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Abstract 

The Erdmannshöhle is located at the NE margin of the Dinkelberg plateau in SW Germany. With a length of 2315 m, it 
is the longest cave in the deep open karst area near the village of Hasel. Three main cave levels developed in mod‑
erately SW-dipping, thinly bedded and fractured limestones of the Upper Muschelkalk (Triassic). The youngest cave 
level containing the cave stream is still active. Eighteen samples for U/Th dating were taken from the oldest and the 
intermediate cave levels. At the oldest cave level, the ages range from 162 to 110 ka, indicating speleothem growth 
starting in the middle Beringen Glaciation and terminating at the end of the Eem Interglacial. At the intermediate 
cave level, the ages range from 100 to 12 ka, i.e. early Birrfeld Glaciation to Younger Dryas Stadial. The age dating 
shows that speleothem growth did not cease completely during long periods of harsh climate conditions during the 
Beringen and Birrfeld glaciations and that permafrost terminating speleogenesis and speleothem growth was thus 
probably established only temporarily over relatively short periods. A conceptual model for the Middle Pleistocene to 
Holocene development of the Erdmannshöhle is presented within the framework of modern Quaternary lithostratig‑
raphy. This model facilitates a first correlation of the cave evolution with the Middle to Late Pleistocene depositional 
record in the Möhlinerfeld, which is a key area for modern Quaternary lithostratigraphy in Switzerland and Southern 
Germany. Thus, speleological and Quaternary research, both based on a regional scale data compilation, comple‑
ment one another with respect to the timing of events and the landscape evolution during the Quaternary and Late 
Neogene.
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1  Introduction
Caves are an almost perfect archive for the conservation 
of information concerning archaeology, palaeontology, 
hydrology, climate, tectonics and palaeoseismology. The 
main reason is that if a cave passage becomes inactive, 
cave sediments are protected against erosion and weath-
ering for several thousands and up to millions of years. 
For decades, this favourable circumstance has allowed for 
the reconstruction of early human history by archaeolog-
ical excavations, research on fossil remains by palaeon-
tologists to reconstruct Pleistocene fauna (Schmidt et al. 

2001), palynological investigations by botanists to recon-
struct vegetation history (Quinif 2006), and more recent 
palaeo-climate research based on stable isotope analyses 
and various proxies in speleothems (Fairchild and Baker 
2012). Additionally, neotectonic and speleoseismological 
research has been conducted to analyse tectonic displace-
ments and earthquake-induced cave damage (Lemeille 
et al. 1999; Lignier and Desmet 2002). Based on progress 
in absolute age dating using the well-established radio-
carbon and U/Th methods in addition to modern age 
dating methods with cosmogenic nuclides, it is now pos-
sible to accurately date a wide range of organic remains 
and sediments. These methods facilitate a correlation 
with Pleistocene deposits, in particular the glaciofluvial 
terraces in the large river valleys that form the base for 
the Pleistocene lithostratigraphy (Keller and Krayss 2010, 
Preusser et al. 2011).
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The Erdmannshöhle near Hasel at the NE margin of the 
Dinkelberg plateau, SW Germany, was discovered in 1754 
while quarrying for Muschelkalk limestone. It has been a 
commercial cave since 1773, making it the second-oldest 
commercial cave in Germany (Siegener 1994). With a 
length of 2315 m (Siegener 1994), it is the longest cave in 
the Dinkelberg plateau. Over the last decades, new cave 
passages were discovered, and the cave was mapped by a 
local group of speleologists and geologically investigated 
in detail as part of a diploma thesis (Piepjohn 1987). A 
model for the evolution of the Erdmannshöhle was devel-
oped based on cave levels and allochthonous clastic cave 
deposits (Piepjohn 1987, 1995a; Piepjohn et  al. 2005). 
However, without any absolute age datings, the age con-
straints were based solely on the links of the cave levels 
and the assumed ages of Pleistocene terraces in the Hasel 
valley.

In the following, we attempt to more precisely cap-
ture the formation and depositional history of the Erd-
mannshöhle in terms of absolute age and stratigraphy 
and present a detailed description of the cave evolution 
under regional constraints. This allows for the correlation 
of cave levels and cave deposits of the Erdmannshöhle 
with the terrace deposits in the Hochrhein valley, which 
is a key area for Pleistocene stratigraphy in Switzerland 
and Southern Germany (Penck and Brückner 1901-09, 
Hantke 1978-1983, Graf 2009). Finally, the potential of 
cave levels and cave sediments for Pleistocene stratigra-
phy is outlined.

2 � Geological setting of the cave
2.1 � Stratigraphy and tectonics
The Erdmannshöhle in SW Germany (Fig.  1) is located 
in a block-faulted area at the NE corner of the Dinkel-
berg plateau about 25  km NE of Basle. An overview of 
the area’s stratigraphy is given in Table  1, starting with 
the crystalline basement rocks of the Black Forest, which 
are exposed at a distance of about 1000 m to the NE of 
the Erdmannshöhle (Fig. 1). Small remnants of Permian 
and Triassic red beds together with carbonates of the 
Lower and Middle Muschelkalk are exposed in the block-
faulted area at the transition to the crystalline basement 
of the Black Forest (Lutz 1964; Piepjohn 1987). Mid-
dle Muschelkalk is also exposed in a small strip along 
the western slopes of the Hasel and Tunnelbach valleys 
(Fig. 1). Carbonates of the Upper Muschelkalk are most 
widespread on the surface, consisting predominantly of 
limestones at the base (Trochitenkalk), limestones with 
some marly intercalations at mid-section (Plattenkalk) 
and dolomites at the top (Trigonodus-Dolomit) (Table 1). 
They are covered by Keuper shales, marls and dolomites 
in a small graben to the NE (Fig. 1).

Close to the Erdmannshöhle gravel deposits are com-
mon (Fig. 1) and form terraces that are generally attrib-
uted to the Riss Glaciation (High Terrace) and the Würm 
Glaciation (Low Terrace) (Table 1) based on their degrees 
of weathering and topographic elevation (Lutz 1964, Pie-
pjohn 1987, 1995b). Their ages are not constrained by 
absolute age dating. The base of the High Terrace E of the 
Hasel valley decreases from 440 m (a.s.l.) at Hummelberg 
in the N to 385 m W of Wehr in the S, and W of the Hasel 
valley from 430 m in the N to 395 m in the S (Fig. 2). The 
base of the Low Terrace decreases from 420 m N of Hasel 
to 380  m at the interface between the Tunnelbach and 
Hasel valleys in the S (Piepjohn 1995a) (Figs. 1, 2).

The area is characterized by N-S to NW–SE striking 
normal faults that show vertical offsets up to 50 m (Lutz 
1964; Piepjohn 1987). The tectonically deepest section 
is reached in a small graben E of the Erdmannshöhle in 
front of the block-faulted transition zone to the crystal-
line basement of the Black Forest (Fig. 1). The layer dip 
is subhorizontal to a maximum of 10° to the W or SW in 
most parts of the area.

2.2 � Karst environment
West of the fault following the Entengraben, the Tunnel-
bach valley and the Hasel valley the Muschelkalk forms 
a shallow open karst area with numerous dolines and 
streamless valleys on top of the relatively impermeable 
Middle Muschelkalk (Fig. 1). Several springs on top of the 
Middle Muschelkalk along the western slope of the Tun-
nelbach valley and the southern end of the Entengraben 
drain parts of the perched karst aquifer of the Dinkelberg 
plateau in the W (Fig. 1). These springs are all above the 
local drainage channel of the Hasel river.

