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CERNA, B., NYVLT, D., ENGEL, Z. (2012): A buried glaciofluvial channel in the
Andél Col, Northern Bohemia: new evidence for the Middle Pleistocene ice sheets
extent in Western Sudetes. Geografie, 117, No. 2, pp. 127-151. — This study presents a
new finding of glaciofluvial sediments filling a buried channel in the Andél Col (522 m a.s.l.) in
the Jizera Mts., on the Czech-Polish border. At least 550 m long and 55-100 m wide channel
filled by glaciofluvial sediments was determined by geophysical methods in the lowermost part
of the col. The base of the channel was found at a depth of 14-19 m under the present ground
surface, descending from east to west draining the ice sheet front in the same direction. The
channel is incised in the bedrock representing thus a Nye channel and is filled by >13 m of
glaciofluvial sand, gravel and mud, which is covered by 1-2 m thick colluvial deposits. The
large part of the glaciofluvial package was deposited in subglacial environment reflecting
the ice sheet decay events of higher release of the material from the ice sheet. The upper
glaciofluvial part of sediments was deposited in front of the slowly decaying ice sheet front.
No subglacial tills have been found in the col area, which is not unusual for such an exposed
site. We reconstruct the maximum altitude limit of the ice sheet in the col as being at least
at ~540 m and the ice thickness in the Andél Col being few tens of metres. The Andél Col is
the highest known area in Northern Bohemia covered by an ice sheet and improves thus our
knowledge about the maximum vertical extent of Middle Pleistocene ice sheets in Western
Sudetes.
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1. Introduction

Northern Bohemia was repeatedly affected by continental glaciers during
the Middle Pleistocene. The number of glaciations, which reached Northern
Bohemia, as well as their chronology, is still the subject of discussion. However,
at present three ice sheet advances reaching the Northern Bohemian terri-
tory are supported by field data and they took place during MIS 16, 12 and 6
(Nyvlt et al. 2011). In spite of the uncertainty about the correct stratigraphy
and chronology of ice sheet presence in Northern Bohemia, the extent and
maximum altitude of the continental glaciation remains an important topic of
palaeogeographic reconstructions. Based on glacial sediments and landforms
Kralik (1989) estimated the maximum altitude of the continental glaciation
extent in Northern Bohemia at 400-500 m a.s.l. Cerna (2011) inferred the
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maximum altitude of ice sheet advance on the northern slope of the Jizera
Mts. for an altitude of 470-490 m (+20 m), interpreting differences in bedrock
outcrop morphology and weathering characteristics.

The maximum extent of the ice sheet in Poland is defined in different de-
tail in individual parts of Sudetes. In the Polish part of the Jizera Mts., the
maximum vertical extent is delimited by a line connecting the southernmost
occurrence of glacial sediments, which occur up to 420 m (Berg, Ahrens 1925;
Kornas 1957). However, there are indications that the maximum vertical extent
of continental glaciation was higher in other parts of south-western Poland,
for instance 490-500 m in Goéry Kaczawskie (Traczyk 2004), 580 m in Gory
Walbrzyskie (Jahn 1960), 600 m in Goéry Zlote (Walczak 1968), 550—-580 m in
Gory Opawskie, Bardzkie and Sowie (Krzyszkowski et al. 1995). The same is
true for the eastern part of Czech Sudetes, especially for the northern part of
the Hruby Jesenik Mts., where glacigenic and glaciofluvial sediments are found
in the Col between Strazisko and Bily Kamen hills at the altitude of 530-545 m
(G4aba 1972, Hanacek 2011). Some former authors brought evidences of a much
higher ice sheet advance — up to 700 m in Géry Sowie (Jahn 1960, Walczak
1968). Badura and Przybylski (1998) note that some maximum altitudes of ice
sheet presence have been deduced from sporadic findings of erratics, which
are no longer regarded as evidential. The glacial extent, as shown by proved
glacial sediments, does not exceed 550-580 m in the Sudetes (Badura, Przy-
bylski 1998).

The col sites, which were crossed by ice sheets, represent key areas for recon-
structing the vertical extent of the ice sheet. The Oldiichov col (478 m) is the
highest place currently known in Northern Bohemia being crossed over by an ice
sheet (Kralik 1989, Nyvlt 2003). Other col sites with proved continental glacier
presence lie at slightly lower altitudes: Filipov in the Sluknov Hilly land at
460 m (Nyvlt 2008), Horni Col (459 m) and Jitrava Col at 424 m (Kralik 1989).

The Andél Col, which is the subject of this study, constitutes a new site
documenting the vertical ice sheet extent. It is a flat col situated in eastern
part of the Frydlant Spur in a close proximity to the Czech-Polish border at
an altitude of 522 m. This site has so far been overlooked by both Czech and
Polish researchers, as it is mostly covered by a mantle of colluvial deposits.
Kralik (1989) presented his notion that the ice sheet was present in the col
using a map only, without bringing any proof. His map shows the col having
been glaciated to an altitude of ~540 m. The majority of former authors has not
considered the col to have been glaciated based on the regional knowledge (e.g.
Sekyra 1961, Sibrava 1967) and similarly on recent maps (Berger et al. 2002,
Ruzicka 2004), the col is shown as having lain outside the maximum extent
of the ice sheet (Fig. 1). Both Czech and Polish (e.g. Walczak 1968; Szponar
1986; Badura, Przybylski 1998; Nyvlt 1998) authors have offered an opinion on
glaciation in the col on maps only, without any further discussion and evidences
directly from the field.

