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INTRODUCTION 
 

Roches moutonnées are asymmetrical bed-
rock elevations, of which the smoother stoss 
side was exposed to glacial detersion and the 
lee side to glacial plucking (BENN and E-
VANS 1998). These landforms are usually 
aligned with the ice flow (LOWE and WAL-
KER 1997), but this condition is not necessary 

under many definitions (BENN and EVANS 
1998, GLASSER and BENNET 2004).  

In the foothills of the northern slopes of the 
Jizera Mountains, one can find elongated 
asymmetrical elevations reminiscent of typical 
roches moutonnées (Fig. 1). The origin of the-
se elevations has not been conclusively ex-
plained. KRÁLÍK (1989) regarded these for-
mations as roches moutonnées, formed by the 
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Fig. 1 The elevation above Hejnice. The arrow indicates the probable ice flow direction 
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Elster and Saale Glaciers. According to CZU-
DEK (2005), these are small exfoliation domes 
(ruwares), which developed from the beginning 
as asymmetric elevations; glacier modelling 
had practically no impact on their morphology. 

A similar viewpoint is suggested even in the 
area of younger glaciation, where the land-
forms are better preserved. For instance, 
LINDSTRÖM (1988), who studied the land-
forms of the Visla glaciation, believes that 
roches moutonnées are a result of preglacial 
erosion and were glacially altered only very 
slightly. According to BENN and EVANS 
(1998, p. 326) the two points of view regarding 
the origin of roches moutonnée are not mutu-
ally exclusive, because there is a wide range of 
landforms, from those exhibiting typical glacial 

modelling, up to those only slightly altered by 
glacial erosion. 

The goal of this paper is to contribute to ex-
plaining the origin of rounded elevations in the 
foothills of the Jizera Mountains, using measu-
rements of their morphometric and structural 
properties. The basic hypothesis was as fol-
lows: If the rounded elevations are glacially 
modelled (or remodelled), their shape will be 
mostly elongated in the direction of the ice 
movement. If these forms are roches mouton-
nées, their lee side will be steeper than their 
stoss side, and the direction of elongation will 
not be predetermined by the joint system. On 
the contrary, if the elevations were affected by 
the glacier only slightly or not at all, their 

 
Fig. 2 Map of the study area with the measured elevations marked. Map source: Digital ar-
chive ČGS  
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shape and elongation would be dependent 
mostly on the joint system.  

 
THE  STUDY  AREA 

 
The area of interest is limited to the granite 

part of the upper Smědá catchment area (Fig. 
2). The topography in this region is very di-
verse. It encompasses the northern slopes of 
the Jizera Mountains, broken by deep erosion 
valleys as well as gentle foothill areas gradu-
ally descending to the recent riverbed of the 
Smědá River. Rounded elevations are found 
especially in the foothill area at altitudes under 
450 m a.s.l. (Fig. 2).  

Geologically, this region belongs to the 
Varis granitoid group, namely to the Krkonoše-
Jizera granitoid massif. The granite is present 
in two types, porfyric coarse-grained biotitic 
granite and porfyric medium-grained granite 
(CHALOUPSKÝ 1989). The unific lithologi-
cal composition of the studied area allows for 
a good comparison of the resulting measure-
ments.  

In the Pleistocene, the studied region was 
affected by the continental glacier, which ad-
vanced through the Frýdlant Uplands to the 
northern slopes of the Jizera Mountains. Ac-
cording to KRÁLÍK (1989) this happened in 
the Elster and in the older Saale glacial stage. 
In the area of Oldřichov Col (478 m), the gla-
cier also affected the southern part of the 
mountains, the catchment of the Jeřice River 
(KRÁLÍK 1989 and NÝVLT 2003). There are 
several relics of glacigenic or glacifluvial sedi-

ments (Fig. 2) from both the older (Elster) and 
younger (Saale) glaciation (KRÁLÍK 1989) 
near the foothills in the studied area and along 
the present flow of the Smědá River. 

The vertical extent of the glacier in the 
northern slopes of the Jizera Mountains was 
estimated at 560 to 600 m by CHALOUPSKÝ 
(1989), at 400 – 500 m by KRÁLÍK (1989), at 
425 m by TRACZYK and ENGEL (2006) and 
at 450 – 500 m by JANÁSKOVÁ (2009). It 
can be deduced from these altitudes that the 
thickness of the glacier in the Smědá valley 
was around 100 m.  

