und Einschnitttiefen von Tunneltälern in verschiedenen geologischen Umge-
bungen zu verbessern.

1 Introduction

Extensive seismic studies have shown a high abundance of
subglacially produced channels – so-called tunnel valleys
(TVs) – in many regions of the North Sea (Fig. 1; Huuse and
Lykke-Andersen, 2000; Lonergan et al., 2006; Kristensen et
al., 2007; Lutz et al., 2009; Andersen et al., 2012; Hepp et al.,
2012; Stewart et al., 2013; Lohrberg et al., 2020; Kirkham et
al., 2021). TVs typically have widths of 1 to 5 km, incision
depths of up to 400 m and lengths of up to 100 km (van der
Vegt et al., 2012). Widths of up to 10 km and depths of up
to 500 m have been observed locally in the North Sea (Otte-
sen et al., 2020). In the German sector of the North Sea in
particular, Lutz et al. (2009) reported lengths of up to 60 km,
widths of up to 8 km and depths of up to 400 m. Most of these
TVs are now filled with sediments and often buried beneath
a drape of glacial and interglacial deposits. The evaluation
of their distribution with respect to different subsoil condi-
tions may provide details on their incision process assuming
that glacial conditions may have been comparable for larger
regions of the North Sea. Constraints on the maximum in-
cision depth and widths of TVs are needed to evaluate the
long-term stability and safety of subsurface storage sites in
formerly glaciated terrain due to the potential of direct hy-
draulic connections to otherwise sealed systems as a conse-
quence of erosion and subsequent filling. Considering that
glaciations of similar magnitude to those of the Pleistocene
are likely to occur in the future (Loutre and Berger, 2000),
this factor has increased in significance during the site selec-
tion process for radioactive waste. This is due to the fact that
radioactive waste has half-lives of millions of years, such that
German legislation requires safe storage for at least 1 million
years.

Many stages of advancing and retreating ice sheets are
known from the Pleistocene and correlated with the so-called
marine isotope stages (MISs) derived from the analysis of ice

Figure 1. Location of the study area and distribution of tunnel val-
leys (TVs) in the North Sea and adjacent countries (adapted from
Lohrberg et al., 2020).

and sediment cores all over the globe. Using the MISs, the
remnants of glacially produced structures were used to cor-
relate the cover of ice sheets in different regions during dif-
ferent stages of glaciations. In particular, the Scandinavian
Ice Sheet (SIS) advanced into the North Sea during MIS 2
(Weichsel), MIS 6–8 (Saale), MIS 10 (Elster) and possibly
MIS 16 (Cromer) (Ehlers, 1990; Ehlers et al., 2011; Batche-
lor et al., 2019). Only the latest glaciation during MIS 2 did
not result in the full coverage of the North Sea as evidence for
Weichselian ice sheets is missing in the southeastern North
Sea (Batchelor et al., 2019).
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Based on 3D seismic data, several authors showed that
TVs often cross-cut and that they exist in different strati-
graphic levels, such that a sequence of their formation can
be derived (Kristensen et al., 2007, 2008; Stewart and Lon-
ergan, 2011; Kirkham et al., 2021). In fact, Stewart and Lon-
ergan (2011) were able to show that the formation of all TVs
in their study area in the central North Sea can be correlated
with at least seven phases of ice advance-and-retreat cycles
in different directions. These results imply that TVs tend to
form in multiple phases during a number of ice advances. As
a consequence, a clear attribution of single TVs to the max-
imum extents of the three major ice advances in the North
Sea (i.e. Elster, Saale and Weichsel) is not feasible. Instead,
the occurrence of different phases of TVs likely represents a
multitude of different ice advances and ice lobes in a specific
area (Kehew et al., 1999).

The multitude of extensive 3D and high-resolution 2D
seismic data provided good detail on the distribution of TVs
in the North Sea (Huuse and Lykke-Andersen, 2000; Kris-
tensen et al., 2007; Lutz et al., 2009; Stewart et al., 2013;
Ottesen et al., 2020). Yet, this distribution has wide blank
spots where costly 3D seismic data are not available and
where 2D seismic data were acquired with a focus on po-
tentially hydrocarbon-bearing structures hundreds of metres
deeper than Pleistocene sediments. Extensive high-resolution
2D seismic studies using dense profile spacing of 800 m
or less were able to show that a high-density 2D approach
is well suited to assessing buried TVs (Hepp et al., 2012;
Lohrberg et al., 2020). Here, we provide an update of the tun-
nel valley distribution between Amrum and Heligoland in the
southeastern North Sea (Lohrberg et al., 2020; Fig. 2a). For
the first time, we have acquired longitudinal seismic profiles
following the thalweg of known TVs to image their fill over
several kilometres in high resolution and to evaluate existing
hypotheses for the incision and filling mechanism.