Typical Nordic rocks including Baltic flint and granites from south-eastern
Sweden were found on the surface of the col, including small clasts and blocks
up to 0.5 m large. These findings are not regarded indicative for glaciation,
as they are very probably not in situ and may have been relocated to improve
forest roads. Tima (pers. com., 2007) was the first to call attention to the occur-
rence of Nordic rock under the surface when he discovered and photographed
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Fig. 1 — Sketch geological map of the surrounding of the Andél Col with the maximum ice
sheet extent according to former authors and location of the study area.

flints in the roots of trees toppled by the wind. This information prompted the
research into the Andél Col. The aim of the research was to show whether
glacial sediments were present and to determine their properties, genesis,
depth and position. To reveal this geophysical and sedimentological methods
have been employed. Based on these findings, it is our objective to reconstruct
further palaeoglaciological details, such as the glacial advance direction or
the glaciofluvial flow direction at the site and, eventually, to derive vertical ice
sheet extent for the surrounding area.

2. Study site

The Andél Col is situated in Northern Bohemia in the Frydlant Spur, be-
tween Smrk (1124 m) and Andél Hill (572 m; Fig. 1). Since the col has no name
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on maps, we refer to it here as “the Andél Col”. The landscape slopes down
to the Lomnice Valley towards the west and to Granicznik and Czarny Potok
Valley to the east. The col has a large flat part measuring about 200 x 80 m
with gentle adjacent slopes (<5°).

The study area is situated in the Krkonose-Jizera Region and the bedrock
belongs to the Early Paleozoic Jizera Metamorphic Complex (JMC) according
to Kozdrgj et al. (2001). The Andél Col and associated slopes to the north are
composed of augen-type orthogneiss. Further north from the col the bedrock
is composed of biotite granites to metagranitoids (Chaloupsky 1990, Kozdraj
et al. 2001, see also Fig. 1). South of the col lies a belt of chlorite-muscovite
schists with lenses of amphibolite (Chaloupsky 1990, Kozdréj et al. 2001).
The bedrock in the col and its surroundings is covered by Quaternary col-
luvial deposits according to the former geological map (Chaloupsky 1990).
The nearest mapped glacial sediments are situated in Poland, ~5 km East
and Northeast from the col. These are tills and glaciofluvial sediments, both
at a maximum altitude of 420 m (Kornas 1957). In Czechia, glacial sediments
occur ~5.5 km to the west of the col (Chaloupsky 1990). These sediments
were described by Kralik (1989) as glaciofluvial deposits with an altitude
not exceeding 420 m.

A\ V|

palaeochannel reconstruction according to

° drillhole GPR measurements seismic measurements
—> ground penetrating radar profile line channel thalweg ~ -eeeee- channel thalweg
——> shallow refraction seismic profile line — == channel margin — — — channel margin

Fig. 2 — Contour map of the Andél Col with locations of drillholes A, B, C and S, ground
penetrating radar profile lines R1, R2 and R3, shallow refraction seismic profile lines S1,
S2, S3, S4 and S5, reconstructed thalweg and margin of the palaeochannel according to both
geophysical methods used. Arrows mark the direction of GPR and seismic profiles shown in
Figs. 9 and 10.

130



3. Methods
3.1. Geophysical methods

Ground penetrating radar (GPR) is a technique, which detects subsurface
boundaries via the transmission and reception of high-frequency electromag-
netic energy. The equipment used consisted of a RAMAC/GPR CUII unit and a
50 MHz unshielded antenna (RAMAC RTA), which was found to gain the best
depth penetration and resolution. The antenna had a constant separation of
4 m and was pulled manually at a constant speed. The movement was measured
in time, with a trace interval of 0.1 s. The location of profiles was registered
using GPS (Fig. 2). In total, 37 GPR profile lines with a total length of 4.98 m
were measured in the col. The data were processed and plotted using RAMAC
GroundVision software. Two filters were applied: DC removal and time-varying
gain. The ground velocity for time to depth conversion was set to 100 m/us.

Shallow seismic refraction measurements enable the bedrock surface to
be mapped and also allow for the determination of P-wave velocities in the
bedrock. Measurement was conducted along five profile lines, each 92 m long.
The position of the profile lines was selected according to the GPR results to
cross the deepest part of sedimentary structures. For each profile 24 geophones
(SM4 10 Hz) were placed in an array with a spacing of 4 m. Cumulative 6-kg
hammer shots were used as a seismic source. Seven shot-points were used for
each line, five situated inside the array (middle, quarters and both ends) and
two outside the array at a distance of 20—-30 m from both ends. A 24-channel
Seismograph ABEM Mark6 was used to acquire the seismic data. The data
were then processed and interpreted using REFLEXW software 5.0.

3.2. Sediment drilling

Three cores were drilled using a percussion gouges (Eijkelkamp), with a
diameter of 100, 75 and 50 mm. Two cores (A, C) were situated inside the
channel mapped by geophysical methods and one (B) outside, as shown on
Figure 2. The maximum drilling depth was 4.28, 5.10 and 2.35 m respectively,
as a greater depth could not be reached using the hand-drilling equipment.
The percussion gouges allowed the sampling of undisturbed sediments. One
core (S) located in the deepest part of the channel was drilled using a truck
mounted core sampler with a diameter of 100 mm. The maximum depth
reached was 16 m. This type of drilling enabled sampling of semi-disturbed
sediment.

3.3. Sedimentological analyses

Grain-size analyses were performed in 51 samples from all cores. The total
of 43 samples was analysed by dry sieving. A set of sieves at whole phi-unit
intervals from —5 ® (32 mm) up to 4 ® (0.063 mm) was used. If more than 5%
of sample passed the 0.063 mm sieve, the 0.050 and 0.040 mm sieves were
added. Every sample was sieved in a sieve shaker for 10—20 min. and then
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weighed on a scale with 0.1 g accuracy. Eight samples from cores A and C with
high silt and clay content, which could not be effectively analysed by dry siev-
ing, were processed by hydrometer analysis following the method proposed by
Head (1984). The size-distribution curve was constructed for each sample and
percentiles read off. Then the graphic mean (M.,), inclusive graphic standard
deviation (c), inclusive graphic skewness (Sk;) and graphic kurtosis (Ks) were
calculated according to Folk and Ward (1957). Each sample was classified ac-
cording to sand/silt ratio and gravel share (Folk 1954).