 
METHODS 

 
Elevations protruding solitarily above the 

surrounding landscape were chosen for measu-
rement. The maximum height of the measured 
elevations reached 6 m; the length of the longer 
axis was no more than 80 m. Elevations of lar-
ger sizes were not considered in this study, be-
cause the probability that they were signifi-
cantly remodelled by a glacier is relatively 
small.  

Because of their small size, the majority of 
the studied elevations were not noticeable on 
the maps or the digital relief model. They had 
to be mapped and measured directly in the 
field. The position of the elevations was re-
corded by GPS, and their proportions and 
height were measured. The methodology of 
VÍDEŇSKÝ et al. (2007), designed for the 
study of elevations in the Žulová granitic mas-
sif, was used for the following measurements: 

 
Fig. 3 Rose diagram of the elongation 
directions of the measured elevations 



10 

Barbora Janásková                                                                   GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2009 

If the elevation was elongated, the direction 
of the longer axis was determined. 

Five measurements of the slope angles on 
four sides of the elevation (the two in the direc-
tion of elongation and the two perpendicular to 
them) were taken, and then averaged. In cases 
where the elongation could not be determined, 
the slope angles were measured in the direc-
tions N, S, W, and E. 

The joint orientation was measured at the 
elevation, if possible.  

For further details about the measurement 
methodology please see the publication by 
VÍDEŇSKÝ et al. (2007). 

In order to enable comparison, joint orienta-
tions were measured not only at rounded eleva-
tions, but also at additional outcrops through-
out the whole study area. The outcrops were 
situated in six profile lines, each including 
a relief from the foothills up to the summits, to 
gain joint measurements representative of the 
whole slope. 

To interpret the measurements, the eleva-
tions were divided into two groups according 
to the estimated direction of the former ice 
movement, which most likely varied in diffe-
rent parts of the study area. Based on the sur-
rounding topography and the orientation of the 
valley, two ice movement directions were es-
tablished: 300 and 330° (Fig. 2, Tab. 1). Ho-
wever, these are only approximate directions, 
which could vary significantly within the local 
area.  

The estimated ice flow directions were 
compared with the orientation of the longer 
axis of each elevation, as well as with the an-
gles of their slopes. The angle of the stoss side 
was always compared with the lee side angle. 
Slope angles at the elevations were measured 
only in four directions, therefore each slope 
oriented in the quadrant of estimated ice flow 
direction (the estimated direction of ice move-
ment ± 45°) was regarded as the stoss side. For 
instance, if some elevations were elongated in 
a direction other than that of the ice movement 

Elevation 
name 

Altitu-
de (m) 

Elevation elongation  
direction (°)  

Estima-
ted ice 

flow dire-
ction (°) 

Difference in 
elongation 
direction 

and ice flow  
direction (°) 

Gentler 
slope 

orientation 
(°) 

 
 

Orientation 
of the gentler 
slope corre-

sponds to the 
quadrant of 

ice flow  

 
 
 

Difference in 
the slope an-

gles of the 
stoss and lee 

side (°) 
  length width height       

O-01 414 33 15 2 330 300 30 150 
no, is  

opposite 2 

O-02 422 23 10 1,0 320 300 20 140 
no, is  

opposite 6 
O-03 406 31 17 1,0 70 300 50 340 yes 5 
O-04 405 25 7,5 2,0 280 300 20 280 yes 6 

O-05 425 85 45 6,0 320 300 20 320 yes 4 

O-06 417 60 40 6,0 330 300 30 150 
no, is  

opposite 4 

O-07 374 45 25 2,5 10 330 40 10 yes 7 
O-08 367 85 80 6,0 no 330 x 360 yes 2 

O-09 373 10 6 1,6 50 330 80 140 
no, is 

opposite 11 
O-10 374 45 45 3,0 no 330 x 360 yes 10 
O-11 376 13 3 1,5 15 330 45 15 yes 3 
O-12 382 10 5 2,5 no 330 x no x x 
O-13 354 55 20 1,0 355 330 25 355 yes 15 
O-14 351 30 20 1,5 5 330 35 5 yes 6 
O-15 365 35 20 1,5 335 330 5 355 yes 22 

