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Abstract

This article addresses issues related to the geomorphology of previously glaciated areas of the Bohemian
Forest, for which exact data have so far been lacking. This includes the development of cirque walls, the
existence of glacial forms or sediments older than the Marine Isotope Stage 2 glaciation, the more precise
differentiation of glacial sediment complexes, especially in front of the Bohemian Forest glacial lakes and the
detection of an infilled lake as an important source of palacoclimatic proxies. The importance of gravitational
processes (e.g. rotational shear surface) for the morphology of the cirque wall above the Stard Jimka was
proved. Probable older glacial sediments overlain by slope sediments were detected in front of Prasilské Lake.
Geophysical research detected at least three probable glacial phases (stadials) in the glacial sediment complex
in front of Laka lake. A potential infilled glacial lake was identified in the GroBer Schwarzbach cirque on the
Bavarian side of the Bohemian Forest. Although the findings do not provide clear evidence of the problems
or their solutions, they provide indications confirming the data resulting from the geomorphological analysis.
At the same time, they serve as a stimulus and guide for further research.
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INTRODUCTION

Glaciation and subsequent deglaciation are associated with unique processes that create
specific landforms in the georelief (MarTINT et al. 2001, BEnn & Evans 2010). The analysis
of the internal structure of complex geomorphological forms provides very valuable
information for the overall understanding of the genesis of a former glacial landscape
(MenTLik 2010, ENGEL et al. 2017, Diarro et al. 2019). Analysing the internal structure is
now possible thanks to geophysical survey methods, which have been successfully applied to
glacial relief by KiLnER et al. (2005), PARKEs et al. (2009), HiemsTra et al. (2011), McCrLymoNT
et al. (2011), CoromBERO et al. (2014) and Diarro et al. (2019). One commonly used
geophysical method is electrical resistivity tomography (ERT), which measures the
electrical properties and provides electrical resistivity distribution models of the subsurface
environment (Loke 2000). Sediments of infilled glacial lakes have been detected using ERT
(e.g. by MenTLIK et al. 2010, TABorik 2012), as they are characterized by extremely low
resistivity, due to their strong groundwater saturation (Loke 2000, PArkEs et al. 2009). ERT
has also been used to survey cirques and cirque walls (e.g. Sass 2006) or to analyse glacial



sediments (KiLNER et al. 2005, PArkEs et al. 2009, MENTLIK et al. 2010). Glacial sediments are
in resistivity models characterized by high resistivities (PARKEs et al. 2009, TABokrik 2012),
mainly caused by the different clast sizes and air-filled spaces between them (REyNoLDS 1997,
KIiLNER et al. 2005).

In the Bohemian Forest, the border mountains of the Czech Republic with Germany and
Austria, we find several localities where Pleistocene glacial action and resulting landforms
have been demonstrated. Specifically, there are eight glacial cirques with lakes (ERGENZINGER
1967, SterFaNOvA & MENTLIK 2007) and several glacial cirques without such water
bodies (HauNER 1980, KRrizex et al. 2012, HAUNER et al. 2019, VonDRrAK et al. 2019). Infilled
lakes are thought to occur in some of them (HAUNER et al. 2019, VonDrAK et al. 2019).
A typical example is the bottom of the Stara Jimka cirque, where the existence of a lake was
subsequently demonstrated by sediment sampling and sedimentological and palaecoecological
analyses (MENTLIK et al. 2010, PrRocHAzkA et al. 2017, KLETETSCHKA et al. 2018, VONDRAK et
al. 2019). Relatively recent research has confirmed a palacolake in the cirque of Plesné
lake, demonstrating the presence of a lake and an infilled lake in the same cirque (VONDRAK
etal. 2021).

Although the evolution rate and timing of glacial cirques is still debatable (BaRrr et
al. 2019), we can assume (according to Brook et al. 2006, BARR & SpagNoLo 2015), that the
dimensions and overdeepening of the Bohemian Forest cirques (K&izex et al. 2012, HAUNER
et al. 2019) likely indicate a repeated development of glaciation (e.g. MENTLIK 2006). Glacial
sediments in the Bohemian Forest are dated only to the youngest phases of the last glacial
cycle: Marine isotope stages 2 (MIS 2) (RaaB & VOLKEL 2003, REUTHER 2007, MENTLIK et al.
2010, REUTHER et al. 2011, MenTLiK 2013, VocapLova et al. 2015). This situation is the
same in some other Central European uplands, such as the Vosges (MERCIER & JESER 2004),
Black Forest (HormaNN et al. 2022) and the Giant (Krkonose) Mountains (ENGEL et al. 2014).
However, ERGENZINGER (1967), HAUNER (1980) and HAUNER et al. (2019) also mentioned older
glacial sediments in the Bohemian Forest, but these studies are not supported by numerical
dating (HAUNER 1980, HAUNER et al. 2019), or the age of dated samples is at the limits of the
dating method used (ERGENZINGER 1967).