Gravel samples were chosen for clast petrological analyses. In sum, 16 sam-
ples were processed from cores A, C and S. The size fractions used were 4—-8 mm
and 8-16 mm, although the latter did not provide enough clasts in some samples
to guarantee statistical confidence. 12 basic petrological classes were identified
and categorized into four plus one (indetermined clasts) provenance groups:
local, near, nordic and undefined, represented by quartz since its provenance
cannot be unequivocally identified. Small shares of indetermined clasts could
also have not been categorized from the provenance point of view.

Clast shape and roundness analysis was performed on eight samples from
core S. In each sample 50 quartz clasts from 4-8 mm fraction were measured.
Clasts were measured using a slide calliper, following the instructions of Gale
and Hoare (1991). The data were plotted in ternary diagrams as proposed by
Sneed and Folk (1958), using the software of Graham and Midgley (2000).
Clast roundness was classified in six-classes after Powers (1953) and plotted
in histograms. To display both shape and roundness, the C,/RA diagram was
used (Benn, Ballantyne 1994).

Heavy minerals were studied in order to examine material sources, which
do not originate from local bedrock. Eight samples from cores B and C were
selected for this analysis. Six samples were chosen from core C and two from
core B, which was situated outside the channel, so that those samples could
serve for comparison of in-channel and off-channel material. The fraction be-
tween 0.04 and 0.5 mm was sieved. The samples were processed in laboratory
of the Czech Geological Survey in Prague. Heavy minerals were separated in
a 2.95 g.cm™ dense liquid and analysed under a binocular and polarization
microscope. Shares of each mineral were calculated for individual samples.

4. Results
4.1. Channel infill

Sedimentary succession in cores A, C and S comprises alternating layers
of sand, gravel and mud (Fig. 3, Tab. 1). In the lower part of the channel infill
(below 6 m of depth) gravel deposits prevail, alternating with some muddy and
sandy layers (see Fig. 3). In the uppermost 6 m of the channel infill sandy layers
predominate, sporadically alternating with layers of mud or gravel. Outside the
channel (core B) only sandy and gravel sediments were found (Fig. 3). No core,
including the 16 m deep core S, was deep enough to reach the solid bedrock.

In core B, drilled outside of the channel, the depth reached was 2.35 m, where
a weathered orthogneiss stone was drilled. Coarse gravel with common angular
orthogneiss clasts up to 30 mm long continue up to 1.65 m, where the gravel
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Fig. 3 — Lithological logs of cores A, B, C and S including interpretation of depositional en-
vironment and grain-size distribution of samples indicated. See Fig. 2 for core locations and
Table 1 for grain-size parameters of the samples. Note different scale for core S.

changes to a massive sand, which continues up to the surface being topped by
0.2 m of humic a-horizon (Fig. 3).

The succession in core C started at depth of 5.1 m, where coarse gravel pre-
vented deeper drilling. Above the sharp boundary at 5.06 m laminated mud
continues up to 4.40 m. From 4.40 to 2.75 m thinly laminated to bedded sand
with laminae/beds from 1 mm up to several tens of mm thick predominate. From
2.75 to 2.58 a distinct layer of thinly laminated mud is present. Gravelly sand to
sandy gravel continues above the sharp erosional boundary at 2.58 m, the cycle
with coarsening upwards to ~2.10 m and later with fining upwards continues up
to 1.78 m. After a sharp boundary at this depth thinly laminated to horizontally
bedded mud dominates, with 1-30 mm thick laminae to beds and some silty sand
beds, such as those found at a depth of 1.31-1.41 m, continues up to 1.05 m. The
uppermost part of the sedimentary succession is made of massive sand, where
darkening upwards may be seen, topped by 0.2 m of humic a-horizon (Fig. 3).

In core A, where the maximum depth reached was 4.30 m, the lowermost
100 mm were composed of gravel. Above the sharp boundary at 4.20 m fine
mud with 2-5 mm thick lamination continues up to 3.70 m, where coarsening
upwards sand with a high gravel proportion follows another sharp boundary
and continues up to 3.37 m. There is another sharp boundary, at which a layer
of mud begins and coarsens up to sand continuing up to 2.58 m. Above the
sharp contact at 2.58 m alternating thinly laminated mud and sand layers
with laminae 1-10 mm thick are present. They terminate at 2.22 m, where
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Tab. 1 — Grain size characteristics and sediment classification of samples from cores A, B, C
and S. M, = graphic mean, ¢ = inclusive graphic standard deviation, Sk; = inclusive graphic
skewness, K = graphic kurtosis.