The strip largely defined by the aforementioned fault 
and the western border fault of the small graben in the 
NE defines an open deep karst area with the relatively 
impermeable Middle Muschelkalk beds underneath. 
Dolines are numerous, as are collapse sinkholes in areas 
covered by Pleistocene gravels. Streamless valleys are 
the lower Wilsbach valley and the Entengraben. This 
area contains the Erdmannshöhle, the Pfarrhaushöhle 
in Hasel village and the Untere Wehrer Brunnenhöhle 
NW of Wehr (Fig.  1). The deep karst is fed by several 
ponors where the whole surface stream, or at least parts 
of it, disappear into the subsurface. Most important is the 
Schammernbach ponor in the NNW, which has recently 
been the most important feeder for the Erdmannshöhle 
cave stream (Figs. 1, 2). Further ponors are located in the 
Hasel valley, W of the Hummelberg and in the Wilsbach 
valley (Fig. 1). Based on tracer tests the subsurface flow 
paths between the different ponors and the resurgences 
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Table 1  Stratigraphic overview for  the  region of  the  Erdmannshöhle and  comparison of  the  Pleistocene stratigraphic 
units used in Switzerland (used in this publication), Baden-Württemberg and Bavaria
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Fig. 2  Diagrammatic N-S profile along the Hasel valley with the altitudes of the base of the High and Low Terrace, the position of caves 
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along the eastern Hasel valley W of Wehr could be 
detected. They are indicated by dashed lines in Fig.  1 
(Piepjohn 1995a).

In the area occupied by the small graben in the NE, 
Upper Muschelkalk is covered by Keuper deposits, 
mainly shales, sandstones and thin dolomite beds. Noth-
ing is known about the buried deep karst in this area.

3 � The cave
3.1 � Cave morphology and levels
The Erdmannshöhle developed along stratification cre-
vasses in flat-lying, up to 10° W to SW dipping limestone, 
and along steep, NNW-SSE striking dominant joints 
(Piepjohn 1987) (Fig. 3). The control of fractures on the 
development of passages is clearly visible in the cave map, 
particularly for the Langer Gang, Verbindungsgang and 
the Oberer Bachgang with their long straight passages 
(Fig.  3). These passages follow 165°–175° striking, sub-
vertical fractures (Piepjohn 1987), which drain the cave 
towards the S and SSE. The passage cross-sections are 
frequently box-shaped with flat ceilings and almost ver-
tical side walls. This is common in thinly-bedded lime-
stones in subcutaneous caves with a coverage from a few 
metres up to a few tens of metres (Filipponi 2003; Piep-
john et al. 2005; White 2005). Elliptical cross-sections are 
rarely seen, and, in connection with a canyon (“keyhole 
profile”), only developed in the Verbindungsgang and the 
Kapelle (Fig. 3). Cave collapse in the thinly-bedded lime-
stones probably obliterated some of the initially elliptical 
cross-sections of cave passages. Besides the horizontal 
passages, shafts and dome pits of moderate dimensions 
formed (Fig. 4).

Small-scale solution features are rarely seen in the Erd-
mannshöhle. Scallops indicating a southward flow direc-
tion for the older cave levels are mentioned by Piepjohn 
(1987), which is in agreement with the recent flow direc-
tion in the Bachgang. Of interest are dissolution features 
in the ceiling of some cave passages that were once filled 
with sediments almost up to the ceiling. These dissolu-
tion grooves are well visible in the Labyrinth and the Ein-
gangsgang (Fig. 3) and may point to paragenesis.

Characteristic for the Erdmannshöhle are the cave lev-
els (Figs.  2, 4) which are defined as groups of cave pas-
sages confined to a narrow vertical range. The conditions 
for the formation of cave levels are exemplarily achieved 
in the case of the Erdmannshöhle: (1) It is fed by two allo-
genic streams with uniform recharge due to high precipi-
tation in their headwaters in the Black Forest mountains, 
(2) the surface waters completely (Schammernbach) 
or partly (Haselbach) seep into the subsurface, and (3) 
the groundwater flows through strongly fractured and 
gently dipping Muschelkalk limestone (Piepjohn 1987, 
1995b; Piepjohn et  al. 2005; Palmer 2007; Harmand 

et  al. 2017). Three main cave levels have evolved in the 
Erdmannshöhle. The top level I (around 389  m a.s.l.) is 
the shortest with respect to its lateral extent of accessi-
ble passages and is mainly represented by the Steffisgang 
and the Regenwald (Figs. 2, 3, 4). The intermediate cave 
level II (between about 381 and 378  m a.s.l.) is much 
larger and almost entirely occupied by the show cave. 
The Langer Gang, Irrgarten, Labyrinth, Fürstengruft, Rit-
tersaal, Konferenzsaal and Dreikönig belong to cave level 
II (Figs. 3, 4). Cave level III is the youngest and has the 
largest extent. It can be subdivided into the temporarily 
flooded cave level IIIa (around 374 m a.s.l.), mainly rep-
resented by the Verbindungsgang, Lehmhölle and Troja 
(Fig.  3), and the active cave level III (between 374 and 
371  m), which is occupied by the cave stream (Oberer 
and Unterer Bachgang). Between Oberer and Unterer 
Bachgang the only loop along the active cave level III is 
the 40-m-long siphon, which submerges 5–6  m below 
the level of cave level III (Piepjohn 1995a). Cave level III 
marks the top of the present-day karst water table. Shafts 
connect different cave levels, for instance the Brutaler 
Schacht between cave level II (Fürstengruft) and cave 
level IIIa (Lehmhölle) (Fig. 3).

3.2 � Cave deposits
Fine-grained “cave loam” (clay and fine to medium silt) 
as well as fluvial sands and gravels of a cave stream are 
in most cases allochthonous deposits, whereas debris 
caused by cave collapse and speleothems resulting from 
precipitation of carbonates inside the cave are autochtho-
nous deposits. Aside from cave collapse debris, all these 
sediments have the potential for absolute age dating: (1) 
“cave loam” for dating with OSL (optically stimulated 
luminescence) or radiocarbon of the organic content (e.g. 
bones, dispersed organic material), (2) sand and gravel 
for dating with OSL and cosmogenic nuclides, (3) speleo-
thems for dating with U/Th, radiocarbon and ESR (elec-
tron spin resonance).

3.2.1 � “Cave loam”
“Cave loam” is made up of clay and fine to medium silt. 
It is wet and sticky in cave level III/IIIa and fairly dry in 
cave level II (Figs.  3, 4). In the oldest cave level I, cave 
loam is not present. Cave loam is particularly enriched 
in the flood storage areas of cave level IIIa, i.e. Troja, 
Verbindungsgang and Lehmhölle (“loam hell”) (Fig.  3). 
In most cases, cave loam is an allochthonous sediment 
brought into the cave either with the cave stream by 
fluvial transport or washed into the cave along fissures 
and small karst conduits directly from the surface. Sub-
surface erosion of marly and clayey intercalations in the 
Muschelkalk limestone is another possibility, but prob-
ably a minor source for cave loam.
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3.2.2 � Allochthonous gravels and sands
The allochthonous clastic sediments vary in size between 
coarse-grained silt and up to 25  cm large cobbles. They 
are built up of quartzites, granites and granodiorites from 
the crystalline basement of the Black Forest, arkoses 
and breccias from the Rotliegend, as well as some lime-
stone and quartzite from the Muschelkalk, which is to 
some extent reworked cave collapse debris from within 
the cave. Besides the Bachgang in cave level III, which 
is still filled with more than 3 m of sediments (Piepjohn 
et al. 2005), allochthonous gravels and sands are only pre-
served as remnants. In cave level II, allochthonous sand 
and gravel deposits once filled cave passages almost up 
to the ceiling. This is particularly the case for some cave 
passages in the northern section of the Erdmannshöhle 
in cave level II, i.e. the Labyrinth, the Sammelstelle and 
the Langer Gang (Fig. 3). Here it looks as if most of the 
sediments were deposited under phreatic conditions, 
because cut-and-fill structures indicating open channel 
flow (Quinif 2006) are not documented. Also, upward 
solution in some cave passages in the northern part of the 
Erdmannshöhle originally filled by allochthonous silici-
clastic sediments, i.e. the Alter Eingang, Eingangsgang 
and Labyrinth (Fig.  3), would support phreatic condi-
tions, because paragenesis terminates at the water table 
(Palmer 2007; Harmand et al. 2017). In cave level I (Stef-
fisgang) the allochthonous gravels and sands are already 
cemented and adhere at the cave walls as residues.