In the Bohemian Forest, the processes involved in the development of cirque walls have
not been further investigated. An exception is the research of Holocene debris flows in the
cirque of Prasilské Lake (HartvicH & MENTLIK 2010, MENTLIK et al. 2010). It is assumed that
glacial erosion is fundamentally important for the development of cirque walls (BENN & Evans
2010), but the influence of subsequent mass wasting after glacial retreat is also possible
(BALLANTYNE 2002, McCoLL 2012).

The present study, using the geophysical method of electrical resistivity tomography, has
the following objectives: (i) try to verify for four selected glacial cirques whether glacial
action initiated other (e.g. gravitational) geomorphological processes (occurring even after
deglaciation); (ii) for selected glacial accumulation forms, determine whether it is possible to
identify buried relics of older glaciations; (iii) for the selected accumulation landforms, specify
the local chronology of deglaciation; and (iv) for the selected glacial cirques, test the potential
existence of now infilled lakes and to determine their characteristics.



REGIONAL SETTING

The research was carried out at four localities in the Bohemian Forest. On the Czech side:
1) in the Stara Jimka cirque; ii) in the Prasilské Lake cirque; (iii) in the Laka lake cirque.
On the German side: (iv) in the Groer Schwarzbach cirque (Barenriegelkar sensu HAUNER
1980). Glacial development in all localities is assumed to date to the Last Glacial Maximum
(LGM) on the basis of several works (RATHSBURG 1928, ERGENZINGER 1967, HAUNER 1980,
STEFFANOVA & MENTLIK 2007, MENTLIK et al. 2010, Krizex et al. 2012, HAUNER et al. 2019).
As mentioned in the introduction, some authors also considered signs of glacial development
during older phases of the local glaciation (ERGENZINGER 1967, HAUNER 1980, HAUNER et al.
2019), but their hypotheses have not been proven by numerical dating.

Stara Jimka cirque locality

The site is located about 3.7 km south of the village of Prasily in the catchment area of the
Jezerni Potok stream. The elongated and relatively narrow bottom of the cirque (MENTLIiK
2006) connects to the closure of the Jezerni Potok stream valley and is filled with glacial
sediments (MENTLIK et al. 2010). The maximum altitude of the cirque wall is 1242 m above
sea level and the minimum altitude of current surface of the cirque bottom is 1050 m above sea
level (MenNTLiK 2006). The bottom of the cirque is covered by an asymmetrical accumulation,
the width of which decreases to the south (MenTLiK 2006). The area is made up of relatively
homogenous geological conditions of paragneiss (PELC & SEBEsTA 1994). The site has been
the subject of quite detailed sedimentological research (MEeNTLIK et al. 2010, PRocHAZKA et al.
2017, KretetscHkA et al. 2018, VonDRrAK et al. 2019), which has been used to establish the
detailed development of the site in the Late Glacial and Holocene. The lake was created about
14 ka (MenTLIK et al. 2010, ProcHAzkA et al. 2017) and infilled by about 4 ka (MENTLIK et al.
2010). Moraine ridges have not been dated here.

Prasilské Lake cirque locality

The locality is about 3.5 km south of the village of Prasily in the catchment area of the
Jezerni Potok stream. Two cirques, one above the other, have been identified here. Prasilské
Lake is located in the lower cirque which has a more closed shape than the higher cirque
(MenTLIK et al. 2010, K&izek et al. 2012, Hauner et al. 2019). Both cirques formed a glacial
system where ice flowed from the upper to the lower cirque (MenTLiK 2006). The
maximum altitude of the cirque wall is 1210 m above sea level and the minimum altitude
of the of the cirque bottom (below the water surface) is 1062 m above sea level (KriZEk
et al. 2012). The locality is formed by metamorphic rocks such as paragneiss, migmatite,
and quartzite (PELc & SEBEsTA 1994), but two small areas of granite, which determined the
formation of the cirque, play a very important role here (MENTLIK et al. 2010). MENTLIK et al.
(2010) assume the existence of a small valley glacier in the LGM, when the entire end
of the Jezerni Potok stream valley was filled with ice. In front of the lower cirque, there
are two moraine ridges radiometrically dated to 13.7 +/- 1.3 ka (MEenTLiK et al. 2013), which
dam the today’s lake. The oldest sediments (dated to 17.9 +/- 1.5 ka) descend to an altitude
of 1000 m above sea level (MENTLIK et al. 2013).



