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Abstract: Tectonics modify the base-level of rivers and result in the progressive erosion

of landscapes. We propose here a new method to classify landscapes according to their

erosional stages. This method is based on the combination of two DEM-based geomorphic
indices: the hypsometric integral, which highlights elevated surfaces, and surface roughness,
which increases with the topographic elevation and the incision by the drainage network. The
combination of these two indices allows one to produce a map of erosional discontinuities
that can be easily compared with the known structural framework. In addition, this
method can be easily implemented (e.g., in MATLAB) and provides a quick way to
analyze regional-scale landscapes. We propose here an example of a region where this
approach becomes extremely valuable: the Ore Mountains and adjacent regions. The

lack of young stratigraphic markers prevents a detailed analysis of recent fault activity.

However, discontinuities in mapped geomorphic indices coupled to the analysis of river

longitudinal profiles suggest a tight relationship between erosional discontinuities and main
tectonic lineaments.
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1. Introduction

Landscapes affected by recent or active tectonics result from a competition between vertical
uplift and erosional processes (e.g., [1,2]). Phenomena, such as topographic uplift, subsidence or
climatically-induced sea-level changes, modify the base-level of rivers and result in the progressive
erosion or rejuvenation of pre-existing topographic features through time (e.g., [3,4]). Geomorphic
indices are commonly used to detect the response of landscapes to recent deformation processes ([2,5]
and the references therein). During the last decade, an increasing number of algorithms and toolboxes
were developed in order to extract these indices from digital elevation models and to analyze landscapes
(e.g., [6-10]).

Common approaches in tectonic geomorphology rely on the analyses of drainage networks
(e.g., [11-16]) and topographic surfaces (e.g., [17-20]). River profile analyses proved to be useful
in detecting active structures, delineating spatial patterns in rock uplift rates and, in some cases,
estimating the amount of uplift or incision for different segments of a river (e.g., [21-23]). Hypsometric
curves are commonly used to classify basins between different erosional (and thus evolutionary) stages
(e.g., [24-26]). These methods are highly efficient for small areas, but are still difficult to apply to
a regional scale, as the amount of data to extract (especially from a drainage network) is extremely
important. DEM-based computation of parameters, such as surface roughness or hypsometric integral,
provides a fast way to analyze regional-scale interactions between landscapes and tectonics. However,
results are difficult to interpret, as they point to broad domains that do not always coincide with mapped
tectonic features. Both drainage network and surface analyses have been successfully used to evaluate
active tectonics in areas subjected to high deformation rates (e.g., [16,27-29]). However, only a few
works were done in intra-plate settings or in areas with low deformation rates (e.g., [12,30-33]). A major
concern is that in slowly deformed areas, erosion processes may counterbalance or overcome the effects
of active tectonics on present-day topography, thus questioning the suitability of geomorphic indices.

Our aim is to test the sensitivity of DEM-based geomorphic analyses in the slowly deformed regions
surrounding the Eger Rift in Central Europe (location in Figure 1) and to provide new information
regarding the recent (Late Miocene to present) tectonic evolution of this area. Although the Eger Rift and
the Ore Mountains were intensively explored geologically and geophysically (e.g., [34,35]), only a few
studies investigated recent or active tectonics (e.g., [36—38]) as the lack of young stratigraphic markers
prevents a detailed analysis of recent fault activity. During most of the twentieth century, the Bohemian
Massif, as well as Central Europe were regarded as a stable intra-continental region. Indeed, present-day
tectonic rates are low in Central Europe (<2 mm/yr) [39,40]. However, earthquake swarms [36,38,41-45],
CO;-emanation [46,47] and geological studies [37] provide evidence for active magmatism and ongoing

tectonic activity along the NW part of the Bohemian Massif. From a geomorphic point of view the
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Plio-Quaternary uplift of the Bohemian Massif resulted in the increase of incision rates for the main rivers
and, thus, in the entrenchment of the drainage network [48,49].

Figure 1. Simplified geological map of Central Europe. The black rectangle indicates the
studied area, which contains the Eger Rift and Ore Mountains.
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In order to analyze the regional-scale effects of tectonics on topography, we combine topographic
profiles and geomorphic indices extracted from DEM data. We propose to combine the hypsometric
integral and the surface roughness in order to produce a map of erosional discontinuities and elevated
topographic surfaces, which can be easily compared with the known structural framework. We also
analyzed the drainage network in order to estimate base-level changes and incisions. In spite of low
deformation rates, our geomorphic analyses suggest that the topography of areas surrounding the Eger
Rift is tightly controlled by tectonics.