3.2.3 � Cave collapse debris
Cave collapse debris is fairly common in the older cave 
levels I and II, but rarely seen in cave levels III/IIIa. It is 
a blocky debris of coarse-grained angular limestone frag-
ments reaching sizes of up to several cubic metres in 
some cases. Depending on the age of the cave debris and 
the site of deposition, material is loose or cemented by 
sinter.

3.2.4 � Speleothems
The Erdmannshöhle is rich in speleothems. Stalactites 
and stalagmites are particularly common in cave levels 
I and II, and some of them are fairly large. Surprisingly, 
the deepest and still active cave levels III/IIIa in the Erd-
mannshöhle also show some large speleothems (Piepjohn 
1987). In the Verbindungsgang (cave level IIIa), these 
include the 4.5  m tall stalagmite called “Der Einsame” 
(Siegener 1994), and, in the active Bachgang (cave level 
III), the stalactite called “Der Grosse” (Siegener 1994). 
The latter is about 3  m long and widens towards the 
tip, terminating about 20  cm above the normal runoff 
water level of the cave stream. Flowstone is fairly com-
mon in cave level II, particularly in the Langer Gang and 
the Dreikönig, but is rarely seen in other parts of the 
Erdmannshöhle.

4 � U/Th dating
Absolute age dating is important for stratigraphy, pal-
aeoclimate studies and the precise correlation of cli-
matic events documented in cave deposits (e.g. Cheng 
et  al. 2009; Fleitmann and Matter 2009; Griffiths et  al. 
2010; Zhao et al. 2010; Spötl and Cheng 2014, Spötl and 
Boch 2019). It is also extremely helpful and necessary for 
archaeological reconstructions (e.g. Wenz et  al. 2016; 
Hoffmann et al. 2018).

Uranium–thorium disequilibrium dating is the most 
commonly used method for the absolute dating of cave 
deposits (Fairchild and Baker 2012). The hypothesis of a 
closed system is required for the application of uranium/
thorium disequilibrium to cave carbonates. Calcite incor-
porates uranium when it crystallises (uranium is water-
soluble, but thorium is not). At the time of crystallisation, 
the meter is set to zero. With time, 230Th begins to appear 
due to the decay of 234U, and the activity ratio of both ele-
ments can be used to determine the time elapsed since 
the calcite deposit (Sauvet et al. 2017). The rapid techni-
cal development in the field of mass spectrometry allows 
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high-precision age determination in the epsilon range for 
sample quantities in the mg range (Arps 2017) and is the 
single most important factor that has allowed speleothem 
science to become so prominent in recent years (Fairch-
ild and Baker 2012).

4.1 � Sampling sites
Samples for U/Th dating were taken from two sites in the 
Steffisgang (A1, A2 in Fig. 3) which is part of the upper-
most and oldest cave level I (A in Fig. 4), and from two 
sites in the intermediate level II, one each from the Laby-
rinth and Dreikönig (3 and 4 in Figs. 3, 4). Views of the 
sample sites are shown in Fig. 5.

4.1.1 � Steffisgang
The first sample was taken from cave debris immedi-
ately behind the narrow entrance of the Steffisgang (A1 
in Figs.  3,   5a). The stalagmite was part of a thin flow-
stone layer that grew on a small debris cone deposited on 
top of a Muschelkalk limestone bench. The bench failed 
and toppled, reversing the upper surface by about 120° 
(Fig. 5a). The stalagmite is 20–60 mm high with a diam-
eter of about 50  mm. The coarse-grained angular lime-
stone debris at the base of the stalagmite is cemented by 
sinter (Fig. 6a). A thin layer directly at the base of the sta-
lagmite shows fine-grained subangular to well-rounded 
allochthonous components, mainly quartzite and grani-
toids. The stalagmite is laminated, showing some minor 
contamination by two brownish layers near the base. The 
sinter is dark grey at the centre and becomes brighter 
towards the periphery. Two samples defining the period 
of stalagmite growth were taken for U/Th dating, one 
near the base (Sample ID: 9538), and the other close to 
the surface (ID: 9537) (Fig. 6a, Table 2).

The second sample taken in the Steffisgang (A2 in Fig. 3) 
is a small stalactite, 210 mm long and 27 mm in diameter, 
which rested on top of a thin layer of coarse-grained cave 
debris in the immediate vicinity of the stalagmite shown 
in Fig. 5b. The stalactite was broken into two pieces and 
strongly etched along one side so that the central tubular 
canal came close to the surface (Fig. 5c). From the other 
largely unetched side, two samples for U/Th dating have 
been taken close to the root of the concentrically layered 
stalactite, one directly near the central canal (9268) and 
one closer to the periphery (9269) (Fig. 6b, Table 2).

The third sample from the same location (A2 in Figs. 3, 
5b) is an in  situ stalagmite that grew on solid rock and 
was covered by loose blocky limestone debris. It consists 
of a group of three coalesced stalagmites. The largest 
stalagmite is 110  mm high with a diameter between 60 
and 110 mm, the intermediate one is 90 mm high with a 

diameter of 60 mm, and the smallest is 70 mm high with 
a diameter of 40 mm.

Because of the shape of the large stalagmite with its 
flat top, it looked at a first glance like a stalagmite stump 
(Fig. 5b). However, in two sections cut perpendicular to 
each other, the top of the large stalagmite looks as if some 
dissolution took place at the surface causing the stump-
like morphology (Fig. 7). The internal layering is well vis-
ible in the saw cut parallel to the growth direction, which 
shows three sections of slightly brownish layering prob-
ably caused by some argillaceous contamination. The 
longitudinal section parallel to the growth direction sug-
gests a movement of the drip source as indicated by the 
stalagmite layering with very thin layers near the exposed 
oblique surface and the thick layers at the opposite side. 
Two samples were taken close to the base (9386) and the 
top (9387) of the stalagmite (Fig. 7b, Table 2).

The intermediate stalagmite is partly covered by the 
large stalagmite (Fig. 7a), indicating that it is older than 
the large stalagmite. Laminated brownish layers halfway 
up the intermediate stalagmite indicate a growth anomaly 
separating a light to medium grey core from a medium 
and partly dark grey top-section. Samples were taken 
from the core close to the base (9384) and from the top 
(9385) of the intermediate stalagmite (Fig. 7a, Table 2).