Laka lake cirque locality

The locality is situated approximately 7.5 km southeast of the town of Zelezna Ruda. The
Laka lake cirque is wide and stepped (MeNTLiK et al. 2010, Krizek et al. 2012, HAUNER
et al. 2019). The maximum altitude of the cirque wall is 1304 m above sea level and the
minimum altitude of the cirque bottom (below the water surface) is 1081 m above sea level
(KRrizek et al. 2012). According to PeLc & SEBEsTA (1994), almost the entire area is made
up of crystalline rocks, such as paragneiss, migmatite and, in the higher parts of the cirque
wall, granodiorite. The results of dating (MENTLIK et al. 2013) point to two stages of
moraine development. The outer moraines, which descend to an altitude of 1060 m above sea
level, are dated to 16.2 +/— 1.9 ka. The inner moraine was dated to 14.1 +/— 1.3 ka (MENTLIK
et al. 2013).

The chronologies of deglaciation (for Stara Jimka, Prasilské Lake and Laka lake) were
placed in a regional context by MENTLIK et al. (2010, 2013), and a partial correlation was found
with the chronologies of the deglaciation of other Central European mountains, e.g. the Vosges
(MERCIER & JESER 2004, BRAUCHER et al. 2006), the Giant (Krkonose) Mountains (MiGoN 1999,
ENGEL et al. 2010, ENGEL et al. 2014) or the Black Forest (FIEBIG et al. 2004, HEMMERLE et al.
2016, HormaNN et al. 2022). However, the glaciers in the Bohemian Forest probably disappeared
much earlier than from those mountains, as there is no reliable evidence for a presence of
glaciers in the Bohemian Forest in the Younger Dryas so far (RaaB & VOLKEL 2003, REUTHER
2007, MEeNTLIK et al. 2010). However, the question of small glaciers in Bohemian Forest during
this period has not yet been sufficiently answered (HAUNER et al. 2019).

Grof3er Schwarzbach cirque locality

The locality is located less than 4 km northwest of the German town of Finsterau. The cirque
is relatively wide (KRiZex et al. 2012, HAUNER et al. 2019) and, similarly to the Stara Jimka
locality, with no lake, but there are wetlands and a peat bog at the bottom of the cirque. The
maximum altitude of the cirque wall is 1272 m above sea level and the minimum altitude
of the current surface of the cirque bottom is 1016 m above sea level (KRrizek et al. 2012).
According to BAUBERGER (1977), the area is made of gneiss alternating with granite. PFAFFL
(1997) made basis geomorphological research here, but detailed geomorphological research
based on a digital elevation model (DEM) has not yet been carried out here and data on the
age of the glacial forms are missing. According to several authors (HAUNER 1980, PFAFFL 1997,
Hauner et al. 2019, VonDRAK et al. 2019), there may be an infilled lake of an unknown depth,
but its presence has not been proven.

METHODOLOGY

Research method

The following methodology was proposed to meet the objectives of the article (Fig. 1). The
research was based on a detailed digital elevation model (DEM), which was lent by the
State Administration of Land Surveying and Cadastre and the Bavarian Forest National
Park Administration. The DMR 5g (CUZK 2016) was used for the localities in the Czech
Republic and DGM 1 m (LDBYV, 2022) was used for the locality in Germany. Both DEMs
have high resolution (1x1 metre) and height accuracy is in centimetres for both models (CUZK



2016, LDBV 2022). Mean error in height is 0.18 m in exposed terrain and 0.3 m in forested
terrain in DMR 5g (CUZK 2016). Mean error in height is +/— 0.5 m in DGM1 (LDBV 2022).
In the first step, detailed geomorphological mapping was carried out in the field based on the
DEM and its derivates (hillshaded relief, slope gradient and slope orientation). The output of
the mapping was a detailed geomorphological map. In the second step, a geophysical survey
of the selected localities was carried out, the outputs of which were geophysical models
(see methodology below). In the third step, geomorphological and geophysical interpretations
of the localities were created. The synthesis of these interpretations (4" step) provides
information on the internal structure of specific landforms, which we see as means of
supplementing the knowledge to gain an understanding of the origin and development of both
individual geomorphological landforms and the georelief as a whole.