2. Geological Setting

The Eger Rift is the eastern part of the European Cenozoic Rift System, which transects the Variscan
basement in the foreland of the Alps [50-52]. The Eger Rift lies on a Variscan suture zone between the
Saxothuringian and Tepla-Barrandian terranes [44,53] and is underlain by the metamorphic complexes of
Tepla and the Ore Mountains, as well as the Early Paleozoic Lusatian granodiorite massif (Figure 2). The
Eger Rift consists of several NE-trending Paleogene to Neogene sedimentary basins and volcanic fields
(the largest are the Doupov volcanic complex and the Bohemian Uplands) which are limited to the north
by the Krusné Hory Fault and to the south by the Ohie (Eger) and Litoméfice fault zones. To the west, the
influence of Tertiary tectonics reaches into northern Bavaria (Cheb Basin), to the east of the Eger Rift
(Zittau and Radomiercyze basins) and ends obviously at the Inner Lusatian Fault Zone (Figure 2).

The western and central segments of the rift are well expressed and consist in the 40-km long and
10 km-wide Sokolov Depression and in the 80 km-long and up to 30 km-wide Most Basin (Figure 2). Here,
the topographic scarps are well defined, cross-cutting the high-grade metamorphic and post-kinematic
igneous rocks of the Ore Mountains metamorphic complex in the north and the Cretaceous sediments of
the Bohemian Basin in the south [54-56]. However, the topographic scarps of the Eger Rift are poorly
defined east of the Elbe Fault Zone. The kinematics of NW-trending faults separating the central and
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eastern segments are the object of ongoing studies. In the west, the Maridnské-Lazné Fault and the

Plesna Fault represent an active fault zone that indicates an uplift and sinistral displacement of the central

segment of the Eger Rift [37,57,58].

Figure 2. Simplified geology and structures of the Eger Rift and Ore Mountains regions,
compiled from the geological map at 1:400,000 for Saxony [55] and from the geological map
at 1:500,000 for the Czech Republic [56]. This map and the following maps are projected
using the Gauss-Kriiger Zone 4 coordinate system (EPSG—European Petroleum Survey

Group——code: 31468).
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Figure 3. Seismicity of the Eger Rift and Ore Mountains regions [45,55].
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The onset of extension in the Eger Graben is associated with a Late Eocene volcanic pulse [59-61]

and is followed by a major subsidence phase [62]. Up to 500 m of lacustrine and fluvial clastic deposits

accumulated in the Eger Depression during the Early Miocene’s main extensional period [63]. Volcanic

activity decreased during the middle Miocene (16 to 12 Ma) and intensified again during the late Miocene
and Pliocene (11.4 to 3.95 Ma) [60,61]. It locally lasted until 0.11 Ma [60,61]. Magnetostratigraphic
and palaeobotanical data suggest that the syn-rift deposition in Eger Rift basins ended during the early
Miocene [64]. The post-rift evolution of the Eger Rift is associated with a NW- to NNW-trending

compression [65,66]. This compression resulted in the post-early Miocene uplift and tilting of the Ore

Mountains’ metamorphic complex [52,67]. The Ore Mountains’ tilted block is delimited by the Kru$né



Remote Sens. 2014, 6 7976

Hory Fault to the south, by the Elbe Fault Zone to the east and by the Leipzig-Regensburg Fault Zone
to the west (Figure 2). In addition, the Ore Mountains are intersected by regional N- and NW-trending
lineaments, such as the Floha and Gera-Jachymov fault zones [55]. These NW-trending regional fault
zones are suggested to be Mesozoic normal faults, reactivated by tertiary tectonics [67,68].

Little is known about the timing of the uplift in the Ore Mountains. Evidence of post-rift uplift along
the KruSné Hory Fault are mainly given by outcrops of Lower Oligocene Sediments preserved below
volcanic flows [69] and Lower Miocene sediments with paleoflora found on top of the Hradisté hill
near Cernovic [34]. These sediments rest on kaolinised basement rocks and represent the uppermost
part of the basin-fill of the Most Basin. They have been uplifted at an elevation of 570 m above sea
level. The authors that described these outcrops concluded that the main uplift of the Ore Mountains
could not be older than Pliocene [34]. Evidence for ongoing tectonic and magmatic activities along the
Marianské-Lazn€ Fault and Vogtland region (western tip of the Ore Mountains) come from earthquake
swarms [36,38,41-44], COy-emanation [46,47] and geological studies [37]. Seismological data
(Figure 3) suggest that earthquake swarms are mainly triggered along a conjugate set of NNW-trending
left-lateral and NW-trending right-lateral faults [38,43]. The stress field inverted from earthquake focal
mechanisms indicates a NW compression and an NE extension, which is consistent with the predicted
state of stress in Central Europe [38,39,43,65,66].

3. Methods and Tools

3.1. Swath Topographic Profiles

Swath topographic profiles condense elevation data of a complex landscape into a single profile
(e.g., [70-73]). Topography is extracted from a rectangular swath rather than a simple line, as in
conventional profiles. Elevations data are then projected onto a vertical plane parallel to the long axis of
the swath rectangle, and statistical parameters (usually the maximum, minimum and mean elevations)
are calculated. The curve for maximum elevations corresponds to the ridgelines and helps to identify
topographic features, such as Paleo-surfaces. The curve for minimum elevations corresponds to the valley
floors. A quick estimate of the incision is given by the arithmetic difference between the maximum and
minimum elevations.