4.1.2 � Labyrinth
A small sinter column was taken for sampling from the 
Labyrinth (3 in Fig.  3, Fig.  5d). The whole column was 
hanging from the cave ceiling with the bottom of the 
column 1.86  m above the modern cave floor (Fig.  5d), 
indicating significant erosion since the growth of the 
sinter column. The sinter column is about 350 mm high, 
300 mm wide and 200 mm deep and consists of at least 
five small stalagmites and three stalactites and some rel-
ics of a former flowstone with interbedded allochthonous 
clastic sediments (bordered by a yellow line in Fig.  8). 
Samples were taken from the flowstone surrounding 
nests of siliciclastic intercalations (8790, 8792, 8793) as 
well as near the base (8949, 8789) and the top (8948) of 
one stalagmite (Fig. 8, Table 2).

4.1.3 � Dreikönig
From Dreikönig in cave level II, two samples from a 
flowstone were taken for U/Th dating, one from the 
cave debris (Fig.  9a) and one cored from an in  situ 
flowstone resting on top of fluvial gravels (4 in Figs. 3, 
4 and Figs. 5e,  9b). The flowstone samples were finely 
laminated with some sand grains attached at the base 
and with some thin sandy intercalations within the 
flowstone. Samples for U/Th dating from flowstone 
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layers on top of the underlying siliciclastic deposits 
(8564, 8565, 8794, 8795) (Fig. 9, Table 2) post-date the 
deposition of the fluvial cave sediments.

4.2 � Sample treatment and dating
Stalagmites, flowstone and stalactite were cut and 
samples of approx. 200  mg for 230Th/U-dating were 
taken perpendicular to the growth axis, generally at 
the base and the top of the speleothem. Sample prep-
aration for 230Th/U-analysis was performed at the 

a b

c

d

e

Fig. 5  Sampling sites for U/Th dating. a Site 1 in Steffisgang (cave level I) with small stalagmite (arrow) on debris and on top of a failed Muschelkalk 
bench. b Site 2 in Steffisgang with the in situ stalagmite. From the same site 2, the small stalactite was also sampled as shown in (c). d Site 3 in the 
Labyrinth in cave level II with the position of the small sinter column at the ceiling (arrow) 1.86 m above ground (scale: 2 m). e Site 4 in Dreikönig. 
The samples were taken from the flowstone on top of the gravel deposit (scale: 1 m)
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Institute of Environmental Physics, Heidelberg Univer-
sity, Germany. The samples were cut with a band saw. 
The carbonate slabs, weighing approx. 200  mg were 
mechanically cleaned and leached with weak nitric 
acid. The chemical procedure involving the ion-chro-
matographic separation of uranium and thorium from 
calcium carbonate using Eichrom UTEVA resin was 
carried out in an ultra-clean laboratory. The methods 
for sample preparation and mass spectrometric analy-
sis follow the procedure of Douville et al. (2010); Matos 
et  al. (2015); Arps (2017) and Wefing et  al. (2017). 
Activity ratios were analysed with a Thermo Fisher 
Neptune MC-ICPMS at the Institute of Environmental 
Physics, Heidelberg University, Germany. The calibra-
tion of the 233U, 236U and 229Th spikes used is described 
in Hoffmann et  al. (2007). Replicated measurements 
of the HU-1 standard yield a reproducibility of the 
activity ratios of (234U/238U) of 1.00002 ± 0.00082 and 
for (230Th/238U) 1.0004 ± 0.0018 (Wefing et  al. 2017). 
Blanks are smaller than 0.4  fg for 234U and 0.04  fg for 
230Th. Ages were calculated using the half-lives of 
Cheng et al. (2000). Correction for detrital contamina-
tion assumes a 232Th/238U weight ratio of 3.8 ± 1.9 and 

230Th, 234U and 238U in secular equilibrium. Age uncer-
tainties are quoted at the 2σ-level and do not include 
half-life uncertainties.

In total, 18 samples were analysed for uranium-series 
dating. The three samples 8790, 8792 and 8793 (Fig.  8) 
from the sinter column of the Labyrinth (3 in Figs.  3, 
4 and Fig. 5d) showed extremely high thorium concentra-
tions. Due to the Th correction thus required, age uncer-
tainty increased to greater than ± 11000  years. These 
samples are presented in Table  2 and, though generally 
fitting into the picture, are not considered further due to 
the high age uncertainties.

4.3 � Results
The most reliable U/Th dating results listed in Table 2 are 
illustrated in Fig.  10 together with the Marine Isotope 
Stages [MIS] (Martinson et al. 1987; Lisiecki and Raymo 
2005) and the Middle to Late Pleistocene lithostratigra-
phy (Keller and Krayss 2010, Preusser et al. 2011).

In Dreikönig U/Th dating indicates flowstone growth 
during MIS 2, which corresponds to the Late Gla-
cial Maximum including the main advance of gla-
ciers in the Swiss Alpine foreland during the Birrfeld 

9538

9537
9268

9269

a b

Fig. 6  Sections of the stalagmite from site 1 (a) and the stalactite from site 2 (b), both from Steffisgang (cave level I) with the position of the 
samples taken for U/Th dating (numbers refer to the sample code in Table 2). Scale in centimetres
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Glaciation between 22 and 24  ka (Keller and Krayss 
2010). The samples 8564 and 8565 (Table 2) with ages 
of 26.631 ± 0.71  ka and 25.23 ± 0.27  ka just predate 
the main advance, whereas the samples 8794 and 8795 

(Table 2) showing ages of 12.5 ± 2.9 ka and 12.3 ± 1.4 ka 
are within the Younger Dryas Stadial at the end of the 
Pleistocene. The samples dated were taken immediately 
on top of the allochthonous cave deposits indicating 
the initiation of flowstone growth in a very cold per-
iglacial climate. This is somehow surprising, because 
one would expect deep-seated permafrost to a depth 
in the order of 150  m in the area not covered by gla-
ciers (Delisle et al. 2003; Haeberli 2010; Govaerts et al. 
2016), which would prevent karstification and speleo-
them growth. However, the results of U/Th dating in 
the Dreikönig point to much shorter periods of per-
mafrost than so far assumed. Similar observations are 
reported from the Swabian Alb from the Hintere Kohl-
halden Cave (21.0 ± 0.9  ka) and the Arbeitslosen Cave 
(21.1 ± 4.3 ka) (Kempe et al. 2002; Abel 2003).

Flowstone remnants attached to the sinter column 
taken from the Labyrinth contain inclusions of allochtho-
nous clastic sediments (Fig. 8). Obviously, sedimentation 
of some clastic sediments still took place during flow-
stone growth. Using flowstone samples from between 
the clastic inclusions may allow direct dating of the final 
stages of allochthonous clastic sedimentation in this 
part of the cave. Although the ages of the samples (8790, 
8792, 8793) generally fit the ages of the samples taken 
directly from the sinter column, the high contamination 
with detrital thorium led to high age uncertainties. The 
U/Th dates from samples taken near the base and top of 
the sinter column provided much more reliable results 

a b

9385

9384

9387

9386

Fig. 7  Sections of the group of small stalagmites from site 2 in Steffisgang, cave level I. a section through the intermediate stalagmite and the large 
stalagmite (right) perpendicular to the growth direction, b section through the large stalagmite parallel to the growth direction. Positions of U/Th 
samples with the sample codes (cf. Table 2) are indicated. Scale in centimetres

8793

8792

8790

8789
8949

8948

Fig. 8  Section through the sinter column from site 3, Labyrinth, cave 
level II. Indicated by a yellow line is the flowstone relict including 
nests of allochthonous siliciclastic sediments. To the left of the 
flowstone is a stalagmite at the base passing over into a stalactite at 
the top. Positions of U/Th samples with the sample codes (cf. Table 2) 
are indicated. Scale in centimetres
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(8789, 8949, 8948 in Table 2, Fig. 8). They indicate growth 
of the sinter column during the early Birrfeld Glaciation 
between 100.5 and 95.9 ka in late MIS 5d and early MIS 
5c.