2 Materials and methods

We acquired 2D reflection seismic data to image subsurface
structures and landforms from 0 to 800 ms two-way travel
time (approximately 600 m) beneath the seafloor between
Amrum and Heligoland in the southeastern North Sea. Dur-
ing cruise AL496 with R/V Alkor in July 2017, we acquired a
total of 1058 km of 2D high-resolution multi-channel reflec-
tion seismic data in a closely spaced 2D grid covering ap-
proximately 800 km2 with a mean profile spacing of 800 m.
During cruise MSM98/2 with R/V Maria S. Merian in Febru-
ary 2021, we acquired an additional 1600 km of 2D high-
resolution multi-channel reflection seismic data filling the
gaps of the previous survey (AL496) to achieve a combined
line spacing of approx. 400 m and to extend the data set west-
wards. Based on earlier results (Lohrberg et al., 2020), we
were able to plan selected survey lines precisely along the

Figure 2. Overview of the study area. (a) Detailed distribution of
large tunnel valleys (TVs) in the study area in the form of a depth
grid based on all available high-resolution 2D reflection seismic
profiles (with the sea level as depth reference). The limits of the
Heligoland Glacitectonic Complex (HGC) are plotted for reference,
where the arrows indicate the thrust direction towards the northwest
(Winsemann et al., 2020; Lohrberg et al., 2022). (b) Depth profiles
for the base of TV1–TV3 inferred from longitudinal seismic pro-
files following the thalweg of the TVs. Note that the depth profile
for TV0 has been generated from the updated tunnel valley grid as
it was unknown during data acquisition.

thalweg of known TVs to produce longitudinal seismic pro-
files.

The acquisition setup and data processing were highly
similar for both surveys, and details are described in
Lohrberg et al. (2020, 2022). We used a sound velocity of
1600 m s−1 for the depth conversion for lack of a detailed
velocity model, and depths are provided in reference to the
water level. The frequencies used to image the subsurface
range between 70 and 1000 Hz with the main frequency
around 300 Hz, which results in a vertical resolution in the
metre range for the upper tens of metres below the seafloor,

https://doi.org/10.5194/egqsj-71-267-2022 E&G Quaternary Sci. J., 71, 267–274, 2022



270 A. Lohrberg et al.: Tunnel valleys in the southeastern North Sea: more data, more complexity

whereas the resolution decreases with increasing penetration
due to the absorption of high frequencies.

The fully processed seismic sections were loaded into
IHS Markit Kingdom software (2018) for interpretation. The
Kingdom software was used to trace the horizons and the
morphology of the subsurface landforms. The horizons were
then exported for interpolation and plotting using the Generic
Mapping Tools (GMT) open-source software.

3 Results

We updated our previous results for the distribution of TVs
for the study area (Lohrberg et al., 2020) using the newly ac-
quired data, which resulted in an updated map (Fig. 2a). Due
to the increased profile density, we were able to close gaps
that previously led to an ambiguous tracing of the TVs. Al-
though similar to the results of Lohrberg et al. (2020), the
updated map allows for the tracing of previously identified
TV1, TV2 and TV3 in greater detail and approx. 10 km far-
ther towards the west. Based on the updated map, we are con-
fident that we imaged the westward continuation of TV1 in
the northwest of the study area (Fig. 2a). Furthermore, TV2
can now be traced along its thalweg over 17 km and TV3 can
now be traced along 22 km (Fig. 2b). Owing to the increased
profile density, we were able to identify a new tunnel valley,
TV0, which lies in a deeper stratigraphic level than TV1–
TV3. The average depth of its thalweg is around 250 m, and
the thalweg shows minor undulation. The fill of TV0 shows
less stratification, yet it can be separated into a lower and an
upper part in some profiles, despite strongly undulating re-
flectors in its upper part. Its flanks show more gentle slopes
than the flanks of TV1–TV3, and both its beginning and its
end have been crossed and eroded by other TVs. In contrast
to TV1–TV3, TV0 does not show clear “shoulders” at its top,
and its orientation differs. TV0 is oriented in a SE–NW di-
rection and therefore parallels the identified thrust direction
of the Heligoland Glacitectonic Complex (HGC) towards the
northwest postulated in that area (Fig. 2; Winsemann et al.,
2020; Lohrberg et al., 2022).