Methodology of geophysical profiling

Multi-electrode resistivity and subsequent processing using electrical resistivity tomography
(ERT) was used for the geophysical surveys of all the localities. ERT was chosen primarily
due to (i) its versatility of use in determining the structure of various geomorphological
forms and thus an understanding of their genesis and chronology (PANEK et al. 2009, Raska
et al. 2014, Kasprzak 2015, ENGEL et al. 2017, STEMBERK et al. 2017), (ii) its depth range
(BLECHA et al. 2018, CHaLupa et al. 2018), (iii) its relatively fast data processing and evaluation
(LokE & BARKER 1996, LokE 2000) and (iv) its high resolution (Rizzo et al. 2004, MAILLET et
al. 2005). The data were processed in Res2Dinv software (GEoTomo SOoFTWARE 2018) using
tomographic inversion and topographic corrections. The topography was derived in ArcMap
(Esr1 2021) from the detailed digital elevation model (basic characteristics are above).
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Fig. 1. Schematic of the methodology with the four basic steps.



Table 1. Characteristics of individual profiles. The landforms are presented on the basis of historical
geomorphological mapping with geomorphological analysis (MeNTLiK 2006, MENTLIK et al. 2010, DUFFEK
& MENTLiK 2019). RMS/Abs error mean root mean square (RMS) or absolute (Abs) error.

Stara Jimka Prasilské Lake Laka lake Gr. Schwarzbach
Length (m) 315 315 355 395
Direction W->E W-> E E> W E> W
Electrode spacing (m)| 2.5 5.0 2.5 5.0
RMS/Abs error RMS =22 RMS =23 RMS =8.8 Abs.=3.1
cirque wall — | no glacial surface — | lateral moraine — | lateral moraine —
Landforms cirque base — | lateral moraine — | glacial surface — | cirque base —
moraine glacial surface lateral moraine | cirque wall

Depending on the assumed internal structures (LokEk et al. 2015), least squares inversion
and robust inversion were used (see Table 1). To ensure the lowest root mean square (RMS)
or absolute (Abs) errors. The damping factor were optimized for each resistivity model
(e.g. Sasaki 1992, Lokk et al. 2015).

Fig. 2. Position of ERT proﬁles at each locality: A) Stara Jimka, B) Prasilské Lake, C) Laka lake, D) Grofer
Schwarzbach cirque. Blue areas indicate cirque lakes, green areas indicate cirque floors with wetlands. The
scale of all images is distorted due to being three-dimensionally displayed in ArcSCENE (ESRI 2021).



Automatic Resistivity System (ARES and ARES II, GF Instruments s.r.o.) was used for
the survey, and, because both vertical and horizontal subsurface features were assumed at the
localities, all measurements were performed using the Schlumberger electrode arrangement
(LokE 2000, ScHrOTT & Sass 2008). The profiles differed in the position, length and spacing
of the electrodes. The different spacing of electrodes was chosen in relation to the specific
research question that was set for the particular profile (see text below). See Table 1 for
detailed characteristics of the profiles and Fig. 2 for the exact position of the profiles.

In the Stara Jimka locality (Fig. 2A), the profile started above the place where we can find
change in the curvature of the cirque wall. The profile continued along the cirque wall and
intersected the infilled part of Stara Jimka and continued until the accumulation of glacial
sediments (MeNTLIK et al. 2010). The profile started 70 metres above the cirque base, so that
any internal structures in the cirque wall could be detected. The profile in the locality of
Prasilské Lake (Fig. 2B) was spread in the area below the lake. It started on a slope without
assumed glacial traces (MENTLIK et al. 2010), crossed a relict lateral moraine formed by prominent
blocks, and ended in a glacially shaped plateau (MENTLIK et al. 2010). The beginning of the
profile was determined in order to identify the contact between the glacial sediments and the
adjacent slope. The profile at Laka lake (Fig. 2C) passed transversely across the valley directly
connected to the cirque base and the cirque wall (MeNTLiK 2006). Along its course, it crosses
a lobe of glacial sediments, which are bounded on both sides by moraine ridges, about
10 metres high (MENTLIK et al. 2013). The characteristics of the profile (its length and the
spacing of the electrodes) were determined in order to compare the internal structure of both
lateral moraines. The profile in the Grofer Schwarzbach area (Fig. 2D) started on one of the
retreat moraines (DUFFEK & MENTLiK 2019, HAUNER et al. 2019), continued (perpendicular to
the moraine) through the cirque base and ended in the cirque wall (15 metres above the current
bottom of the cirque). The profile was spread in order to analyse the infill of the cirque floor.