U/Th dating on samples from the Steffisgang (cave level 
I) mainly indicate an Eem Interglacial age, although in 
some cases speleothem growth was already initiated dur-
ing the Beringen Glaciation (Fig.  10). The oldest stalag-
mite is the intermediate stalagmite (Fig. 7a) at site A2 in 
Fig. 3. The base sample of this stalagmite (9384) gives an 
age of 162.25 ± 0.66  ka (Table  2), which indicates onset 
of stalagmite growth in the middle of the Beringen Gla-
ciation [MIS 6] (Fig.  10). However, halfway up the sta-
lagmite a growth anomaly shows a marked brown layer 
rich in clay. This event could well correlate with the main 
advance of the Wehratal glacier, which demonstrably 
reached the Hochrhein valley during the Beringen Gla-
ciation (Graf 2009; Preusser et  al. 2011). The stalagmite 
stopped growing at 114.34 ± 0.43 ka during the late Eem 
Interglacial [MIS 5e]. The intermediate stalagmite took 
about 48  ka to reach a height of 90  mm, i.e. a growth 
rate < 2 mm/ka. This small growth rate is probably related 
to a lengthy interruption of stalagmite growth during the 
Beringen Glaciation. Just when the intermediate stalag-
mite stopped growing, the nearby large stalagmite started 
to grow (sample 9386 in Table 2, Fig. 7b). Compared to 
the intermediate stalagmite the large one grew relatively 
fast within 8  ka (114.7–106.6  ka) during the late Eem 
Interglacial and early Birrfeld Glaciation (MIS 5e/5d) 
(Fig. 10) and did not show any significant growth anoma-
lies. The oblique growth direction is not due to tilting of 
the stalagmite but probably to the shift of the drip point 
at the ceiling of the cave.

8795
8794

a b

Fig. 9  Samples from site 4 (cf. Figs. 3, 4), Dreikönig, cave level II. a two U/Th samples (8564, 8565 in Table 2) were taken from the base of the 
specimen, b small drill core with a diameter of 6 cm from flowstone (cf. arrow in Fig. 5e) with position of U/Th samples (8794, 8795) at the base of 
the drill core
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At about the same time as the Eem Interglacial 
ended, the small stalagmite from site A1 in Fig.  3 grew 
in a very short time span between 110.20 ± 0.64  ka and 
109.71 ± 0.45  ka, as indicated by the two samples 9538 
and 9537 (Fig. 6a, Table 2). The only stalactite taken for 
U/Th dating is from site A2 in Fig. 3. Because of the very 
fine layering of the stalactite, the ages listed in Table 2 are 
“mixing ages” across several laminae. Sample 9268 gives 
an age of 160.11 ± 0.79 ka (Table 2), which is very close 
to the onset of growth of the intermediate stalagmite at 
site A2 (Fig. 3) in the middle Beringen Glaciation [MIS 6] 
(Fig. 10), whereas the outer sample 9269 (134.3 ± 1.9 ka) 
still shows some growth near the end of the Beringen 
Glaciation. The stalactite probably stopped growing dur-
ing the Eem Interglacial.

5 � Some basic aspects of cave formation
5.1 � Minimum time span for cave passage development
Open space that allows dissolving groundwater to pen-
etrate and pass through carbonate bedrocks is a precon-
dition for karstification. Karst conduits may then develop 
in four stages: (1) pre-breakthrough laminar flow in nar-
row voids, preferably joints and bedding planes with a 
threshold diameter of at least 10–25  μm (Böcker 1969; 
Dreybrodt 1988; White 1988); (2) post-breakthrough 
turbulent flow uniformly enlarging the conduit under 
phreatic conditions, (3) possibly vadose entrenching, and 
finally (4) initiation of its decay after the water abandons 
the passage. Short direct flow paths with low flow resis-
tivity and towards the largest hydraulic gradient are most 
likely to attract the greatest flow. Fractures meet this con-
dition best.

The initial stage up to the breakthrough strongly 
depends on the initial width of the voids in addition to the 
parameters pCO2 and temperature. This stage may last for 
1000 and up to 10 million years (Palmer 1991; Dreybrodt 
and Gabrovšek 2000; Faulkner 2006). However, in case 
of the Erdmannshöhle with (1) its close sequence of cave 
levels where fractures may already have passed the break-
through stage at depth before valley incision readjusted 
the karst aquifer to a deeper discharge level, and which 
(2) developed most of the time under boreal or perigla-
cial conditions, and (3) with ponors less than 1000 m S of 
crystalline basement rocks of the Black Forest which are 
a source for aluminosilicates that reduce the reaction rate 
with the carbonate bedrock and increase the penetration 
length of the less saturated solution (Faulkner 2006), the 
period up to the breakthrough probably comes closer to 
1000 years instead of several million years.

After breakthrough, the enlargement of the conduit 
proceeds under phreatic conditions at a rate of about 
0.2  mm/a, which is similar for all phreatic conduits 

independent of their former development (Dreybrodt 
and Gabrovšek 2000) and largely depends on the amount 
of water that can be attracted by and pass through the 
conduit. Passage enlargement may even be greater for 
the Erdmannshöhle with low hardness recharge from 
crystalline basement catchment areas. For alpine condi-
tions with high flow rates and unsaturated solutions, wall 
retreat rates are in the range of 0.05–1.0 mm/a (Faulkner 
2006). These values suggest that a traversable cave pas-
sage can easily form in about 10,000 years (Palmer 2000). 
If the water table drops, the conduit becomes vadose with 
a stream flowing in it. Entrenching of a canyon may occur 
at similar rates until the conduit falls dry.

Applying an enlargement rate of 0.2  mm/a applied to 
the cave passages of the Erdmannshöhle, the following 
time for their formation can be estimated: in cave level II 
the Rittersaal and Langer Gang with widths in the order 
of 6.2 m each as taken from the cave map (Fig. 3) would 
yield a time span of about 31 ka for their formation, the 
Labyrinth with a width of 4.6  m and the Sammelstelle 
with a width of 4.1 m about 20–23 ka; in cave level IIIa 
the Verbindungsgang showing a width between 1.0 and 
2.6  m would form in about 5–13  ka, and in cave level 
III, the active Bachgang with a width of 3.9  m in about 
19  ka. In summary, for most cave passages in the Erd-
mannshöhle the time span for their formation after the 
breakthrough is in the order of 20–30 ka.