Swath topographic profiles were extracted from 3 arc-seconds SRTM data (Consultative Group on
International Agricultural Research, [74]) using a MATLAB script. The swath width was fixed to 15 km.
This value is large enough to contain both elevated surfaces and major rivers and small enough to avoid
topographic features that are too oblique with respect to the swath axis. Elevation data were sampled using
175 parallel profiles separated by ~90 m. Elevations along each individual profile were also sampled
using a 1-pixel (~90 m) interval.

3.2. Surface Analyses

We classified landscapes according to their state of dynamic equilibrium using the combination of the
hypsometric integral, which efficiently highlights elevated and flat surfaces, and the surface roughness,

which substantially increases with incision. The hypsometric integral (Figure 4) shows the distribution of
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landmass volume remaining beneath or above a basal reference plane [24,25]. Pike and Wilson [17] show

that the hypsometric integral can be calculated for a given area by using Equation (1):

H] — hmean - hmm (1)

hm(zm - hmm

with Apeans Pmin and Ay, being the mean, minimum and maximum elevations of the analyzed area. The
surface roughness (Figure 4) is given by Equation (2):

TS
FS
with 7'S and F'S being the areas of the analyzed topographic surface and the corresponding flat and

SR = 2)

horizontal surface [9,18,19]. The ratio value is close to 1 for flat areas and increases rapidly as the real
surface becomes irregular. We calculated hypsometric integral and surface roughness using TecDEM, a
MATLAB-based software allowing the extraction of geomorphologic parameters from digital elevation
models [9]. We used 90-m resolution SRTM data from CIAT [74]. Each pixel of the output raster
represents the hypsometric integral and surface roughness values for a 100-pixel (~9 km) moving
window (Figure 4).

Figure 4. Surface indices. Calculation of the hypsometric integral and surface roughness
within a moving window of size (i). Both values are assigned to the central pixel (x,y) of the
output raster.
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The hypsometric integral is sensitive to elevated surfaces and poorly eroded scarps [20,24,27,75], while
surface roughness increases with the dissection by the drainage network. In order to map simultaneously
preserved and eroded portions of an elevated landscape, we implemented a new index (referred to as the
“surface index”, SI) in the TecDEM toolbox. This index combines elevations, hypsometric integral and
surface roughness using Equation (3):

HI — HI i, h — hoin SR — SR in
SI B (H[max - HImm) 8 (hmaz - hmm) a (SRmax - SRmzn) (3)

HI, h and SR represent the values of hypsometry, elevation and surface roughness for each pixel converted

into ratios using the maximum and minimum values for each raster datum. Positive SI values are mainly

associated with poorly incised surfaces (which are characterized by a high hypsometric integral and low
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surface roughness). Negative SI values will essentially reflect areas with high surface roughness values
(mainly dissected landscapes), but will also be sensitive to elevation factors.

3.3. River Networks and Longitudinal Profiles

We extracted the drainage network from a 20-m resolution DGM for Saxony and a 30-m resolution
ASTER GDEM for surrounding areas (Figure 5). The extraction was done using TecDEM [8] by
calculating flow directions and contributing area for each pixels using the D8 algorithm [76,77]. Streams
were identified using a minimum contributing area of 1 km? and organized hierarchically using Strahler
order [78].

Figure 5. Drainage network of the Eger Rift and Ore Mountains regions extracted using
TecDEM [8] and organized hierarchically using Strahler order [78].
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Deviations from the typical concave-up shape of stream longitudinal profiles, such as knickpoints
or convex segments, indicate a disequilibrium state resulting from tectonic, base-level or lithological
perturbations [12,28,30,79,80]. The normalized steepness index (k,, Figure 6B) is widely used
to investigate tectonically-induced perturbations in river longitudinal profiles, as it shows a direct
proportionality with uplift rates (e.g., [22,23,79,81]). The relationships between slope and catchment area
which define the equilibrium state channel gradient are given by Equations (4) and (5) [22,79,82]:

S =k, x A7 “4)
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where S is the local channel slope, 6 is the channel concavity, k, is the steepness index, A is the upstream

with:

drainage area, U i1s the rock uplift rate and K is the dimensional coefficient of erosion. As suggested by
Wobus ef al. ([22], and the references therein) a normalized steepness index kg, is used, since k, and 6
are strongly correlated. We analyzed river longitudinal profiles using TecDEM [8]. Normalized steepness
indices were computed from Equation (4) by regressing concave segments in logarithmic plots of the
slope against the catchment area and by using a reference concavity 0,.; = 0.45 (Figure 6B; [22,79]).
Prominent knickpoints or convex anomalies (Figure 6B) can be observed directly on river longitudinal
profiles. However, logarithmic plots of slope against catchment area allow a more detailed analysis, as
minor anomalies in the gradient of rivers can be easily detected. For each longitudinal profile, we selected
and regressed several segments delimited by changes in the gradient of the river. We then plotted on a
map regressed segments and their assigned ks, values.