O-16 451 70 20 4,0 355 300 55 355 yes 11 

O-17 344 34 15 1,7 337 330 7 157 
no, is 

oposite 6 
O-18 358 55 55 3,0 no 330 x 360 yes 5 
O-19 329 47 25 3,0 323 330 7 323 yes 5 
O-20 348 15 11 2,5 320 330 10 320 yes 9 
O-21 351 60 10 3,0 332 330 2 332 yes 10 
O-22 351 50 25 2,5 320 330 10 320 yes 2 
O-23 340 20 8 2,5 318 330 12 318 yes 7 

Elevation  
proportions (m)  

Tab. 1 Basic characteristics of the measured elevations 
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quadrant, the angles of their shorter slopes 
were compared. 

 
RESULTS 

 
THE ELONGATION DIRECTIONS OF THE 

ELEVATIONS 
 

Measurements were taken at a total of 23 
elevations (Fig. 2, Tab. 1). Nineteen of them 
were elongated, while the remaining four do 
not have a longitudinal form. The directions of 
elongation are depicted in a rose diagram 
(Fig. 3) and a map (Fig. 2). The direction 
320 – 340° clearly dominates; only a smaller 
portion (5) of the elevations are elongated in 
the direction 350 – 20°. On the other hand, the 
elevations are elongated only rarely in the wide 
interval 40 – 140°. 

A comparison of the elongation directions 
with the estimated ice movement direction 
(Tab. 1) shows that 10 of the 19 elongated ele-
vations deviate from the ice direction by less 
than 20°. A total of 16 elevations show a devia-
tion of less than 45°. Only three elevations dif-
fer profoundly from the ice movement direc-
tion. However, if we consider the whole quad-
rant (±45°), 50 % of the data belongs here out 
of mere statistical probability. Even so, the 
measured elevations are clearly more often 
elongated in the estimated direction of ice 
movement. 

THE SLOPE ANGLES  
 

An evaluation of the orientation of the gen-
tler slopes is depicted in Fig. 4. The gentler 
slopes are most often oriented in a direction of 
320 – 330°, and also 350 – 20°. A smaller 
number (5 elevations) have gentler slopes o-
riented at 140 – 160°, which is exactly opposite 
to the prevailing direction. At the O-01, O-02 
and O-06 elevations, a gentle slope on the lee 
side could be caused by the elevation's position 
in the slope. All three elevations are found in 
the 15° slope south of Hejnice. The lee side of 
the elevations ties together with the continuing 
slope and is therefore not pronounced. Even if 
they were glacially scoured, these three eleva-
tions would probably have an atypical shape.  

The orientation of the gentler slope corre-
sponds to the quadrant of ice movement (stoss 
side) in 17 elevations, or 74 % of the total of 
23. Furthermore, the elevations situated in the 
slope represent another three cases of possible 
glacier modelation. Consequently, only three 
remaining elevations have slope angles which 
don’t correspond to the roches moutonnée mor-
phology. However, it is necessary to point out 
again that 50 % of the elevations would have 
a steeper lee side just through statistical proba-
bility. 

Differences in the slope angles of the stoss 
and lee sides of the elevations are significant, 
more than 7° on average. Elevations with 
a gentler stoss side show a greater difference in 

 
Fig. 4 Rose diagram of the orienta-
tion of gentler slopes at the mea-
sured elevations 
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slope angles (7.6° on average) than elevations 
with a gentler slope on the lee side (5.6° on a-
verage).  

 
JOINT  ORIENTATION  MEASUREMENTS  

 
Altogether, 98 measurements of joint planes 

orientation have been taken at the studied ele-
vations. The measurement results are shown in 
Fig. 5 (grey areas). Especially prevalent are the 
directions 20 – 60°, followed by 0 – 10° and 
300 – 310°. The rounded elevations themselves 
unfortunately do not afford enough exposed 
joints for measurement.  