5.2 � Development of cave levels
Cave levels are related to base levels in nearby river val-
leys and develop when an entrenching river experiences 
a long period of almost static base level (Palmer 2007; 
Audra and Palmer 2011). Then, springs fed by the karst 
aquifer tend to remain stable over long time periods with-
out shifting elevation, and cave passages remain active 
long enough to grow by solution. Only phreatic passages 
with low hydraulic gradient and uniform recharge in bed-
rock can form true cave levels near the top of the karst 
water table (Palmer 2007; Harmand et  al. 2017). Such 
water table caves without or rare loops are particularly 
common in flat-lying or gently dipping, intensively frac-
tured strata (Ford and Ewers 1978). On the other hand, 
rapid and significant valley incision causes the karst 
aquifer to readjust to a deeper discharge level. Cave pas-
sages at the former river level quickly fall dry or develop 
entrenched canyons in their floors. Base-level lowering 
is common in most temperate climate karstic areas due 
to uplift of the crust and associated valley incision. Com-
bined with surface data—erosional benches, cut-terraces, 
alluvial terraces—cave levels can provide information 
about the local erosional and depositional history (Abel 
et al. 2002; Harmand et al. 2017).
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5.3 � Timing of allochthonous siliciclastic sand and gravel 
deposition

In Europe, the aggradation of allochthonous siliciclas-
tic sediments mainly occurred during cold periods and 
culminated during deglaciation in massive deposition of 
gravel and sand, whereas major incision primarily occurs 
during cold-to-warm transition when glacial sediment 
sources are depleted and the melt water discharge is still 
high (Bridgland and Westaway 2007; Graf 2009; Claude 
et al. 2017). Based on palynostratigraphical investigations 
as well as on age dating of speleothems and allochtho-
nous clastic sediments in several caves in France, Bel-
gium, Germany and Switzerland, this seems to also hold 
true for allochthonous clastic sediments in caves. It can 
be generally concluded that such clastic sediments in 
caves are mainly deposited during cold glacial periods 
due to intense mechanical weathering and soil erosion 
in a deforested barren landscape. In contrast, speleo-
them growth and erosion of allochthonous cave deposits 
due to base-level fall of the discharge system primarily 

occurs during warm interglacial periods (Abel et al. 2002; 
Häuselmann 2002; Kempe et al. 2002; Abel 2003; Quinif 
2006; Harmand et  al. 2017). Thus, the glaciofluvial ter-
races in the Hasel valley and adjacent hill-sites (Figs.  1, 
2) could easily be the main source for the allochthonous 
sand and gravel deposits in the different cave levels of the 
Erdmannshöhle.

5.4 � Speleothem growth rates
Speleothem growth under phreatic conditions is usu-
ally impossible. It generally commences after the ceil-
ing or the floor of the cave emerge from the karst water 
table. Speleothems primarily grow during warm inter-
glacial or interstadial periods with rich vegetation and 
soil causing intense chemical weathering at the sur-
face and carbonate precipitation due to CO2 degas-
sing in the cave. Growth rates for stalagmites in the 
Erdmannshöhle can be roughly estimated based on U/
Th dating carried out in the cave levels I (Steffisgang) 
and II (Labyrinth). Taking only those stalagmites that 

Birrfeld

B
er

in
ge

n

H
ag

en
ho

lz
 (?

)

H
ab

sb
ur

g

M
öh

lin

Ee
m

M
ei

ki
rc

h

H
ol

st
ei

n

G
os

sa
u

In
te

rs
ta

di
al

P l e i s t o c e n e

H
ol

oc
en

e

L a t e M i d d  l e

? ?

?

18 δ
O

 (‰
)

MIS 12

50 100 150 200 250 300 350 400 4500 500

1 2 3 4 5a-d 5e 6 7 8 9 10 11

3.5

4

4.5

5

Age [ka]

11
.5 30 55 11
5

13
0

18
5

E
xt

en
t o

f G
la

ci
er

s
H

ig
h 

M
ou

nt
ai

ns
Fo

re
la

nd

Birrfeld

K
ob

le
nz

H
ab

sb
ur

g

M
öh

lin

G
on

di
sw

il 
(E

em
)

M
ei

ki
rc

h

Th
al

gu
t 

(H
ol

st
ei

n 
m

it 
P

te
ro

ca
ry

a)

G
os

sa
u

In
te

rs
ta

di
al

U
nt

er
se

e

>3
00

Preusser et al. (2011)

Keller & Krayss (2010)

Lisiecki & Raymo (2005)

Y.
 D

ry
as

Y.
 D

ry
as

C
hr

on
o-

st
ra

tig
ra

ph
y

E
xt

en
t o

f G
la

ci
er

s
H

ig
h 

M
ou

nt
ai

ns
Fo

re
la

nd

Fig. 11  Quaternary lithostratigraphy after Keller and Krayss (2010) and Preusser et al. (2011) in comparison with the δ18O values and MIS stages 
after Lisiecki and Raymo (2005). Red colours indicate interglacial and interstadial warm climate conditions



    9   Page 16 of 25	 A. Becker et al.

grew under favourable conditions during interglacial or 
interstadial periods (Table 2, Fig. 10), the linearly inter-
polated growth rates are then between 1.6 and 8.6 cm/
ka for the stalagmites in the Steffisgang (cave level I) 
and about 3.4  cm/ka in the Labyrinth (cave level II). 
This falls within the range of most stalagmite growth 
rates measured in caves all over Europe (Geyh and 
Franke 1970; Hill and Forti 1997; Palmer 2007; Spötl 
and Boch 2019). The largest value given in Geyh and 
Franke (1970) is 50  cm/ka. However, under very rare 
conditions stalagmite growth rates may even reach a 
centimetre per year (Palmer 2007).

Using the highest growth rate determined for a sta-
lagmite in the Erdmannshöhle under favourable inter-
glacial/interstadial conditions (8.6  cm/ka), the growth 
of the largest stalagmite in cave level IIIa, the 4.5  m 
tall “Der Einsame”, would take about 52  ka, and with 
the largest growth rate taken from Geyh and Franke 
(1970), it would still take about 9 ka. For the largest sta-
lactite in cave level III, i.e. the 3  m long “Der Grosse”, 
more than 10 ka seems to be a realistic estimate for its 
growth period.

6 � Conceptual model for the Erdmannshöhle
Key-parameters for an evolution concept for the Erd-
mannshöhle are (1) the time span needed for the for-
mation of cave passages after the breakthrough, which 
should be in the range of 20-30 ka, (2) the growth period 
needed for large speleothems such as “Der Einsame” 
and “Der Grosse”, which is more than 10  ka and up to 
more than 50 ka for the largest growth rates in the Erd-
mannshöhle, and (3) the results of U/Th dating, which 
give ages for the speleothem formation and minimum 
ages for the deposition of allochthonous clastic sands and 
gravels.

The conceptual model for the development of the 
Erdmannshöhle will be discussed within the frame-
work of the recently revised Middle and Late Pleis-
tocene glaciation history for Northern Switzerland 
(Fig.  11). The period after the so-called “Middle Pleis-
tocene Reorganisation” (Preusser et  al. 2011) comprises 
four or five glaciations which are referred to as Möhlin 
[MIS (Marine Isotope Stages) 10 ≈ 337–374  ka or MIS 
12 ≈ 424–478 ka], Habsburg [MIS 8 ≈ 240–300 ka or MIS 
10 ≈ 337–374  ka], Hagenholz [unsure] [MIS 8 ≈ 240–
300 ka], Beringen or Koblenz [MIS 6 ≈ 130–190 ka] and 
Birrfeld [MIS 2–5d ≈ 12–110 ka] (Martinson et al. 1987; 
Lisiecki and Raymo 2005; Graf 2009; Keller and Krayss 
2010; Preusser et al. 2011). The interglacials are Holstein 
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Fig. 12  Conceptual model for the Erdmannshöhle. Details are given 
in the text
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[MIS 9 ≈ 300–337 ka or MIS 11 ≈ 374–424 ka], Meikirch 
[MIS 7 ≈ 190–240 ka] and Eem [approx. MIS 5d ≈ 110–
130 ka] (Keller and Krayss 2010). A comparison with the 
Middle to Late Pleistocene stages for SW Germany after 
Ellwanger et al. (1999) and Habbe et al. (2007) is given in 
Table 1.