Figure 6. Analysis of river profiles. (A) Schematic river profiles corresponding to steady-state
and transient states; (B) calculation of the normalized steepness index for a river profile and
corresponding drainage area. Slope of log(Slope) vs. log(Area) scaling is the concavity
index 0; the y-intercept is the steepness index k. In this example, the normalized steepness
index kg, is calculated using a reference concavity of 0.45. (C) Reconstruction of the upper
base-level of a transient river profile using linear regressions on subsets of the log(Slope) vs.
log(Distance) plot (bootstrapping method).
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In some cases, the upstream portion located above prominent knickpoints is associated with an
upper-relict landscape. The reconstruction of the original stream profile downstream of the confluence
with its major trunk rivers provides an estimate for the amount of subsequent incision (e.g., [83-85]). To
reconstruct the original stream profile, we used the power law between slope and distance defined by
Equation (6) [86]:

S =ix D (6)

S is the local channel slope and D is the distance from the drainage divide. Parameters 7 and j are obtained
by regressing the upper segment of the stream profile in a logarithmic plot of slope against distance
(Figure 6C). The application of this method to river profiles extracted from DEM is greatly limited by
the resolution and quality of the DEM. To overcome this issue, we estimate parameters ¢ and j using
bootstrapping (Figure 6C). We subsetted the original dataset using 75% randomly-selected points, and we
performed a linear regression on each subset. This method allows us to assess the quality of the base-level
reconstruction. It also provides a reliable estimate of the incision by comparing the reconstructed and the

actual profiles.

4. Results

4.1. Swath Topographic Profiles

NNW-trending swath Profiles 1 to 3 (Figure 7) allow one to compare the along-strike variations of the
main tectonic and topographic features across the Eger Graben and Ore Mountains. In each profile, the
Eger Graben is well defined by topographic scarps located along the Ohie Fault Zone to the south and the
Kru$né Hory Fault to the north. The difference in elevation between the northern and southern rims of the
Graben is well marked in the east (almost 500 m in Profile 3) but decreases westward (~200 m in Profile 2
and less than 100 m in Profile 1). The eastward widening of the Eger Graben is also clearly expressed in
topographic profiles. The Graben floor is heterogeneous. In Profile 1, it is concave, and the Eger River is
clearly entrenched, as indicated by the curve of the maximum topography; while in Profile 2, it is flat and
slightly tilted to the south. In Profile 3, the Graben is hidden by the Bohemian Uplands Volcanic Field.

The southern rim of the Eger Graben consists in elevated surfaces (Rakovnik Plateau and Kaiserwald
Massif), which extend up to 50 km from the Ohfe Fault Zone and is limited to the southeast by the
Central Bohemian Shear Zone. The Rakovnik Plateau appears sub-horizontal in Profile 3 and slightly
tilted towards the southeast in Profile 2. Its mean elevation remains relatively constant (~300 m NW of
Prague to ~500 m north of Plzeni). The Kaiservald Massif appears to be tilted along both the southern
border of the Eger Graben (Profile 3) and the Maridnské-Lazné Fault, as the highest elevations (~900 m)
are found at the junction between these two structures. In all profiles, the local incision (green curves in
Figure 7) related to the tributaries of the Berounka and Vltava rivers is relatively constant (between 100
and 250 m). However, we note a westward increase of the local incision along the Ohfe Fault Zone (up to
400 m in the Kaiserwald Massif).

The Ore Mountains display significant along-strike variations. In topographic profiles, they appear
as a block tilted toward the northwest. The SE flank of the range is marked by a sharp topographic
scarp associated with the Kru$né Hory Fault in Profiles 2 and 3. In Profile 1, the southern flank of the
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Ore Mountains is complicated by a topographic high separated from the rest of the Ore Mountains by
a secondary fault (“Nejdek Fault” in Profile 1). All profiles display recognizable surfaces on top of the
Ore Mountains (Osterzgebirge, Marienberg and Eibenstock topographic highs). The NW part of the Ore
Mountains varies strongly from East to West. The easternmost section (Profile 3 in Figure 7) displays a
gentle, slightly concave and continuous surface extending up to 80 km from the Kru$né Hory Fault. The
connection with the Nordsachsen lowlands to the north is barely marked. In the central area (Profile 2
in Figure 7), the tilted flank of the Ore Mountains display an almost regular gradient interrupted by a
topographic flat. In the westernmost section (Profile 1 in Figure 7), the NW flank of the Ore Mountains
display a more concave shape, which connects to a well-defined topographic surface located at the front of
the western Ore Mountains (noted “foreland surface” in Figure 7). This surface appears slightly elevated
with respect to the Nordsachsen lowlands.