RESULTS AND D1scUssION
Stara Jimka cirque

The model of subsurface resistivity distribution (Fig. 3) in the Stara Jimka locality can be
divided into seven parts. The first part (I. in Fig. 3) is characterized by protruding bodies with
high resistivity directly at the surface. The second part (II. in Fig. 3) is characterized by
a shallow layer of medium resistivity, which overlays a layer of high resistivity at a depth of
a few metres. The third part (II1. in Fig. 3) consists of two bodies with high resistivity, between
which there is a zone of lower resistivity which creates a concave structure at depth. The
fourth part (IV. in Fig. 3) is again characterized by a shallow layer of medium resistivity,
which at a depth of a few metres overlays a layer of high resistivity. The fifth part (V. in
Fig. 3) is formed by low (to minimal) resistivity, which continues into the depths below. The
sixth part (VI. in Fig. 3) is formed by a near-surface layer with medium resistivity, below
which we observed low resistivity. The seventh part (VII. in Fig. 3) is characterised by
a relatively shallow layer of medium resistivity, below which we observe high resistivity.
Looking at the resistivity distribution in the third part of the model, we detect a noticeable
concentric curvature of the lower resistivity layer (white dashed line in the figure), which
again overlays the high resistivity zone at a higher depth.



Parts of the subsurface resistivity distribution model (Fig. 3) in the Stara Jimka locality
partially correspond to the forms identified using geomorphological mapping by MENTLiK
(2006), MENTLIK et al. (2010), MENTLIK & NovoTNA (2010) and MENTLIK et al. (2013) and also
with previously geophysical research (see geophysical profile 2 and 3 in MENTLIK et al. 2010).
The first to fourth parts (I.—IV. in Fig. 3) correspond to the cirque wall, where MENTLIK et al.
(2010) considered (based on the ERT) a landslide. The fifth part of the model with low
resistivity (V. in Fig. 3) corresponds to the cirque base, where the infilled lake is located
(MENTLIK et al. 2010) and in the resistivity model of MENTLIK et al. (2010) is also visible. The
positions of the sixth and seventh parts of the model (VI. and VII. in Fig. 3) correspond to the
moraine which dams the cirque base (see MENTLIK et al. 2010 for details). The resistivity
characteristics of the moraine are almost the same as for the moraines geophysically explored
by MEenTLIK et al. (2010). The low resistivities in the fifth part of the model (V. in Fig. 3) are
most likely caused by heavily saturated lake sediments and peat (Loke 2000, TABoORik 2012),
which are located in the depression of the former lake, as confirmed by results of coring sur-
veys presented by MENTLIK et al. (2010), PRocHAzKA et al. (2017), and VoNDRAK et al. (2019).
The high resistivity in the seventh part of the model (VIL. in Fig. 3) is consistent with the re-
sistivity of glacial sediments (KiLNER et al. 2005, PArkEs et al. 2009, TABorik 2012). The sixth
part of the model (V1. in Fig. 3) is probably also composed of glacial sediments, which are,
however, strongly saturated here.

The division of the cirque wall into four parts (I.—IV. in Fig. 3) where the concentric
curvature of the less resistive layer (marked by the white dashed line) in the third part of
the model (I1I. in Fig. 3) provides information about the internal structure of the cirque wall.
Rotational glacial erosion is thought to occur in cirques (BENN & Evans 2010), however, slope
deformations (rock avalanches, rock falls, landslides or deep-seated slope deformations) are
also common in deglaciated areas (BALLANTYNE 2002, McCoLL 2012, GEERTSEMA & CHIARLE
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Fig. 3. ERT subsurface resistivity distribution model in Stara Jimka locality with both dissections and synthesis.
Note round curved structure (dashed white line) with low resistivity in the third part of the model. Blue arrow
indicates the location of a stream which drains the Stara Jimka cirque.