The early stages of the development of the Erd-
mannshöhle after the breakthrough may already have 
commenced during the Holstein Interglacial [MIS 9 or 
MIS 11], a warm period lasting 37 respectively 50 ka with 
very favourable conditions for karstification and speleo-
genesis (Fig.  12a). Partial filling of the cave level I with 
allochthonous gravels and sands probably occurred dur-
ing a cold-to-warm transition, most likely at the end of 
the Habsburg (or questionable Hagenholz) Glacial and 
the beginning of the Meikirch Interglacial (Fig. 12b). The 
Meikirch Interglacial with temporary interstadial con-
ditions (Keller and Krayss 2010) lasted over 50  ka and 
was a warmer period long enough for the formation of 
cave level II, whereas cave level I gradually became inac-
tive (Fig. 12c). The Beringen Glaciation [MIS 6] was the 
period of the farthest known advance of the Wehratal 
glacier reaching as far as the Hochrhein valley, which 
brought the Hasel area to the close vicinity of a glacier. 
Some speleothem growth in the Steffisgang (cave level 
I) may point to the fact that harsh periglacial conditions 
with permafrost only arose during comparatively short 
periods. However, massive gravel deposits were accumu-
lated during the Beringen Glaciation in the ancient Hasel 
valley and are now seen in the High Terrace (Figs. 1, 2). 
This event may also be responsible for the massive fill of 
cave level II with allochthonous, partly coarse-grained 
sands and gravels which is believed to have happened 
close to the end of the Beringen Glaciation and the early 
Eem Interglacial (Fig. 12d). The fill in many parts of the 
cave level II up to the ceiling persisted till the early stages 
of the Birrfeld Glacial [MIS 5c, d] as indicated by the U/
Th dating in the Labyrinth. The gravel and sand fill were 
partly removed thereafter, probably with the onset of the 
formation of cave level IIIa (Troja, Verbindungsgang, 
Lehmhölle) (Fig.  12e) and later on with cave level III 
(Fig.  12f ). The formation of the cave levels IIIa and III 
presumably took place during the early Birrfeld warmer 
periods MIS 5c and MIS 5a and particularly during the 
Gossau Interstadial [MIS 3] (Fig.  11). During the main 
advance of the Birrfeld glaciers at MIS 2 karstification 
and speleogenesis ceased or slowed down during short 
periods of harsh periglacial conditions with permafrost. 
Gravel deposits were accumulated in the ancient Hasel 
valley and are now exposed as Lower Terrace gravels 
along the eastern flank and the southern tip of the Kaum-
berg (Figs.  1, 2). The age of these gravels near Hasel is 
unknown, however for the Hochrhein valley OSL dating 

gives ages between 30 and 11  ka for the Lower Terrace 
gravels and sands (Kock et al. 2009). The mobilisation of 
large quantities of clastic sediments during the Birrfeld 
Glaciation [MIS 2] is most likely the source for the gravel 
deposits in the active Bachgang (cave level III) with a 
proven thickness of still > 3  m (Piepjohn et  al. 2005) 
(Fig.  12g). During the Holocene (MIS 1), the erosion of 
the late Birrfeld gravel deposits in the active Bachgang 
commenced (Fig. 12h), and perhaps a new cave level IV 
may have started to develop (Piepjohn 1987), although 
this has not yet been proven (Piepjohn et al. 2005).

7 � Late pleistocene “cave level stratigraphy”—an 
attempt

The Möhlinerfeld just 9  km to the south of the Erd-
mannshöhle (Fig.  13) is a key region for attempting 
to correlate cave levels with the sequence of Middle 
and Late Pleistocene deposits in the Hochrhein valley 
(Tschudi 1904; Dick et  al. 1996; Müller-Dick 2000; Graf 
2009; Keller and Krayss 2010; Preusser et al. 2011; Heu-
berger et al. 2014). The base of the Pleistocene deposits 
in the Möhlinerfeld, summarised as High Terrace, shows 
channel-like structures carved into Triassic bedrocks 
(Fig.  14). The oldest Pleistocene deposit is the Bünten 
Till, a lodgement till with alpine material exposed in the 
south of the Möhlinerfeld. A palaeosol is not developed 
at the top of the Bünten Till. The till is covered by the gla-
ciofluvial Bünten Gravel, which is predominantly built up 
of alpine components but showing pebbles and boulders 
originating from the Black Forest at the base. The top of 
the Bünten Gravel is intensively weathered. The gravel 
components of the Wallbach Gravel on top of the Bünten 
Gravel again show an alpine provenance. The Wallbach 
Gravel and the deeper units are intensively deformed by 
ice push. The Zeiningen Till at the top contains exclu-
sively components from the Black Forest, indicating 
an advance of the Wehratal Glacier as far south as the 
Bünten gravel pit where the extensively weathered till is 
exposed (Figs. 13, 14). To the N, the Zeiningen Till passes 
over into the Möhlinerfeld Gravel, which is dominated 
by alpine components but shows boulders and pebbles of 
Black Forest origin at the base. The top of the Möhliner-
feld Gravel is intensively weathered. The youngest depos-
its consist of loess on top of the High Terrace complex, 
reaching thicknesses up to 10 m, and Low Terrace gravels 
in the deeply incised Hochrhein valley (Figs. 13, 14).

There is general agreement that the Bünten Till rep-
resents the furthest extent of alpine glaciers during the 
Middle Pleistocene, reaching the Möhlinerfeld during 
the Möhlin Glaciation (Graf 2009; Keller and Krayss 
2010; Preuser et al. 2011). For Keller and Krayss (2010), 
the Bünten Gravel is a remnant of the Habsburg Gla-
ciation, whereas Graf (2009) points to the fact that 
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the lack of a palaeosol at the top of the Bünten Till 
excludes deposition during an independent glaciation. 
Thus, Graf (2009) assumes that the Bünten Till and 
Bünten Gravel must both have been deposited during 
the Möhlin Glaciation. Following Preusser et al. (2011), 
the intense weathering and palaeosol formation at the 
top of the Bünten Gravel indicates interglacial condi-
tions, which Keller and Krayss (2010) correlate with 
the palynostratigraphic profile at Riedmatt (Fig.  13) 

(Bludau et  al. 1994). However, the pollen spectrum at 
Riedmatt does not support true interglacial conditions 
because of the dominance of boreal forest vegetation 
with Picea, Pinus and Betula alternating with steppe 
vegetation. Because the sample site at Riedmatt is cov-
ered by High Terrace gravels, and interglacial condi-
tions are not seen in the pollen spectrum, the profile 
reflects interstadial conditions within the Riss Glacia-
tion (cf. Table  1) (Bludau et  al. 1994), i.e. between the 
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Habsburg and the Beringen/Koblenz Glaciations. Some 
weathering at the top section of the Wallbach Gravel 
may point to another warmer period between the Hab-
sburg and Beringen/Koblenz Glaciations (Graf 2009). 
General agreement exists with regard to the Zeinin-
gen Till and the Möhlinerfeld Gravel, which are both 
remnants of the Beringen/Koblenz Glaciation with a 
2 to 3 m, deeply weathered palaeosol on top reflecting 
interglacial conditions of the Eem Interglacial (Keller 
and Krayss 2010). At the top of the High Terrace com-
plex, loess was deposited during the Birrfeld Glaciation. 
Based on OSL and IRSL (infrared stimulated lumines-
cence) dating, loess samples taken from a drill site just 
at the centre of the Möhlinerfeld (Fig.  13) give ages 
between 19.5 and 68.1 ka, with a main loess accumula-
tion period between 30 and 35  ka (Gaar and Preusser 
2017). The oldest loess date refers to an early advance 
(Untersee Stadial after Keller and Krayss 2010) at MIS 
4, separated from the period of main loess accumula-
tion by decalcified loess (Gaar and Preusser 2017), 
which points to warmer, interstadial conditions (Gos-
sau Interstadial after Preusser et  al. 2011). The Low 
Terrace gravels which are dated using OSL at the Chlei-
grüt gravel pit (Fig. 13) with 26.7 to 18.3 ka and at Wall-
bach with 27.5 ± 1.7  ka (Kock 2008, Kock et  al. 2009) 
are exclusively aged as Late Pleistocene in the western 
Hochrhein valley.