Sample  Depth Classification M, c Sk Ke

name (m) (Folk 1954) (D) (D) (D) (D)

A04 1.10-1.65 sand 2.55 0.65 0.10 1.43
A09 2.29-2.34 muddy sand 3.60 1.03 0.13 1.16
A10 2.36-2.41 muddy sand 3.44 1.04 -0.03 1.16
All 2.41-2.44 sandy mud 4.68 1.52 0.29 1.33
Al6 2.57-2.71 sand 2.28 1.05 0.00 1.19
A17 2.71-2.85 sand 2.44 114 -0.03 1.45
A19 2.85-2.98 muddy sand 3.36 0.89 0.15 0.96
A21 2.98-3.22 mud 5.55 1.69 0.55 1.83
A26 3.36-3.37 gravelly muddy sand 1.81 2.54 —0.40 1.19
A27 3.37-3.71 gravelly sand 0.34 1.77 -0.35 0.96
A28 3.71-3.79 muddy sand 3.67 1.03 0.09 1.21
A29 3.80-4.12 sandy mud 5.08 1.66 0.55 1.47
A31 4.22-4.28 sandy gravel -2.07 2.59 0.47 0.93
B03 0.45-0.55 slightly gravelly muddy sand 3.33 1.50 -0.45 1.04
Bo4 0.74-0.89 muddy sand 3.48 119 -0.10 1.19
B05 0.90-1.10 gravelly muddy sand 2.04 256 -0.31 1.73
Bo6 1.10-1.31 muddy sand 3.32 123 -0.21 0.87
B0O7 1.31-1.65 gravelly muddy sand 2.73 1.69 -0.25 1.15
B08 1.65-1.87 muddy sandy gravel 1.02 3.06 -0.15 0.59
B10 2.13-2.36 muddy sandy gravel 0.75 3.08 -0.15 0.70
Co5 0.55-0.96 muddy sand 3.55 1.02 -0.27 0.98
Co6 0.96-1.06 muddy sand 3.33 1.10 0.15 1.07
Co08 1.14-1.31 sandy mud 4.65 1.31 0.53 3.55
Co9 1.31-1.41 muddy sand 3.57 0.77 0.02 0.99
C10 1.41-1.53 mud 4.88 1.23 0.72 2.72
C11 1.53-1.65 sandy mud 6.20 2.06 0.20 0.94
C13 1.80-1.83 gravelly sand 0.07 1.70 0.13 0.90
Cl4 1.83-2.03 gravelly sand 0.37 1.90 -0.39 0.93
Cl6a 2.05-2.12 sandy gravel -1.03 2.54 -0.05 0.69
C16b 2.20-2.38 gravelly sand 0.56 2.01 -0.37 0.84
C17 2.38-2.43 gravelly sand 1.94 1.15 -0.21 1.47
C18 2.43-2.50 gravelly sand 1.22 1.66 -0.28 1.13
C19 2.51-2.58 muddy sand 2.98 0.92 0.22 1.12
C21 2.58-2.65 mud 5.40 1.42 0.51 1.28
C23 2.93-2.96 muddy sand 3.15 0.73 0.10 0.88
C24 2.96-3.09 muddy sand 3.86 0.76 0.23 1.15
C25 3.18-3.46 sand 2.08 0.62 0.03 0.83
C26 3.46-4.06 sand 2.69 0.59 0.27 1.22
Cc27 4.06-4.38 muddy sand 3.52 0.76 0.03 1.05
C29 4.40-5.06 sandy mud 5.25 1.55 0.56 1.47
S08 7.15-7.50 muddy sandy gravel -0.91 3.10 0.18 0.79
S09 8.00-8.20 muddy sandy gravel -1.07 3.24 0.21 0.73
S10 8.55-8.80 muddy sandy gravel 0.16 2.68 0.11 0.91
S11 9.50-9.65 sandy gravel 0.15 2.08 0.09 0.94
S12 10.00-10.30  gravelly sand 1.00 1.68 -0.16 1.60
S13 10.40-10.55 gravelly muddy sand 1.25 292 -0.41 0.68
S14 11.00-11.20 sandy gravel -0.46 2.26 0.17 1.05
S15 11.70-11.90 muddy sandy gravel 0.24 2.99 0.05 0.80
S16 12.70-12.90  muddy sandy gravel -0.11 2.91 0.16 0.90
S17 13.50-13.70 muddy sandy gravel 0.41 2.89 -0.02 0.94
S18 14.80-15.10 sandy gravel -1.13 2.37 0.21 1.13
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they are sharply replaced by massive sand, which changes from light to dark
yellow towards the surface, where 0.15 m of humic a-horizon is present (Fig. 3).

In core S, the maximum drilled depth was 16.00 m. Most of the sedimentary
succession is composed of gravel, which predominates in the lower part, up
to 6.15 m. Further up, gravel is replaced by a few metres of laminated layers
of mud and sand. Above the sharp boundary at 6.15 m a muddy layer with
laminae 2—10 mm thick continues up to 5.50 m, where another sharp boundary
is present, above which sand alternating sporadically with layers of mud or
gravel continues up to the surface with just 0.15 m of humic a-horizon (Fig. 3).
The upper 5 m of sediments in core S may be well correlated with sediments
in the core C and the latter was used for interpretations of the uppermost part
of the succession due to a preferable drilling method.

Sedimentary characteristics in alternating layers differ markedly. All avail-
able grain size statistical parameters and classifications are given in Table 1.
The grain size distribution of the material from cores A, B, C and S together
with interpreted depositional environment is shown on Figure 3.

The principal statistical parameters of grain-size distribution for individual
glaciofluvial and colluvial samples from cores B, C and S are plotted in Figure 4
to show differences of individual glaciofluvial and colluvial facies. Glaciofluvial
sediments ranges from fine silt to gravel. Best sorted is always medium to fine
sand, which is usually moderately sorted. Glaciofluvial fines with the graphic
mean in the range of fine to coarse silt are poorly sorted and mostly very
negatively skewed. Coarse-grained glaciofluvial facies represented by gravely
sand to gravel are poorly to very poorly sorted and mostly negatively skewed,
only coarse sandy sediments are positively to very positively skewed. On the
other hand, the mostly sandy colluvial sediments are always sorted worse than
corresponding glaciofluvial facies and are typically positively to very positively
skewed (Fig. 4), which shows on the admixture of fines comparing to the glacio-
fluvial material.