For the first time, we were able to generate high-resolution
seismic profiles oriented along the thalweg of TVs by plan-
ning profiles based on earlier results (Lohrberg et al., 2020).
Figure 3a shows a typical transverse profile of TV2 in which
the TV infill can be delineated into two parts based on its
acoustic properties (TV2f1 and TV2f2). Figure 3b and c dis-
play longitudinal profiles following TV2’s thalweg, in which
we traced the base of the two fills (TV2e1 and TV2e2). From
Fig. 3b and c it is evident that TV2’s thalweg (TV2e1) sig-
nificantly undulates along the profile. The depth profiles for
the thalwegs of TV1–TV3 are shown in Fig. 2b for com-
parison, and Table 1 provides basic values for the incision
depth with respect to sea level. Based on our data, it is clear
that TV2 incised through Miocene and late Paleogene strata
while overcoming significant barriers of over 75 m height dif-

Table 1. Basic values for the incision depth of the largest TVs in
the study area with respect to sea level.

Minimum Mean Maximum
depth (m) depth (m) depth (m)

TV0 161 226 288
TV1 73 271 372
TV2 75 162 297
TV3 110 237 301

ference during incision (Fig. 3b and c). Part A of the longi-
tudinal profile following TV2 (Fig. 3b) shows increased un-
dulation and partly very deep incision of the thalweg. The
dip of the thalweg parallels the dip of the underlying strata
in limited areas with frequent deeper incisions on several oc-
casions (Fig. 3b and c). The base of the upper fill (TV2f2)
follows this trend and undulates more strongly in areas of
deeper incision (Fig. 3b). Part B further towards the west of
the study area shows slightly less undulation of the thalweg
and an almost flat base of the upper fill (TV2f2; Fig. 3c). Nei-
ther TV2f1 nor TV2f2 shows a distinct stratigraphic pattern,
except for a faint layering, which follows TV2e2. Exclud-
ing the undulation of the thalweg (TV2e1), the mean incision
depth of TV2 is close to 160 m over the whole course of the
TV, despite a significant dip of the underlying strata towards
the west (Fig. 3b and c).

4 Discussion and conclusions

Different incision mechanisms have been described for TVs,
and there has long been a debate about whether the in-
cision could be explained with fluvial erosion (Donovan,
1972; Salomonsen, 1995; Sørensen and Michelsen, 1995)
or whether pressurized subglacial erosion is the more likely
mechanism (Jentzsch, 1884; Kuster and Meyer, 1979; Pi-
otrowski, 1994). Our high-resolution longitudinal profiles
along a single-incision TV show that the incision has over-
come significant morphological highs of over 75 m over a
500 m distance, which is a significant gradient when com-
pared to earlier studies by Stewart et al. (2013), who showed
a maximum gradient of approx. 100 m over a 1 km distance.
These large gradients are impossible to reconcile with a
gravity-driven fluvial erosion, as any water flow would stag-
nate at either of the morphological barriers (Ó Cofaigh, 1996;
van der Vegt et al., 2012). Therefore, we conclude that fluvial
erosion is not the primary process that led to the formation
of the TVs in our study area. Instead, we conclude and con-
firm interpretations that bank-full pressurized drainage be-
neath an ice sheet was responsible for their formation (Pi-
otrowski, 1994; Huuse and Lykke-Andersen, 2000) as bank-
full conditions would be capable of overflowing such barri-
ers. High hydraulic heads beneath kilometre-thick ice sheets
in combination with abrasion at their base provided a high
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Figure 3. Seismic sections showing transverse and longitudinal profiles of a tunnel valley (TV2). The location of the profiles is indicated in
Fig. 2a. (a) Typical transverse profile imaging TV2 perpendicular to its thalweg. (b) Part A and (c) Part B of a longitudinal profile following
the thalweg of TV2 known from earlier results. (d) Transverse profile imaging TV0 and TV3 perpendicular to their thalweg. Turns of the
ship needed to follow the TV introduce a slight decrease into the imaging quality and are marked in the figure. TV#e# refers to the respective
erosional base of the respective upper or lower fill of the TV denoted as TV#f#, where # denotes a number.

https://doi.org/10.5194/egqsj-71-267-2022 E&G Quaternary Sci. J., 71, 267–274, 2022



272 A. Lohrberg et al.: Tunnel valleys in the southeastern North Sea: more data, more complexity

efficiency for the erosion of the underlying strata. Based on
the morphology of the thalweg and on the lower fill of the
TVs alone, we are unable to answer whether the incision fol-
lowed a “catastrophic” or rather a longer-term “steady-state”
erosion process. Yet, the strongly undulating thalweg and
barriers can be seen as strong indications of different stages
of catastrophic erosion during different cycles of glacier re-
treat and advance, which would directly control the melt-
water pressures at the base. Because of these observations,
we consider a catastrophic meltwater outburst scenario more
likely than steady-state erosion of the thalweg.