With respect to the evolution of the Erdmannshöhle 
(cf. Chapter 6), we would suggest the following correla-
tion with the Möhlinerfeld evidence (Fig. 15):

1.	 Development of cave level I during the period of 
strong weathering at the top of the Bünten Gravel, 
most likely the Holstein Interglacial.

2.	 Partial fill of cave level I with allochthonous sedi-
ments during a cold-to-warm transition, which could 

be correlated with the Wallbach Gravel of possible 
Habsburg age.

3.	 The weakly weathered surface of the Wallbach Gravel 
can be correlated with an interstadial such as seen 
in Riedmatt (Bludau et  al. 1994) or an interglacial 
(Meikirch), which we would correlate with the onset 
of the development of cave level II and the termina-
tion of the active stage of cave level I with sediment 
erosion at the phreatic-vadose transition.

4.	 The fill of cave level II with allochthonous sediments 
mainly at the end of the Beringen Glaciation, which 
can be correlated with the Möhlinerfeld Gravel.

5.	 The erosion of sediments in cave level II commenced 
in the Eem Interglacial and lasted up to the early 
Birrfeld Glaciation, which can be correlated approxi-
mately with the palaeosol of the Eem Interglacial 
(and early Birrfeld Glaciation?) at the top of the Möh-
linerfeld Gravel. The early stages of the development 
of cave level IIIa/III fell approximately in the early 
Birrfeld Glaciation.

6.	 The main development of cave level IIIa/III was dur-
ing the early and middle Birrfeld Glaciation, and 
sediment fill mainly occurred close to the end of the 
Birrfeld Glaciation. This correlates with the loess and 
Low Terrace gravels in the Möhlinerfeld.

7.	 Finally, erosion of the allochthonous sediments in 
cave level III started in the Holocene, which corre-
lates with the onset of cave evolution in the Tscham-
berhöhle (Kock et al. 2009) just NW of the Möhliner-
feld (Fig. 13).

8 � Caves as an archive for quaternary research
Age dating with the U/Th method combined with stable 
isotope investigations on speleothems provide an insight 
into the palaeo-climate of the interglacials such as the 
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Eem. It may also allow the palaeo-climate during the 
moderate to cold interstadials and stadials to be largely 
reconstructed. As could be seen in the Erdmanshöhle 

and elsewhere, harsh periglacial climate conditions 
that led to the formation of permafrost preventing spe-
leothem growths and speleogenesis may last only for 
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a comparatively short period. Thus, speleothems are a 
powerful archive for the reconstruction of the Pleisto-
cene climate history.

Furthermore, allochthonous clastic cave deposits can 
be dated either by the organic content in Late Pleistocene 
and Holocene deposits with the radiocarbon method or 
directly with the OSL/IRSL methods and cosmogenic 
isotopes (Zhang et  al. 2010; Granger and Fabel 2019). 
By combining these methods, it is possible to date vari-
ous types of sediments covering the entire Quaternary. 
Coarse-grained sand and gravel deposits are of particu-
lar interest because they are deposited by a cave stream. 
In the case of a water-table cave like the Erdmannshöhle, 
this is near the phreatic surface. By dating such cave 

deposits at different cave altitudes or in a single cave at 
different levels, the lowering of the phreatic surface due 
to the incision of the local surface drainage systems as 
a consequence of land uplift and fluvial erosion can be 
reconstructed (Häuselmann et al. 2007).

Due to lack of absolute age dates, it is only possible for 
the region on both sides of the Hochrhein, i.e. the Dinkel-
berg plateau, Jura, Klettgau and Randen, to estimate the 
relative ages of caves based on their relative height above 
the recent surface drainage (Fig. 16), assuming that these 
caves originally developed at the phreatic surface. Three 
clear peaks in the histogram (Fig. 16) are visible summa-
rising 106 elevations of the entrances of horizontal caves 
with lengths between 5 and 2300  m: a first one slightly 
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above the recent surface drainage system at around 5 m, a 
second one at around 35 m and finally a third weak peak 
at around 105 m. The caves just above the recent surface 
drainage system are probably the youngest caves devel-
oped during the Middle and Late Pleistocene. The caves 
above are likely to be older, maybe early Pleistocene. 
There are even caves, probably the oldest ones, that can-
not be related to a recent surface drainage system (and 
are thus not included in Fig.  16), because they are situ-
ated in high ground in the Jura Mountains on isolated 
plateaus. However, the interpretation of Fig. 16 is based 
purely on a statistical approach, which for instance does 
not exclude caves in a perched karst that are located 
clearly above the recent surface drainage system but are 
young as well.

Figure  17 shows the location of 139 horizontal karst 
caves in the region together with the elevation of the top 
of the High Terrace in Northern Switzerland and SW 
Germany. Most of them are small caves with a maxi-
mum length up to 50 m. However, 18 caves have a length 
between 50 and 100 m and 14 more than 100 m and up to 
2300 m. Some of them are rich in sinter formations and 

clastic sediments. Horizontal karst caves with an eleva-
tion below the top of the High Terrace are assumed to be 
young, i.e. Middle Pleistocene and younger. This has been 
proven for the Erdmannshöhle, the Tschamberhöhle (cf. 
Figures 1, 4, 17) and the Placodushöhle, and it also seems 
to hold true for the Pfarrhaushöhle, the Untere Wehrer 
Brunnenhöhle and the Lehmloch (Figs.  1, 17). How-
ever, most caves are located well above the High Ter-
race, which might point to high ages beyond the Middle 
Pleistocene.

Exploring the cave archive as part of Quaternary 
research has not really started yet. Currently, age dat-
ing using radiocarbon or the U/Th method are pub-
lished only for seven of more than 250 known caves in 
the region. Aside from the Erdmannshöhle, these are the 
Bättlerloch, Dieboldslöchli, Glitzersteinhöhle, Bären-
loch, Tschamberhöhle and Kesslerloch (Ammann et  al. 
1988; Lemeille et  al. 1999; Schmidt et  al. 2001; Becker 
2005; Kock 2008; Kock et  al. 2009; Becker et  al. 2012) 
(Fig.  17). Sedimentologists have carried out barely any 
investigations of allochthonous cave deposits, and only 
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archaeologists pushed for palynostratigraphy. Surely, 
the cave archive deserves more attention in Quaternary 
research.

9 � Summary
For the first time, U/Th dating on speleothems was car-
ried out in the Erdmannshöhle, providing information 
that can be used to pinpoint the chronology of the spe-
leogenetic and depositional processes of the cave within 
the framework of modern Middle to Late Pleistocene 
stratigraphy. It seems possible to directly correlate the 
evolution of the cave based on the formation of cave 
levels and the timing of the deposition of allochthonous 
clastic sediments with the High and Low Terrace stra-
tigraphy in the Hochrhein valley. There are many more 
caves in Northern Switzerland and SW Germany that 
deserve more detailed studies with respect to modern 
sedimentology, stable isotope analyses and dating using 
different methods. Caves may launch a new field of activ-
ity for Quaternary research, because the cave archive is 
well protected against surface processes such as erosion, 
weathering and alteration, and most caves are young, i.e. 
Late Miocene to Holocene.
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