Clast petrological analyses were studied from the viewpoint of petrological
and provenance composition of gravel material. The highest proportions (usu-
ally 70-85%) are typical for local petrotypes (Tab. 2, Fig. 5), which consist of
JMC orthogneiss, metagranitoid and mica schist. They are present in variable
proportions, however the most common are clasts of metagranitoid, followed
by orthogneiss, with mica schist clasts being less common (Tab. 2). Quartz is
regarded as undetermined according to its provenance, as it may originate from
different local, near or Nordic rocks. The share of quartz is typically 10—-25%,
with some outliers up to 43%. Near and Nordic rocks are present in nearly all
samples examined; they usually make up less than 4-5% of all clasts. Neogene
volcanic rocks, Cretaceous sandstones from Poland, Jizera granite, different
quartzites and one palaeorhyolite (Sudeten porphyry) from the North-Sudetic
Trough (with outcrops south of Lwéwek Slaski) or the area surrounding Wal-
brzych represent near rocks which must have been transported towards the col
area by an ice sheet either directly from their outcrops or more probably from
older fluvial deposits. Nordic rocks consist of crystalline rocks (mostly granites
from Smaland, rapakivi granites mostly from Aland islands, porphyries and
granitoids from Dalarna), Fennoscandian Jotnian sandstones, Baltic flints and
cherts (Tab. 2). The vertical trend in shares of individual provenance groups
in core S is given in Figure 6.
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Fig. 6 — Vertical changes of gravel clast
provenance groups from the fraction
4-8 mm of the core S.

Ternary diagrams (Fig. 7) display
the quartz clast shapes of sediments
from core S. The shape is variable,
but bladed, compact-bladed and
compact-elongate clasts predomi-
nate (Sneed, Folk 1958). The sam-
ples’ Cy4 index varies between 14 and
28%. Clast roundness of quartz clast
from core S is shown in histograms
in Figure 8. In most samples, sub-
angular clasts dominate, however
sample S18 is composed of more an-
gular clasts and in sample S10 sub-
rounded clasts prevail. The share of
RA clasts (very angular and angular
clasts) varies between 14 and 48%.
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Fig. 7 — Ternary diagrams showing quartz gravel clasts shape of the samples from the core
S, together with the Cy values. For location of the samples see Fig. 6 and Tab. 1.

139



Tab. 3 — Relative shares of heavy minerals for the samples derived from cores B and C. For
location of the samples see Fig. 3.
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B06 5 1 60 30 4
BO7 10 5 50 30 5
Cc09 <1 4 50 <1 <1 10 <1 3 1 25 <1 2 5
Cl14 <1l 35 50 <1 4 <1 4 1 1 5
C16b <1 5 30 <1 <1 40 <1 5 <1 15 <1 <1 5
C25 <1 15 60 <1 10 <1 5 <1l <1 5 <1l <1 5
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Fig. 8 — Histograms showing quartz gravel clasts roundness of the samples from the core S.

VA - very angular, A — angular, SA — subangular, SR — subrounded, R — rounded, WR — well
rounded.
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Fig. 9 — The GPR profiles R1, R2 and R3 across the channel with its floor indicated in white.
See Fig. 2 for profiles locations.

Shares of individual heavy minerals are different for samples from cores B
and C (Tab. 3). Material in core B drilled outside the channel is typified by
predominance of rutile and tourmaline, with only five heavy minerals being
detected. The small number of mineral types indicates that these sediments
are colluvial loams deposited from the material of the adjoining slopes and that
they contain heavy minerals originating from the local bedrock only. On the
other hand, the heavy mineral composition of the material from core C reflects
a very broad spectrum of heavy minerals.

4.2. Bedrock morphology

The results of GPR profiling indicate a buried channel located in the lower-
most part of the col, as is indicated by the dashed lines in Figure 2. Three of the
measured GPR profiles are shown on Figure 9. The channel length detected by
the GPR method is ~550 m. At both ends the channel gradually fades out. GPR
measurements indicate that the channel width varies between 20 and 70 m
(Fig. 2). The deepest channel thalweg is ~12—18 m below the ground surface,
but the depth of the channel itselfis about 9-11 m. Five profile lines measured
by shallow seismic refraction are shown on Figure 2. The results differ slightly
from GPR measurements in terms of the width and depth of the channel. The
seismic results (Fig. 10) indicate that the width of the channel varies between
55 and 100 m (Fig. 2) and its floor is 14-19 m below the ground surface. Solid
bedrock was detected at depths of 5-8 m outside the channel.
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According to both geophysical methods used, the channel cross-sections are
variable in shape (Fig. 9, 10). The channel has some wider parts and some
branches with variable depths. High seismic P-wave velocities indicate that
the material under the refraction interface representing the channel floor is
composed of solid bedrock. The channel floor is uneven and undulating accord-
ing to both geophysical measurements, as shown on Figure 11. Both methods
show a similar shape for the channel floor, with depth differences of 2—5 m.
This difference is caused by several factors. The GPR method is inaccurate in
measuring absolute depth. Moreover, in some GPR profiles, interpretation of
the channel floor is difficult due to many reflections displayed. The shallow
refraction seismic was measured in five cross-sections, which does not allow
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showing the detailed shape of the channel floor in longitudinal profile. Although
the exact shape of the channel floor in longitudinal profile remains unknown,
it definitely descends from east to west with a general dip of 0.5-0.8°, as was
shown congruently by both geophysical methods (Fig. 11).