Following their incision, most TVs of the North Sea have
been filled. Contrary to our expectation, we do not observe
patterns that are a diagnostic for specific sedimentary pro-
cesses in the fill of the TVs along their thalweg, except for
a segmentation into an upper part with increased stratifica-
tion and a lower part with decreased or absent stratifica-
tion (TV2f1, TV2f2; Fig. 3b and c). In particular, we do not
observe clinoforms or other structures postulated before as
a diagnostic for the process of “backfilling” (Praeg, 1996),
which refers to the near-simultaneous up-ice-directed melt-
water erosion and deposition of the soil during ice sheet re-
treat. Rather the increased stratification in the fill’s upper part
(TV2f2) indicates a contemporaneous filling of the valley in
a low-energy environment, possibly paralleling water level
rise during melting ice sheets (Piotrowski, 1994; Huuse and
Lykke-Andersen, 2000; Stewart et al., 2012; van der Vegt
et al., 2012). Considering the decreased stratification in the
lower part of the fill (TV2f1), we consider it likely that the
early/lower fill of the TVs was deposited in a high-energy en-
vironment, which explains larger and less sorted grain sizes,
such as coarse sands, gravels and boulders, being often ob-
served in drilling campaigns in northern Germany (Hepp et
al., 2012). The absence of glaciotectonic deformation along
the thalweg precludes the sedimentation of TV2f1 and TV2f2
during the ice advance (van der Vegt et al., 2012). Conse-
quently, we see evidence only for the hypothesis of filling
during ice retreat in a glaciomarine or glaciolacustrine envi-
ronment.

Owing to the increased density of seismic profiles, we
were able to identify the hitherto unknown deep tunnel valley
TV0. Likely due to a subsequent overriding ice sheet, TV0’s
shoulders were eroded, and only its middle and lower parts
are preserved. Yet, its NW–SE orientation can be clearly de-
rived from the data. This orientation parallels the thrust di-
rection postulated for the HGC (Winsemann et al., 2020;
Lohrberg et al., 2022). Combining its deeper stratigraphic
location with thrusts occurring stratigraphically higher/later
than the top of TV0, it seems likely that its incision dates
back to the same ice lobe responsible for the formation of the
HGC or is older (Fig. 2a). The clear separation from TV1–
TV3, both in depth and in orientation, also indicates a sub-
stantial time between the formation of TV0 and TV1–TV3 as
observed for other TVs in the North Sea (Stewart and Loner-
gan, 2011). These observations further strengthen the conclu-

Figure 4. Reconstruction of MIS 16 ice sheets for the Northern
Hemisphere (adapted from Batchelor et al., 2019).

sion that an early-Elsterian or pre-Elsterian ice lobe reached
the study area from the southeast (Winsemann et al., 2020;
Lohrberg et al., 2022). Consequently, these chronospatial re-
lationships indicate that TV0 may reflect this early-Elsterian
or pre-Elsterian ice advance into the southeastern North Sea.
Considering recent modelling results for global ice sheets
(Fig. 4; Batchelor et al., 2019), we hypothesize that TV0
may be a relic of the Cromer glaciation (MIS 16). These
considerations show that the distributions and the depth of
TVs are major factors when trying to attribute their forma-
tion to specific glaciations in specific regions. Furthermore,
the anomalous fill of TVs dictates that detailed knowledge
of their distribution and depth as well as sedimentological
composition is critical for offshore operations, such as con-
struction sites for wind turbines or infrastructure for carbon
capture and storage (CCS).

It is relevant to understand the mechanisms of erosion and
filling of TVs to understand their impact on the subsurface
during future glaciations. In particular, the maximum inci-
sion depth of TVs is the most important number for radioac-
tive waste repositories, as a potential storage location needs
to be protected from erosion during climate extremes in the
upcoming 1 Myr. To find this number, as many TVs as possi-
ble have to be examined for their incision depth. Our exam-
ples are representative of a large area of the North Sea where
TVs have incised Neogene sands and clays, thereby provid-
ing an estimate of the maximum incision depth in Cenozoic
sediments.

Equally important is the distribution of TVs as their fill
may act as aquifers and thus lead to hydraulic connections
between otherwise isolated aquifers in greater depths (BUR-
VAL Working Group, 2009). Our results show that a very
dense profile spacing and high resolution of reflection seis-
mic data are essential to decipher the complexity and dis-
tribution of TVs for a specific region. In this regard, the
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possibility of acquiring such data in the marine realm is
unmatched by land-based measurements. Therefore, marine
seismic surveys offer a unique opportunity to increase our
understanding of the formation, filling and distribution pat-
tern of TVs. This opportunity should be further exploited to
answer open questions, such as a potential spatial correlation
of TVs with widespread salt tectonics, and to improve our
understanding of these highly erosive features to ensure the
long-term protection of radioactive waste repositories.
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