As a result, more measurements have been 
taken at rock outcrops on the whole granitic 
northern slope of the Jizera Mountains. At the 
six profiles mentioned earlier, 562 joint orien-
tation measurements were taken. The results 
are shown in Fig. 6 (grey areas). The directions 
20 – 60° and 290 – 320° are prevalent. With 
the exception of the northern direction (0 – 
10°), the orientation of joints at the measured 
elevations is the same as in the whole study 
area. 

For purposes of comparison, the joint orien-
tation (grey) was shown in Fig. 5 and Fig. 6 
together with the elevation's direction of elon-

 
Fig. 5 Rose diagram showing the direction 
of elongation of the measured elevations 
(black outline, vertical axis) and direction 
of the joint planes on the measured eleva-
tions (grey, horizontal axis) 

 
Fig. 6 Rose diagram showing the direc-
tion of elongation of the measured eleva-
tions (black outline, vertical axis) and di-
rection of the joint planes in the whole 
northern slope of the Jizera Mountains 
(grey, horizontal axis) 
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gation (black outline). It can be seen in both 
cases that the elevations are elongated in direc-
tions which are different than the joint direc-
tions. According to these results the elongation 
of the measured elevations is not predeter-
mined by the joint system. 

 
DISCUSSION 

 
ORIGINS  OF  THE  STUDIED  ELEVATIONS 

 
If we compare the results obtained to the 

hypothesis in the introduction, a total of 13 out 
of 23 elevations meet both characteristics of 
glacially modelled roches moutonnée – their 
stoss side is gentler and they are elongated in 
the quadrant of glacier movement, yet this di-
rection is not predetermined by joints. Seven 
measured elevations meet at least one of these 
characteristics. Only three elevations do not 
meet the definition of roches moutonnée at all. 

We could also consider some elevations to 
be whalebacks, which in contrast to roches 
moutonnée have lee sides that are not plucked 
and are approximately symmetrical with the 
stoss side. (ROBERTS and LONG 2005, 
BENN and EVANS 1998, p. 326). According 
to EVANS (1996), whalebacks typically form 
under a thick ice sheet – generally several hun-
dred meters. It is therefore reasonable to sug-
gest that roches moutonnée rather than whale-
backs occur in the study area, even though 
some elevations can resemble whalebacks in 
shape.  

If we consider those elevations for which 
the difference between the stoss and lee slope 
angle is 5° or less to be approximately symmet-
rical, then there are nine such elevations in the 
sample. The majority of them, 14 elevations, 
have asymmetrical shapes. According to JO-
HANSSON et al. (2001), the asymmetry of 
elevations is not a criterion for plucking on the 
lee side, and by itself does not prove glacial 
mode-lling. However, even the originally typi-
cal morphology of plucked lee sides could 
have been completely obliterated in our study 
area during the long period of post-glacial 
weathering. This fact not only prevents us from 
reliably distinguishing between roches mouton-
nées and whalebacks, but also makes the iden-
tification of roches moutonnée themselves very 
difficult. The difference between the lee and 
stoss slope angle can therefore be used as just 
one more studied characteristic. It has to be as-
sumed that the elevation's asymmetry was 
caused by glacial plucking. 

The next question is whether the elevations 
were formed by glacial erosion or just remodel-
ling. The pre-glacial topography in the study 
area is not precisely known, although it con-
trols the effects of glacial erosion and the shape 
of the landforms (LINDMAR-BERGSTRÖM 
1997, JOHANSSON et al. 2001, LIND-
STRÖM 1988). JOHANSSON et al. (2001) 
emphasizes that a flat relief cannot be reshaped 
by glacial erosion into an undulating terrain, 
but rather the erosion can only reshape already 
existing hills. It is therefore likely that small 

 
Fig. 7 Rose diagrams showing the directions of elevation elongations in compari-
son with joint or fault directions at four locations in the Czech Republic 
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elevations existed in the study area before gla-
ciation. These landforms were subsequently 
remodelled by the glacier.  

The results show that none of the elevations 
are elongated in a 300° direction, which was 
one of the suggested former ice movement di-
rections. Nevertheless, this fact is not impor-
tant for our interpretation, because the real di-
rection of ice movement is unknown and the 
suggested directions were only indicative. If 
the direction of ice movement in the study area 
was 330° instead, the elongation of elevation 
O-04 would differ from that direction by more 
than 50°. Otherwise, the elongation direction of 
the other four elevations would correspond 
much more precisely than the current calcula-
tion suggests. 