5. Interpretation and discussion

The sedimentary character, especially bedding, sets of inversely graded units
and sharp erosional boundaries and the presence of material, which travelled
long distances, indicate high-magnitude glaciofluvial deposition of the material
filling lower part of the channel (Fig. 3). It was shown by Maizels (1993), that
thick inversely grading units (such as those found in the lower part of the
core S) are deposited during a high-magnitude glacial floods being related to
increasing flow competence on the rising limb of a flood hydrographs. This com-
monly occurs during the filling of subglacial channel (Marren 2005). Therefore
we interpret the lower part of the channel infill up to the depth of ~6 m in the
core S as being deposited in the subglacial environment. The upper part of the
glaciofluvial infill is composed by mostly sandy to muddy units, mostly also
inversely graded, partly laminated (Fig. 3). However, these sets are usually
<1 m thick and represent a different flow regime. They might originate by the
downstream accretion on longitudinal bars during lower flow velocities, but with
high amount of available sandy to pebble material for the transport originating
from the decaying ice sheet (Bluck 1974). However, common muddy units in
the proglacial glaciofluvial environment might also indicate the reworking of
basal subglacial facies by proglacial flows with numerous kettle lakes in front
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of the retreating ice sheet. The proglacial flow was surely much more limited
comparing to the subglacial channel flow. The ice sheet decay in the Andél Col
area was rather slow leaving ice-cored moraine and producing kettle lakes
during its decay. Both environments are quite typical for proglacial setting.
However, it also indicates that most of the thawing water even during the
slow ice sheet decay in this area must have been drained back below the ice
sheet, as no subaerial terminoglacial fan (Zielinski, van Loon 2000), such as
that at the Javorna site (Hanacéek 2011), has been found here. It is evident
that the minimum thickness of glaciofluvial sediments is 13 m, the lower ~9 m
were deposited in subglacial environment, the upper 3 m then in front of the
retreating ice sheet front.

Glaciofluvial units are covered with massive colluvial sand to gravel (1-3 m
thick), for which the absence of lamination or bedding as well as worse sorting
(comparing to the glaciofluvial material) and admixture of finer material are
typical. They occur throughout the whole core B drilled outside the channel.
The admixed finer fractions in massive colluvial sand originated from (chemi-
cal) weathering processes producing silty to clayey fractions, which decrease
sorting of the material.

The low shares of clasts transported over a long distance is typical for sites,
where glaciofluvial sedimentation is strongly controlled by local topography
(Nyvlt, Hoare 2000, 2011). Far travelled rocks are mostly transported in the ice
sheet body in englacial and partly subglacial zone and these ice facies can hardly
reach the elevated col area. The upper ice facies, which might reach the col area,
are on the other hand rich in passively transported local angular supraglacial
material. This was found to be true for similar localities in the glaciated region
of Northern Bohemia (e.g. Nyvlt, Hoare 2000, 2011; Nyvlt 2008).

A broad spectrum of heavy minerals identified in the channel infill is typical
for glacial sediments of multi-source origin (e.g. Sikorova et al. 2006). The
major components are illmenite and muscovite, with chlorite and limonite
in some samples being dominant as well. Muscovite and chlorite originated
from schist or from gneisses and metagranitoids (Domecka 1970). However,
there are also clear distant heavy minerals, such as magnetite, pyroxene, il-
menite or kyanite. They could not originate from surrounding bedrock (cf.
Domecka 1970) and must have been transported to this area by an ice sheet.
Kyanite may originate from near metasediments. Pyroxene is not present in
local metagranitoids/orthogneisses, but is a common mineral in Quaternary
sediments of the wider area (e.g. Czerwonka, Krzyszkowski 1994; Czerwonka
2004; Sikorova et al. 2006).

The other phenomenon is a vertical trend of individual provenance groups
in the core S (Fig. 6). There is a visible trend toward reduced shares of local
clasts between basal parts of the channel infill and the sediments at the depth
~11 m, which is connected with an increase in the proportions of quartz, near
and Nordic rocks in the same interval. It is therefore possible that a part of
quartz clasts was transported via an ice sheet to the col area, as is the case
for near and Nordic rocks. Similar trend is visible in the change of clast shape
and roundness, not only in ternary diagrams of the clast shapes (Fig. 7), where
shares of more blocky clasts increases and histograms of the clast roundness
(Fig. 8), where higher amounts of subrounded to rounded clasts are present.
But this trend is best visible in the covariant plot of C4 and RA values (Fig. 12).
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from the core S.

An opposite trend may be seen between depths of 11 and 7 m, where the next
coarsening upward set is present (Fig. 3). There is evident increase in local
material and decrease in distal material. The share of quartz clasts is similar
to the share of near and Nordic clasts. This is accompanied by the increase of
the proportion of angular and less spherical clasts; as it is seen on Figure 12.
These changes are typical for different fluxes of released meltwaters originating
from the ice sheet. At the depth of ~11 m highest amount of better-rounded
and far-travelled clasts is released from the ice sheet. From this standpoint, we
may also interpret the succession a depth of ~11 m as being deposited at the
beginning of the ice decay (i.e., just after the maximum extent of the ice sheet in
the col area), when highest amount of ice-transported material is released. The
simplified reconstruction is shown on Figure 13. The next coarsening upward
set does not bring more distal material and is typified by the predominance of
the local material originating mostly from supraglacial ice facies and represent
thus the retreat of the ice sheet margin from this area.

The size and shape of the channel differ in both geophysical surveying meth-
ods employed, i.e., in shallow seismic refraction and GPR measurements. The
seismic refraction method is regarded as being more reliable and accurate for
measuring the channel depth, as the bedrock is characterized by a refraction
interface with substantial contrast in P-wave velocities. On the other hand,
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GPR data show more reflections, which represent boundaries between layers of
different grain-size, as well as the boundary between sediments and bedrock.
The seismic refraction method is also more precise in mapping the channel
width. In GPR record synclines appear narrower and anticlines broader than
in reality (Stewart et al. 2006); therefore the real channel width is probably
larger than our GPR data show. The floor of the channel is undulating; this
fact was detected by both geophysical methods, and the channel is eroded in
solid bedrock.