2013). Mass wasting in the cirque wall can also be predisposed here by foliation of crystalline
shales. The curvature of the less resistive layer (dashed white line in Fig. 3), could be
considered as the shear surface of a rotational landslide (see similar result in TABoRik 2012,
PERRONE et al. 2014). Based on the review (PERRONE et al. 2014), the second part (II. in
Fig. 3) probably represents a scarp of the landslide and the third part (III. in Fig. 3) represents
the landslide body itself. These landforms may be associated with deglaciation and processes
in the paraglacial phase of the system (debuttressing and subsequent stress release), but they
have not been dated yet. They could be also younger forms. In the vicinity, there are younger
(postglacial) slope deformations, which were described in this part of the Bohemian
Forest as debris flows by MenTLik et al. (2010). However, it would not be possible to find
a low-resistivity zone (representing a slip surface in the resistivity model for such forms
(PErRONE et al. 2014). HarTvIcH & MENTLIK (2010) dated the oldest debris flow path (only
shallow slope processes) in the Prasilské Lake locality to 6 ka BP. This is more than 6 ka after
the expected final deglaciation of the area, therefore the authors did not confirm the association
of the slope processes with the paraglacial phase of the system sensu BALLANTYNE (2002).
Rather, they leaned towards climatic disturbances as a trigger mechanism (HARTVICH
& MENTLIK 2010), which is in accordance with the climate disturbance (cooler temperatures
and higher precipitation) described for the Bohemian Forest by CARTER et al. (2018) and
Moravcova et al. (2021). According to the information obtained in the Bohemian Forest, the
rotational landslides in the cirque wall have not been examined in detail at all. In the Stara
Jimka cirque locality and possibly in other previously glaciated localities, we therefore raise
the question of the effect of rotational landslides on postglacial evolution of the cirque walls.

Prasilské Lake cirque

The model of subsurface resistivity distribution in the area of Prasilské Lake (Fig. 4)
can be divided into four parts. The first part of the model (I. in Fig. 4) is characterized by
a near-surface, relatively shallow layer of medium resistivity, which gradually transitions to
higher resistivity. The second part of the model (II. in Fig. 4) again consists of a near-surface,

ground moraine
glacial surface
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Fig. 4. ERT subsurface resistivity distribution model in Prasilské Lake locality with both dissections and
synthesis. Note the high resistivity body in the second part (IL.) of the model (white dashed line).



relatively shallow layer of medium resistivity, below which (at a depth of about 20 metres)
there is a distinct high-resistivity body (marked by a dashed white line). The third part
of the model (III. in Fig. 4) is characterized by a chaotic arrangement of bodies with higher
and medium resistivity. This arrangement is evident down to a depth of 30 metres. The fourth
part of the model (IV. in Fig. 4) consists of a near-surface layer of medium resistivity, which
at a depth of several metres overlays a compact (160 m long) high-resistivity layer with
a constant (about 15 m) thickness.

The four parts of the subsurface resistivity distribution model (I.—IV. in Fig. 4) in the
Prasilské Lake cirque locality almost correspond to the forms identified by geomorphological
mapping (MeNTLiK 2006, MENTLIiK et al. 2010). The first and second parts of the model
(I. and 1. in Fig. 4) correspond to a part of the slope which, according to MeNTLiK (2006) and
MENTLIK et al. (2010), was not glacially affected (flat wooded slope). The third part of the model
(II1. in Fig. 4), where bodies with higher and medium resistivity alternate chaotically, corresponds
to a relict lateral moraine, which appears at the surface as distinct blocks whose longest
axes are more than 4 metres (MeNTLiK 2006). The fourth part of the model (IV. in Fig. 4)
corresponds to the ground moraine described by MeNTLiK et al. (2010). The high resistivities
in the third and fourth parts of the model correspond to the resistivity values of glacial
sediments reported by KiLNER et al. (2005), ParkEes et al. (2009) and TABorik (2012). The
resistivity characteristics in these parts also correspond to resistivity characteristics of glacial
sediments described by MENTLIK et al. (2010) (see geophysical profile 1). A continuous layer of
high resistivity in the third part of the model is most likely formed by ground moraine sediments.

The resistivity characteristics of the deep high resistivity body (marked by the white dashed
line) in the second part of the model (II. in Fig. 4) also correspond to those of glacial sediments
(Parkes et al. 2009, TABorik 2012). However, based on geomorphological analysis, glacial traces
are not expected here (MENTLiK 2006, MENTLIK et al. 2010, 2013). The body could thus be from
an older and more extensive glaciation. Older, because it is buried by a colluvium, which is
reflected in the model by a shallow subsurface layer of medium resistivity, and more extensive
because it is located outside the currently mapped glaciated area for the extent of the LGM
glacier.