Any evaluation of results must take into ac-
count the fact that most of the measured eleva-
tions were affected by anthropogenic interfer-
ence in the past. Many rock outcrops in the 
foothills of the Jizera Mountains were formerly 
used by the local denizens as a source of con-
struction stone, and some of the outcrops were 
partially altered by quarrying. Even though the 
greatest effort has been made to account for 
these anthropogenic influences, some distor-
tion of the slope angle measurements cannot be 
completely ruled out.  

In addition, measuring was performed on 
a relatively small sample of 23 elevations. This 
number was determined by limiting the study 
area to the granite part of the northern slopes 
and foothills of the Jizera Mountains. In order 
to obtain data from more elevations, it would 
have been necessary to widen the study area, 
for example, to include the whole region of 
Frýdlant Uplands; however, this would have 
added a lithological variation factor. Collection 
and comparison of data from the wider area of 
the Frýdlant Uplands represents one possibility 
for further research. 

It remains a controversial point: for how 
many elevations, and to what degree, must the 
measured morphological characteristics corre-
spond with the definition of roches moutonnée 
in order to prove their glacial modelation? The 
answer to this problem lies partly in a compari-
son with other similar regions.  

 
COMPARISON  WITH  OTHER  REGIONS 

IN  THE CZECH  REPUBLIC 
 

Attention is currently being given to roun-
ded elevations in other regions of the Czech 
Republic which were affected by continental 
glaciation. A paper about elevations in the Čer-
novodská Uplands (part of the Žulovská Up-
lands) was published by VÍDEŇSKÝ et al. 
(2007). They took measurements at a total of 

39 elevations of medium-grained granite bed-
rock. Their research was based on estimated 
ice movement from the north, and they used 
the whole quadrant of 315 – 45° for compari-
son with the elevation elongation. When com-
pared, 19 out of 39 elevations, almost exactly 
one half, exhibited gentler sloping in the north-
ern quadrant. They found a strong correlation 
between elevation elongations and the joint 
system: a direction of 20 – 50° was prevalent 
in both cases (Fig. 7). Based on the collected 
data, the authors (VÍDEŇSKÝ et al. 2007) 
conclude that the measured elevations are ir-
regularities of the basal weathering surface, as 
previously suggested by IVAN (1983). Given 
the complex geomorphologic situation and the 
finding of Nordic rocks, they assume that the 
measured elevations were under a thick rock 
mantle during the glacial period and were ex-
posed later, which means they have never had 
any contact with the glacier.  

The conclusion of this paper is important 
for a comparison with elevations in the north-
ern foothills of the Jizera Mountains. The Čer-
novodská Uplands represent a region which is 
lithologically and morphologically very similar 
to our study area. The research provides de-
tailed data, extracted through the same method-
ology used for those elevations which were not 
affected by glacial erosion. The measurements 
clearly show that if the elevations are not gla-
cially modelled, their elongation corresponds 
to the joint system, and the distribution of gen-
tler slopes in the stoss and lee quadrants does 
not exceed the probability values. Seen in this 
light, the elevation morphology in the foothills 
of the Jizera Mountains shows glacial modela-
tion more clearly.  

Another area where similar elevations were 
studied is the Osoblaha promontory. Measure-
ments were taken there by PEREČKOVÁ 
(2008) using the VÍDEŇSKÝ et al. (2007) me-
thodology. She measured morphological chara-
cteristics of a total of 82 elevations, situated on 
various types of bedrock. The measurements 
suggest that the elevations are elongated pri-
marily in the 0 – 20° direction, as well as the 
40 – 50° direction (Fig. 7). The gentler slopes 
are most often oriented in a similar direction 
(0 –10° and 40 – 50°). Unfortunately, PEREČ-
KOVÁ (2008) did not perform any joint mea-
surements; she uses the fault directions or ridge 
positions in the surrounding topography to esti-
mate structural predispositions.  The author de-
fined four elevation groups according to loca-
tion. In two of the groups, most elevations ful-
fill at least one of the criteria for roches mou-
tonnée. The remaining groups do not match 
these requirements very closely, which the au-
thor explains by structural predisposition and 
the altitude, at which the ice was not very 
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thick. PEREČKOVÁ (2008), however, does 
not state a clear conclusion about the origins of 
the elevations. 