An important finding is that the channel floor slopes from east to west, as was
proved congruently by both geophysical methods (Fig. 11). This indicates water
flow from the east to the west. The channel is situated in the lowermost section
of the col. In the east the channel continues transversely across the northern
slope, whereas south of it a recent dry (intermittent) channel is located. This
indicates the col was wider during preglacial times than it is in present. The
valley head east of the col was situated >200 m further to the east and reached
its recent position by backward erosion after the ice sheet’s retreat. This implies,
that the postglacial backward erosion might have changed the channel length
and width at its eastern side. The geometry of the channel might imply both
its subglacial or proglacial origin, however as it was shown by sedimentary
characteristics of channel infill its subglacial origin is more likely.

Shallow refraction seismic results indicate that there is solid bedrock next
to the channel at a depth of 58 m. This indicates that the channel was partly
eroded in the weathered regolith, but its lower part (10-12 m) was eroded in
the solid bedrock, as shown on Figure 13. However, the incision of >10 m into
a solid bedrock is hardly conceivable in the proglacial environment on such
an exposed site as is the col. Therefore, we interpret this channel as a Nye
channel (Nye 1973) incised into the bedrock. If the ice sheet front just reached
the edge of the col, its meltwaters would be draining back under the ice sheet
through fissures in the ice and such a channel would not originate. Therefore
the subglacial origin of this channel is more feasible, as it is supported both by
sedimentological and geophysical results. It is hard to reconstruct the advance
direction of the ice sheet front into the col area, as there are no adequate
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sediments preserved in the vicinity of the col. However, as the subglacial flow
was from the east to the west, which is best visible for the upper part of the
glaciofluvial succession, it is probable that the flow was consistent with the
advance direction of the ice. Therefore, it seems, that the ice sheet outlet entered
or crossed the col from the east and its meltwaters drained partly subglacially
to the proglacial zone located to the west (in the Czech territory).

We failed to detect subglacial tills in the col area, which is not unusual due
to the limited thickness of the ice present and subsequent removal of superficial
sediments. The same was true for the Oldrichov Col (Nyvlt 2003), where no
glacigennic sediments are present and its crossing by an ice sheet outlet was
proved by the presence of glaciofluvial deposits in the valley south of the col
(Kralik 1989, Nyvlt 2003). Therefore it is hard to reconstruct the maximum
advance of the ice sheet over the Andél Col. It is obvious that the ice sheet’s
surface was higher than the col (522 m) and the minimum thickness of the ice
here was few tens of metres. We suggest that the altitude limit of the ice sheet
during its maximum advance was ~540 m.

6. Conclusions

The presented results bring new consequences for palaeogeographical recon-
struction of the maximum Middle Pleistocene ice sheet extent in the Jizera Mts.
The ice sheet front advanced to the Andél Col from the east, filled the valley
of the Granicznik River and crossed the col. In the subglacial environment a
deeply incised Nye channel was eroded by subglacial flow. Geophysical methods
showed that the channel is eroded in the bedrock and weathered regolith,
which evolved in the lowermost part of the col. The channel is >550 m long
and 55-100 m wide. Its floor lies about 14—19 m below the present surface and
its floor descends from east to west indicating the water flow in this direction.

The channel is filled by >13 m of glaciofluvial sand, gravel and mud, which
is covered by 1-2 m thick colluvial deposits. The lower ~9 m of the sedimentary
succession filling the channel was deposited during high-magnitude glacial
floods in the subglacial channel. Individual coarsening upward sets represent
events of higher release of far-travelled better-rounded material from the ice
sheet. The last subglacial coarsening upward set reflects the ice sheet front
decay bringing more local material originating mostly from supraglacial ice
facies into the channel. The upper 3 m of the glaciofluvial sediments were
deposited partly by the downstream accretion in form of longitudinal bars in the
proglacial position and by the reworking of sublacial till facies with numerous
kettle lakes evolving in the proglacial position, i.e. close to the ice sheet front.
However, both indicates a very slow ice decay in the Andél Col area and the
predominant drainage of meltwaters back below the retreating ice sheet front.

No subglacial tills have been found in the col area, which is not unusual for
such an exposed site. Although the exact position of the ice sheet near the col
remains unknown, the ice sheet surface was surely higher than the col (522 m).
These results show that the maximum vertical extent of the ice sheet on both
sides of the col was higher than has been considered recently. The precise
maximum extent of the ice sheet in the wider area around the col is hard to
assess as most of the glacial sediments and landforms were removed, destroyed
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or modified after deglaciation. However, we suggest that the maximum vertical
extent of the ice sheet in the Andél Col was at ~540 m and the ice in the col was
few tens of metres thick. The Andél Col is the highest area in Northern Bohemia
covered by the ice sheet and changes our knowledge about the maximum vertical
extent of Middle Pleistocene ice sheet extent in Western Sudetes.
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Shrnuti

POHRBENE GLACIFLUVIALNT KORYTO V SEDLE POD ANDELSKYM
VRCHEM V SEVERNICH CECHACH: NOVY DOKLAD PRO ROZSAH
STREDOPLEISTOCENNICH LEDOVCOVYCH STITU
V ZAPADNICH SUDETECH