Laka lake cirque

The subsurface resistivity distribution model in the Laka lake locality (Fig. 5) can be divided
into nine parts. The first to fifth parts (I.—V. in Fig. 5) are formed by high-resistivity bodies
(outlined by solid black lines in Fig. 5), which overlay a layer of lower resistivity. In the
first part of the model (I. in Fig. 5), this high-resistivity body sits at a depth of about 15 metres
on a body with extremely low resistivity values. The sixth part of the model (VI. in Fig. 5)
consists of a relatively compact layer of medium resistivity which transitions to higher
resistivity at a depth of about 40 metres. The seventh to ninth parts of the model (VII.-IX. in
Fig. 5) again consist of bodies with high resistivity (also outlined in black in Fig. 5), which
overlay a layer of lower resistivity.

The parts of the subsurface resistivity distribution model (I.—IX. in Fig. 5) in the Laka lake
cirque locality do not match the forms identified by geomorphological mapping (MENTLiK
2006, MEeNTLIK et al. 2010). The eastern lateral moraine, which is adjacent to the Jezerni
Potok stream bed at the beginning of the profile, is strongly differentiated below the surface
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(according to the model in Fig. 5, the lateral moraine corresponds to at least 5 separate
high-resistivity bodies). The western lateral moraine consists of one high-resistivity body (IX.
in Fig. 5). However, towards the centre of the profile we can observe two more bodies with
higher resistivity below the surface (VII. and VIIL in Fig. 5). According to the subsurface model,
the ground moraine (in Fig. 5) identified by the previous geomorphological mapping survey
between the moraine ridges (MENTLIK 2006, MENTLIK et al. 2010) is also inhomogeneous.

The absolute resistivity values appear to be strongly reduced in the model by streams (see
Fig. 2 and blue arrows in Fig. 5) and high subsurface saturation (Loke 2000, KiLNER et al.
2005, McCrymont et al. 2011), which is remarkable in the first, seventh, eighth and ninth
parts of the model (I., VII., VIII. and IX. in Fig. 5). High-resistivity bodies forming the eastern
and western lateral moraines are consistent with the resistivity that has been reported for
glacial sediments (KiLNER et al. 2005, TABorik 2012). Similarly, bodies with high resistivity
in parts VII. and VIII. of the model could be considered glacial sediments (KILNER et al. 2005,
TABorik 2012). The abundance of high-resistivity bodies implies the subsurface differentiation
of both lateral moraines. This theory is also supported by the relatively close spacing of the
electrodes (2.5 m), which allows the detection of even small subsurface structures (LokE
2000). It is therefore likely that the eastern lateral moraine (see MENTLiK 2006) is actually
a series of lateral moraines, and the western moraine is only one of a series of lateral moraines
(BEnN & Evans 2010). Thus, the geophysical model probably distinguishes at least three
phases of the glacier’s advance during the Marine Isotope Stage 2 (MArTINI et al. 2001, BENN
& Evans 2010).

series of lateral morsines 1 | sedil of ground moraine l series of lateral moraines

Geomarph eastern lataral moraing glacial surface e labarat
[ v | v IX.

020 ity in ohm.m
L1 1 1 Joojee]ees] ) 0 ] [ T .. Iteration 5 RMS. =88
169 302 539 963 1720 3072 5489 9807 o e b ot ATt o
Horizontal scale is 8.44 pixels per unit spacing Last electrode is located at 355.0 m.
Vertical exaggeration in model section display = 0.87 Unit Electrode Spacing = 2.50 m,

Fig. 5. ERT subsurface resistivity distribution model in the Laka lake locality with both dissections and
synthesis. Note the lot of separated relatively high resistivity bodies in the model (outlined in black). Blue
arrows indicate the locations of streams which drain the locality.

Grofier Schwarzbach cirque

The subsurface resistivity distribution model (Fig. 6) in the GroBer Schwarzbach locality
can be divided into five parts. The first part (I. in Fig. 6) is characterized by a compact
high-resistivity body, which is evident down to 20 metres. The second part (II. in Fig. 6) shows
a transition from very high resistivity in the first part to very low resistivity in the third part.
The third part (II. in Fig. 6) is formed by a compact body of extremely low resistivity, which
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reaches a depth of about 25 metres. At about 25 metres, there is a relatively sharp transition
to medium and higher resistivities. The fourth part (IV. in Fig. 6) consists of a shallow
near-surface layer of low resistivity, which transitions quite sharply at a depth of several metres
into a zone of medium resistivity. The fifth part (V. in Fig. 6) is characterised by a slightly
chaotic arrangement of bodies with medium resistivity values.