Figure 7. Topographic swath profiles across the Eger Rift and Ore Mountains. See the
locations in Figure 3. Swath widths are 15 km. CBSZ, Central Bohemian Shear Zone, KHF,
Krusné Hory Fault; NF, Nejdek Fault; OFZ, Ohte (Eger) Fault Zone.
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Our swath topographic profiles also suggest significant changes in the local incision by the drainage
network. In most of the Ore Mountains, the drainage divide is located 10 km (Profiles 2 and 3) to 20 km
(Profile 1) away from the Krusné Hory Fault. Differences between the maximum and minimum curves
(local incision, green curves in Figure 7) suggest higher incisions (up to 500 m) for watersheds located
along the SE flank of the Ore Mountains. Local incisions for rivers located along the NW tilted flank of
the Ore Mountains vary significantly. The highest incisions are found along the Floha River, while the
Freiberger Mulde and the Weil3e Elster show moderate incisions (100 to 150 m).
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Figure 8. Surface roughness calculated using a 100-pixel moving window. Values increase with
topographic elevation and incision by the drainage network. See Figure 2 for the abbreviations.
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4.2. Surface Indices

Surface roughness values (Figure 8 and Table 1) vary between one and 1.015. The lowest values
(<1.001) correspond to flat areas with low local incisions, which are also observed in swath topographic
profiles (Figure 7). These areas are the gentle hills located north of the Ore Mountains (Nordsachsen
and Lusatian lowlands), the Cheb and Most depressions, and the areas located east of the Rakovnik
Plateau and along the upper segment of the Elbe River. Areas with moderate elevations (<600 m) mainly
display low or intermediate values (1.001 to 1.005). Swath topographic profiles in correspondence with
the main rivers (Weille Elster, Mulde and upper part of the Berounka) show local incisions between 50
and 150 m. However, the lower part of the Berounka River shows higher surface roughness values, as
the local incision is higher (~200 m). The highest surface roughness values (>1.005) are mainly found
along the Eger Rift and Ore Mountains. Peak values associated with the entrenchment of the Tepld and
Eger rivers are found south and east of the Sokolov Depression. The Bohemian Uplands and the Elbe
Sandstone Mountains also display higher surface roughness values, due to the entrenchment of the Elbe
River and its tributaries. In the Ore Mountains, the highest values are found around the Eibenstock High

and are associated with the catchments of the Schwarzwasser and Svatava rivers. In the central and
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eastern part of the Ore Mountains, we note higher surface roughness values for the areas located south
of the main drainage divide. This is related to the combined effect of the topographic scarp along the
Krus$né Hory Fault and the incisions by the drainage network. North of the drainage divide, we note
intermediate values (1.005 to 1.006) along the Floha and Zschopau rivers and lower values for most of the
catchment of the Freiberger Mulde. These differences are probably related to differences in local incision,
as indicated by swath profiles.

Figure 9. Hypsometric integral calculated using a 100-pixel moving window. Values above
0.5 highlight elevated surfaces. See Figure 2 for abbreviations.
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Hypsometric integral values (Figure 9 and Table 1) vary between 0.2 and 0.7. The lowest values
(<0.3) correspond to flat areas with low local incisions identified in swath profiles. This is the case for
the Nordsachsen and Lusatian lowlands and for areas located east of the Rakovnik Plateau. NE-trending
depressions related to the Eger Rift are also well outlined, as well as the Ore Mountains’ foreland surface
(see also Figure 7). The drainage network is well developed in the Bohemian Uplands and along the
northern flank of the Ore Mountains. However, the lower hypsometric signature of these two areas is
amplified by the vicinity of the topographic scarps of the Eger Rift and by the topographic contrast between
the NW part of the Ore Mountains and the flatter foreland regions. The inner part of the Cesk4 Lipa Plateau
also displays low hypsometric integral values. This is related to the relatively flat topography of the
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plateau. Elevated surfaces and plateaus, which are locally incised, are associated with high hypsometric
integral values (>0.5). The Rakovnik Plateau is associated with a hypsometric high limited by the Ohie
Fault Zone and the Berounka River. Peak values are found in the southern part of the plateau and reflect
the entrenchment of the Berounka and Vltava rivers. The Kaiserwald hypsometric high is related both to
topographic scarps (Sokolov Depression to the north and Maridnské-L4zné Fault to the west) and to the
entrenchment of the Tepla River. The hypsometric signature of elevated surfaces in the Ore Mountains
(Osterzgebirge, Marienberg and Eibenstock topographic highs) is amplified by the Krusné Hory Fault
scarp and by the entrenchment of main rivers that border these surfaces. Some areas north of the Ore
Mountains (Granulite Massif and Mittelsachsen Highlands) also display high hypsometric integral values.
This is mainly due to the fact that the main rivers locally incise a relatively flat landscape. The Granulite
Massif may also be highlighted, due to the fact that rivers cut through a harder rock formation. High
hypsometric integral values along the Elbe River also reflect the topographic contrast between the Elbe
Valley and surrounding plateau that are delimited by the Lusatian Thrust Fault and the Elbe Fault Zone.

Figure 10. Classification of landscapes (surface index, see Equation (3)) based on elevations,
hypsometric integral and surface roughness. Positive values highlight elevated and preserved

surfaces. Negative values reveal incised regions. See Figure 2 for abbreviations.
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Table 1. Summary of computed geomorphic indices.

normalized steepness indices (kg,) for main surfaces and faulted areas discussed in the

text (see the locations in Figure 2). Values were classified using quantiles (Qu.).