A comparison of measurements from the 
foothills of the Jizera Mountains with those in 
the PEREČKOVÁ (2008) paper is interesting, 
mainly in regard to the elongation directions. 
Similarly to VÍDEŇSKÝ et al. (2007), she 
found that the northeastern direction domi-
nated, with a smaller proportion of southern 
directions. By contrast, in the foothills of the 
Jizera Mountains the northeastern direction is 
completely missing in the elevation elonga-
tions, whereas the direction 320 – 340°, consis-
tent with presumed ice movement, prevails. 

From a structural predisposition viewpoint 
all three areas are comparable, even though the 
rocks are different in the Osoblažsko area. The 
results of the joint direction measurements 
(VÍDEŇSKÝ et al. 2007) agree with the direc-
tions determined in the study area in the Jizera 
Mountains. The directions of local faults, used 
by PEREČKOVÁ (2008), have a significant 
northeastern component, which affects the ele-
vation elongation. In the foothills of the Jizera 
Mountains this northeastern joint direction is 
strongly present not only on the whole slope, 
but even more significantly at the measured 
elevations. The absence of this direction in ele-
vation elongations can be explained according 
to the results obtained by glacial modelation.  

Rounded elevations were also the subject of 
research by NÝVLT (2008) in the Šluknov Up-
land. In his paper he presents the elongation 
directions of 25 elevations of granodiorite and 
granite bedrock (Fig. 7). In his evaluation the 
author admits that the elevation elongation di-
rections correspond to the ice movement, a fact 
which is proven by the clast orientation in the 
subglacial till (185 – 205°) in the eastern part 
of the Šluknov promontory. However, at the 
same time the author points out the correspon-
dence with the direction of the faults and em-
phasizes the possibility of the structural predis-
positions of elevation orientations.  

In the same paper, NÝVLT (2008) pre-
sented the results of radiometric dating using 
cosmogenic nuclides, which helped to date the 
deglaciation to about 606 ka BP. Based on ra-
diometric dating of three rounded elevations, 
he derived the erosion rate of elevation sur-
faces to be 16.9 ± 4 m/Ma, which means the 
terrain has been lowered by 10.3 ± 2.4 m since 
deglaciation. Areal denudation was so high, 
according to these data, that the current surface 
of the measured elevations did not come into 
direct contact with the glacier; this basically 
disproves the glacial origin of these landforms. 

According to data from other authors, the 
values of areal denudation of granite bedrock 

are much lower, most often 1 – 2 m/Ma 
(PHILLIPS et al. 2006, ANDRÉ 2002 and 
BIERMAN et al. 1999). At such low values of 
areal denudation a glacier surely could have 
modelled the current surface. However, the real 
denudation rate for the study area remains un-
clear.  
 

CONCLUSION 
 

Based on measurements taken from 23 ele-
vations in the foothills of the northern slopes of 
the Jizera Mountains, the following was found: 
a total of 16 out of 19 elevations are elongated 
in a quadrant of the presumed ice movement. 
Nevertheless, the directions of elevation elon-
gations do not correspond to the prevailing di-
rections of the rock joints, and thus are not 
structurally predetermined. Gentle slopes form 
the majority (17 out of 23) of the measured ele-
vations oriented in the direction of the sug-
gested ice movement quadrant.  

As the collected data suggest, the shape of 
most of the measured elevations shows charac-
teristics of roches moutonnée. This cannot be 
explained by structural control. It is therefore 
very probable that these elevations (most likely 
of pre-glacial origin) were glacially modelled 
and hence can be called roches moutonnées. 

This conclusion was supported by a com-
parison with other regions, especially with the 
Černovodská Upland, where the elevations 
were not affected by a glacier (VÍDEŇSKÝ et 
al. 2007). The shape of those elevations is 
completely controlled by the structure, which 
contrasts with the observed properties of the 
elevations in the foothills of the northern 
slopes of the Jizera Mountains. 
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