The parts of the subsurface resistivity distribution model (Fig. 6) in the Grofer Schwarzbach
locality almost match the landforms identified by the previous geomorphological mapping
surveys (DUrrFek & MENTLIK 2019, HAUNER et al. 2019). The first part (I. in Fig. 6), which
consists of a high-resistivity body corresponds to the lateral moraine, which dams the bottom
of the cirque (PFAFFL 1997, DUFFEK & MENTLIK 2019, HAUNER et al. 2019). The second part of
the model (II. in Fig. 6) corresponds to the mapped edge of the cirque base. The third part of
the model (III. in Fig. 6), characterized by very low resistivity, corresponds to the cirque base
(Durrek & MENTLIK 2019, HAUNER et al. 2019). The fourth part of the model (IV. in Fig. 6)
corresponds to the opposite edge of the cirque base. The fifth part with medium resistivity
corresponds to the foot of the cirque wall (Durrek & MENTLIK 2019, HAUNER et al. 2019).
The high resistivity in the first part of the model matches the resistivity of glacial sediments
(KILNER et al. 2005, TABorik 2012).

The low-resistivity body that dominates the model (III. in Fig. 6) most likely represents an
infilled lake (see similar data for other infilled lakes in MENTLIK et al. 2010, TABorik 2012).
This hypothesis, originally proposed by PrarrL (1997), is also supported by the existence of
a moraine ridge (part I in Fig. 6), which dams the base of the cirque (DUFFEK & MENTLiK 2019,
Hauner et al. 2019), or the assumed deepening of the base of the cirque by rotational erosion
(BENN & Evans 2010). The lake is currently filled with heavily saturated sediments, which
are always characterized by very low resistivity (Loke 2000, TABokik 2012). Based on the
resistivity model, the area of the lake corresponds to the mapped base of the cirque. The lake
could be over 350 metres long and over 200 metres wide and it could reach 25 metres deep.
The lake phase must be confirmed, e.g. by a palynological research of a sediment core.

| y
DAl ateral moraing infilled lake

bottom of the cirque
i1 1. [ v,
6 N 240

f ;
e ateral moraine

Resistivity in chm.m

) 1 | _§ ==l 5] I ] . .- Iteration 5 Abs. error = 3.8
242 484 968 1939 3881 T 15556 31143 First electrode is located at 0.0 m.
Horizontal scale is 17.50 pixels per unit spacing Last electrode is located at 395.0 m.
Vertical exaggeration in model section display = 0.94 Unit Electrode Spacing = 5.00 m.

Fig. 6. ERT subsurface resistivity distribution model in the GroBer Schwarzbach locality with dissections and
synthesis. Note the low resistivity massive body in the third part of the model (IIL.). Blue arrows indicate the
locations of streams which drain the Grofler Schwarzbach cirque.
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CONCLUSION

The article presents the ERT results from four Bohemian Forest cirques in two ways:
to complement regional geomorphological knowledge, which may form the basis for further
geomorphological research and other research; and to show the potential of use of this
geophysical method in the research of glacial landforms.

The basic geophysical research at individual localities: (i) detected the curved structure in
the Stard Jimka cirque wall locality, which could imply a rotational landslide; (ii) identified
buried forms near the Prasilské Jezero lake locality which could be glacial sediments older
than the local LGM; (iii) contributed to understanding the relative chronology of glaciation
in the Laka lake locality; and (iv) identified a very probable infilled lake in the Grof3er Schwarzbach
cirque, which could be up to 25 metres deep. These new findings are valuable for further
research of the particular localities and the glaciation history of the Bohemian Forest.

The above-mentioned interpretations demonstrate that ERT can be used to analyse the
internal structure of glacial sediments. Such analysis could detect buried structures that have
no effect on the relief, which can be used for indication of an older (pre-LGM) glaciation or
improving the relative chronology of a glacial system within a single glaciation. ERT reveals
the internal structure of glacially eroded landforms which can indicate mass wasting processes.
The ERT method can also be used to detect potential infilled lakes and to estimate extent and
depth of their sediments. This method also refines the information about the deepening of
cirque bases. The hypotheses outlined above highlight the importance of local research
and the importance of research using geophysical methods together with geomorphological
research in the field.
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