We extracted pixel values and

7985

Hypsometric Integral

Surface Roughness

Area Min 1stQu. Median 3rdQu. Max Min 1stQu. Median 3rd Qu. Max
Eibenstock High 0.52 0.55 0.58 0.60 0.62 1.006 1.007 1.008 1.009 1.010
Marienberg High 0.49 0.54 0.57 0.60 0.64 1.005 1.005 1.006 1.007 1.008
Osterzgebirge High 0.45 0.49 0.55 0.59 0.65 1.005 1.006 1.007 1.008 1.009
Ore Mountains foreland 0.33 0.37 0.39 0.41 045 1.002 1.002 1.003 1.003 1.004
Granulite Massif 0.39 0.45 0.49 0.53 0.60  1.001 1.001 1.002 1.002 1.002
Mittelsachsen Highlands 0.42 0.45 0.48 0.51 0.53 1.001  1.002 1.002 1.003 1.004
Nordsachsen Lowlands 0.18 0.26 0.33 0.39 047 1.000 1.000 1.000 1.001 1.002
Elbe Sandstone Mountains 0.32 0.38 0.41 0.44 047 1.004 1.007 1.009 1.012 1.013
Lusatian highlands 0.23 0.31 0.36 0.40 047 1.000 1.001 1.001 1.001 1.002
Bohemian upland volcanics ~ 0.22 0.27 0.32 0.40 047 1.004 1.005 1.007 1.010 1.014
Ceské Lipa Plateau 0.16 0.23 0.32 0.39 048  1.001 1.002 1.003 1.004 1.005
Most Basin 0.27 0.31 0.36 0.41 045 1.001 1.001 1.001 1.001 1.002
Rakovnik Plateau 0.37 0.44 0.50 0.54 0.61 1.001 1.002 1.003 1.004 1.005
Kaiserwald Massif 043 0.47 0.51 0.54 0.57 1.003 1.004 1.004 1.005 1.007
Elbe Fault Zone 0.35 0.43 0.46 0.49 0.53 1.002  1.003 1.004 1.006 1.007
Floha Fault Zone 0.44 0.45 0.48 0.52 0.60 1.004  1.005 1.005 1.007 1.009
Annaberg Fault Zone 0.41 043 0.45 0.46 049 1.005 1.005 1.006 1.006 1.006
Gera-Jachymov Fault Zone  0.41 0.43 0.46 0.49 0.53 1.006  1.007 1.008 1.009 1.011
Northern flank of Eger Rift ~ 0.30 0.36 0.42 0.47 0.51 1.005 1.006 1.007 1.009 1.013
Southern flank of Eger Rift ~ 0.20 0.30 0.35 0.40 048 1.001  1.002 1.003 1.006 1.008

Surface Index Normalized Steepness Index

Area Min 1stQu. Median 3rdQu. Max Min 1stQu. Median 3rd Qu. Max
Eibenstock High —-0.09 —-0.02 0.04 0.13 0.22 5 19 36 51 85
Marienberg High —0.05 0.02 0.08 0.17 0.25 4 16 27 46 66
Osterzgebirge High —-0.09 —-0.04 —0.01 0.04 0.11 6 19 27 36 52
Ore Mountains foreland —-0.11  —-0.05 —0.01 0.01 0.04 5 13 18 26 40
Granulite Massif —0.02 0.01 0,04 0.07 0.10 5 9 14 20 39
Mittelsachsen Highlands —0.01 0.01 0.05 0.08 0.12 5 11 16 23 36
Nordsachsen Lowlands —0.02 0.00 0.01 0.02 0.05 2 4 7 11 21
Elbe Sandstone Mountains  —0.73  —0.62 —-0.47 -0.33 —-0.19 2 13 25 40 80
Lusatian Highlands —-0.05 —0.01 0.00 0.02 0.04 2 4 8 11 20
Bohemian upland volcanics —0.80 —0.51 -0.32 -024 -0.18 7 19 31 50 83
Ceskd Lipa Plateau -027 -0.17 —0.13 —-0.02 0.05 3 8 12 17 27
Most Basin —-0.06 —0.02 0.00 0.03 0.05 2 6 15 19 40
Rakovnik Plateau —-0.12  —-0.03 0.01 0.05 0.13 3 8 14 21 37
Kaiserwald Massif —0.10 0.03 0.11 0.16 0.22 4 10 21 36 62
Elbe Fault Zone —-0.22 —0.16 —0.11 —-0.06 —0.02 5 17 26 41 57
Floha Fault Zone —-0.15 -0.11 —0.08 —0.04 0,01 10 23 28 35 63
Annaberg Fault Zone -0.19 -0.15 —0.11 —0.06 0.00 11 25 31 38 60
Gera-Jachymov Fault Zone —0.33 —0.25 —0.17 —-0.11  —0.05 10 27 39 47 64
Northern flank of Eger Rift —0.58 —0.34 —0.24 —-0.15 —0.06 7 23 51 77 374
Southern flank of Eger Rift —0.35 —0.17 —0.09 —0.05 0.01 3 11 22 42 65
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The classification based on computed surface roughness and the hypsometric integral is displayed
in Figure 10. Surface index values vary between —0.8 and 0.25. Most of the surfaces identified in
swath topographic profiles are associated with positive surface index values. However, our index does
not highlight some flat areas when they are associated with extremely low hypsometric integral values
(e.g., Ceskd Lipa Plateau). Negative surface index values are mainly located along the major rivers.
Lowest values (<—0.3) are found along deeply entrenched portions of rivers, such as the Elbe River in
the Bohemian Uplands and the Elbe Sandstone Mountains, the Berounka river south of the Rakovnik
Plateau, the Schwarzwasser in the western part of the Ore Mountains and tributaries of the Eger (e.g.,
Tepld and Svatava rivers) draining in the Sokolov Depression. Others major rivers (e.g., Weille Elster,
Mulde, Zschopau, Floha) are highlighted by less negative (—0.3 to 0) surface index values.