Tato studie pFinasi doklady novych nalezt glacifluvialnich sedimentd vypliujicich po-
hibené koryto v sedle pod Andélskym vrchem (522 m n. m.) v Jizerskych horéch, pobliz
cesko-polskych statnich hranic. Miniméalné 550 m dlouhé a 55-100 m Siroké koryto vyplnéné
glacifluvidlnimi sedimenty bylo zjisténo pomoci geofyzikalnich metod v nejnizsi éasti sed-
la. Baze koryta se nachézi 14-19 m pod sou¢asnym povrchem, diky gradientu od vychodu
k zapadu odvodnovalo koryto ¢elo ledovcového stitu v tomto sméru. Koryto je zahloubené do
pevného podlozi a ¢astecné zvétralin, a piredstavuje tak Nye koryto. Koryto je vyplnéno >13 m
glacifluvialnich pisku, Stérka a hlin, které jsou prekryty 1-2 m mocnymi svahovymi sedimenty.
Znaéna ¢ast glacifluvidlnich sedimentu byla uloZena v subglacidlnim prostiedi béhem tani
ledovcového stitu, kdy dochédzelo k uvolniovani znaéného mnozstvi horninového materialu z le-
dovce. Dokladaji to vzhiiru hrubnouci sety pisku a $térka s vy$§im podilem nordickych hornin.
Posledni z téchto sett s dominanci mistniho materialu doklad4 ustup cela ledovce a ukladani
materidlu predevsim z povrchovych partii éela ledoveového Stitu. Svrchni 3 m mocna vrstva
glacifluvidlnich sedimenti byla ulozena pied pomalu tajicim ¢elem ledovcového §titu, ¢astecné
poproudovou akreci v podobé podélnych lavic a také redepozici pivodné subglacidalniho mate-
ridlu za vzniku depresi po mrtvém ledu, kde vznikala zahloubend jezirka pomalu vypliiovana
jemnozrnnymi laminovanymi sedimenty. V zavéreéné fazi glacifluvidlni sedimentace odtékaly
tavné ledovcové vody smérem k vychodu zpét k ustupujicimu éelu ledovcového stitu. V oblasti
sedla nebyly nalezeny zZadné subglaciélni tilly, cozZ neni neobvyklé vzhledem k poloze lokality.
Celo ledovcového stitu v prostoru sedla pod Andélskym vrchem bylo maximéalné prvni desitky
metrt mocné. Maximalni vyskovy zasah ledovcového Stitu v Andélském sedle lze vycislit
hodnotou ~540 m. Andélské sedlo je nejvysSim zndmym mistem v severnich Cechéach, které
bylo zasazeno ledovcovym Stitem, a vyznamné tak upiesnuje nase znalosti 0 maximalnim
vyskovém zasahu stiedopleistocennich ledovcovych stita v Zapadnich Sudetech.

Obr. 1 — Schematicka geologickd mapa okoli sedla pod Andélskym vrchem s maxim&lnimi
zasahy ledovcovych $tith podle drivéjsich autora.

Obr. 2 — Topografickd mapa sedla pod Andélskym vrchem s lokalizaci vrta A, B, C a S,
linii georadarovych profila R1, R2 a R3, profilid mélké refrakéni seismiky S1, S2,
S3, S4 a S5, rekonstruované udolnice a okraje paleokoryta podle obou pouzitych
geofyzikalnich metod.

Obr. 3 — Litologické profily jadry A, B, C a S véetné interpretaci depozi¢niho prostiedi a zr-
nitostniho sloZeni vzorku. Lokalizace vrti je zndzornéna na obr. 2, zrnitostni para-
metry sedimentu jsou uvedeny v tabulce 1. Jadro S je zobrazeno v jiném méritku.

Obr. 4 — Diagramy praméru zrnitosti (M.) a koeficientu vytiidéni (c) a pruméru zrnitosti
(M) a sikmosti (Sk) pro glacifluvidlni a koluvialni sedimenty z vrtnych jader B, C
aS.

Obr. 5 — Vertikalni trendy provenienénich skupin ve $térkovych klastech glacifluvialnich
sedimentu z jader C, A a S. Vzorky oznacené hvézdickou neobsahuji dostate¢né
mnozstvi klasti pro statisticky objektivni porovnani.

Obr. 6 — Vertikalni zmény provenien¢nich skupin klasta frakce 4-8 mm z vrtného jadra S.

Obr. 7 — Diagramy tvara Stérkovych klastd ze vzorki z vrtného jadra S s hodnotou Cy. Pro
lokalizaci vzorku viz obrazek 6 a tabulku 1.

Obr. 8 — Histogramy skupin zaobleni kfemennych klastd vzorkt z vrtného jadra S. VA —
velmi ostrohranny, A — ostrohranny, SA — poloostrohranny, SR — polozaobleny,
R — zaobleny, WR — dokonale zaobleny.

Obr. 9 — Glacifluvidlni koryto na georadarovych profilech R1, R2 a R3 s bile vyznaéenou bazi
koryta. Lokalizace jednotlivych profila je znazornéna na obr. 2.

Obr. 10 —Profily mélké refrakéni seismiky S1-S5 s vyznacenym povrchem reliéfu podlozi.
Vyznacené ¢iselné hodnoty odpovidaji rychlostem siteni P-vin. Pro lokalizaci jed-
notlivych profilt viz obr. 2.
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Obr. 11 —Podélny profil tdolnici koryta rekonstruovany na zakladé obou geofyzikalnich
metod. Pro prubéh ddolnice koryta viz obr. 2.

Obr. 12 —Diagram hodnot C4 a RA pro kfemenné Stérkové klasty ze vzorka z vrtného jadra S.

Obr. 13 —Schematicky priény fez korytem vlevo a interpretace postupu a ustupu ledovcového
§titu a depozi¢niho prostiredi pro jednotlivé ¢asti vyplné koryta vpravo. Svisla linie
s metrovym paskovanim ve stiedu koryta predstavuje pozici vrtného jadra S.
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