4.3. Drainage Network

We analyzed and extracted k,, values from ~3000 streams and rivers (Figure 11 and Table 1). We
divided kg, values in 10 classes (denoted Q1 to Q10 in Figure 11) using quantiles. Lower k;, values
(<20) are mainly found in Miocene deposits, in sedimentary depressions of the Eger Rift and within
the Bohemian Cretaceous Basin (Figure 2). The Variscan Metamorphic Complex of the Ore Mountains
(Figure 2) displays higher ks, values (>20). However, variations in £, values cannot be only explained
by lithological changes. In many instances areas with the same lithology may experience significant
variations in kg, values.

The highest &, values (class Q10 in Figure 11) are mainly distributed along the northern rim of the
Eger Rift. Segments of river profiles located south of the main drainage divide of the Ore Mountains
are steep, while segments located within the Eger Rift depression display more gentle gradients. As a
result, the scarps related to the NE-trending Kru$né Hory and E-trending Nejdek faults are particularly
well highlighted by £k, values up to 374 (Figure 11). The southern border of the Sokolov Depression
is also associated with high £, values, while river profiles located along the Ohte (Eger) Fault Zone
display less intense gradients. We also observe high £, values along the NE-trending Bohemian Uplands’
volcanic field. Segments with high £, values (>50) are also found within the central and western portions
of the Ore Mountains (Figure 11). These values seem to be associated with major lineaments, such as
the Annaberg-Tepla, Floha and Gera-Jachymov fault zones. By contrast, most of the areas located in
the eastern part of the Ore Mountains (between the Floha and Elbe fault zones and referred to as the
Mittelsachsen Highlands in Figure 2) show lower kg, values.

The distribution of k,, values in the tilted Ore Mountains reflects the complexity of river profiles.
Longitudinal profiles along the Ore Mountains (Figure 12) display several knickpoints, which represent the
limit between three well-defined segments. There is no correspondence between knickpoints and changes
in rock-type. The uppermost segments are associated with the Eibenstock, Marienberg and Osterzgebirge
topographic highs (Profiles 1 to 4 in Figure 12). They are slightly concave in Profiles 1 to 3 and convex
in Profile 4. Reconstructed base-levels using these segments are steeper in the eastern and central parts
of the Ore Mountains (Profiles 1 and 2 in Figure 12) than in the west (Profiles 3 in Figure 12). These
upper segments are separated from central segments by prominent knickpoints. Central segments are well

defined, and their concavity increases westward. They are separated from the present-day base-level by a



Remote Sens. 2014, 6 7987

minor knickpoint mostly located within the Granulite Massif. The comparison between reconstructed
profiles and the present-day river profiles show that these knickpoints are associated with a 50- to 100-m
base-level change.

East of the Ore Mountains, anomalies in river profiles highlighted by high £, values are mainly found
along tributaries of the Elbe River located between the Elbe Fault Zone and the Lusatian thrust
(Figure 11). Figure 13 displays characteristic longitudinal profiles for tributaries of the Elbe
river. The upper segments of eastern tributaries (Profiles 1 to 4 in Figure 13) correspond to
the almost flat topography of the Lusatian Plateau, which is limited to the east by the Lusatian
Thrust. These upper segments are limited by prominent knickpoints and are separated from the
Elbe River by convex segments, which coincide with the Lusatian Thrust. Reconstruction of the
upper segments shows that these knickpoints are associated with an 80- to 140-m base-level change.
The longitudinal profiles of western tributaries (Profiles 5 to 8 in Figure 13) display one or two
knickpoints. Reconstruction of different segments indicates that the uppermost segments are associated
with a 160- to 250-m base-level change, while lower segments are associated with a 70- to 110-m
base-level change.

Figure 11. Normalized steepness indices (k) extracted from stream longitudinal profiles.
Values are classified using 10 quantiles (denoted Q1 to Q10). Bold lines represent the
simplified trace of major lineaments (see Figure 2 for abbreviations).
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Figure 12. Examples of longitudinal river profiles from the Ore Mountains (extracted from
20-m resolution DEM). Red points indicate the main knickpoints. Red lines and grey shades
show reconstructed profiles using segments located above knickpoints (the method is explained
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in Figure 6C). Distances are in kilometers, and elevations are in meters.
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Figure 13. Examples of longitudinal river profiles from the tributaries of the Elbe River. Red
points indicate the main knickpoints. Red lines and grey shades show reconstructed profiles
using segments located above knickpoints (the method is explained in Figure 6C). Distances
are in kilometers, and elevations are in meters.
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4.4. Uncertainties Related to DEMs and Methods

Extracted geomorphic indices are inevitably affected with uncertainties and errors related to the quality
and sampling of the DEM. Free and commonly used data include the one arc-second (ca. 30 m)-resolution
ASTER GDEM and the three arc-second (ca. 90 m)-resolution SRTM. For both datasets, the absolute
vertical error is reported to be less than 20 m. We tested the sensitivity of calculated hypsometric integral
(HI) and surface roughness (SR) values to changes in spatial resolutions (Figure 14A,B). For both ASTER
and SRTM datasets, we calculated HI and SR using a fixed 9-km window centered on the same geographic
coordinates. We also used resampled datasets with resolution ranging between 60 and 300 m. ASTER
and SRTM data provide similar HI values (Figure 14A). HI values are slightly affected by the resolution
of the DEM. For each analyzed area, the difference between maximum and minimum HI values does not
exceed 0.08. SR is more dependent on the quality of the original dataset, as well as on the resolution of
the DEM. SR values derived from ASTER are 10% to 50% higher than those derived from SRTM data
(Figure 14B). SR values also decrease significantly for lower resolutions. This is mainly related to the fact
that lower resolutions reduce the imprint of the drainage network and “smooth” the initial topography. It
becomes thus more problematic to differentiate between different areas at lower resolutions. The SRTM
appears thus to be adapted to our surface analyses. ASTER data would provide a greater precision for SR

analyses, but would also require more computational time. Coarse resolution should be avoided.

Figure 14. (A,B) Hypsometric integral and surface roughness calculated for different DEM
resolutions; (C,D) hypsometric integral and surface roughness calculated using different
windows (in pixels).
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The size of the moving window is the most sensitive parameter in surface analyses. A meaningful
moving window should be large enough to encompass a large portion on the analyzed landscape; otherwise,
it will reflect local-scale variations in topography. It should, for instance, contain several valleys or ridges.
In addition, tectonic features may produce very large depressions or topographic highs, which significantly
affect indices for neighboring areas. These effects must be taken into account when interpreting results
from a larger moving window. The moving window size also affects computational time. We calculated HI
and SR using SRTM data and different window sizes (up to 400 pixels) centered on the same geographic
coordinates (Figure 14C,D). Below 50 pixels, most of the calculated HI and SR values increases or drop
quickly as the size of the moving window increases. This suggests a strong effect from local topography.
Most of calculated indices display a more stable pattern (i.e., smooth changes) between 100 and
250 pixels. This indicate that the topography is correctly averaged. However, HI values are very
sensitive to the size of the moving window, especially in flat areas (Most Basin and lowlands). In most of
the areas, HI and SR values converge towards a similar value (0.35 for HI and 1.005 for SR) as the size of
the moving window increases. Our surface analyses are based on a 100-pixel moving window. This size is
adapted for this study, as it avoids local topographic effects and requires a reasonable computational time.

Extracted drainage network and contributing areas are also affected by the quality and sampling of
the DEM. Additional known biases are related to methodological aspects. In our study area, commonly
encountered problems concern nested depressions, which are related either to DEM imperfections (mainly
found along entrenched rivers) or to opencast mines. These pits need to be filled to create flow directions.
The original topography is also affected by human artifacts, such as dammed rivers, which replace valleys
with flat areas. Artificial flats related to DEM filling or dammed rivers introduce errors in extracted river
paths. In spite of being commonly used, the D8 algorithm used as the flow-routing method has received
much criticism. This algorithm introduces bias in flow path orientation as it decomposes flow directions
into units of 45° [76]. It also tends to produce parallel flow lines in flat areas. The integer format of many
DEMs also locally produces multiple flats with zero slope, which cannot be handled in a log-log plot of
slope and area (e.g., [22]). This issue is commonly solved by smoothing extracted river profiles. However,
this also induces bias in extracted indices, especially for segments located close to major knickpoints. In

this study, we smoothed extracted river profiles using a 400-m moving window.

5. Discussion

The Ore Mountains and Eger Rift are well known from a geologic and structural point of view.
However, little is known about the tectonic features responsible for the present-day topography, especially
in the Ore Mountains, where most of the outcrops are Paleozoic or Mesozoic. If we except river terraces
and a few outcrops located along the KruSné Hory Fault [34,49], no recent stratigraphic markers can
be used to constrain the age or motion of major faults and lineaments in the Ore Mountains. In this
context, a DEM-based analysis of landscapes represents a powerful tool for evaluating the influence of
recent tectonics.
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5.1. Morpho-Tectonic Interpretation of the Ore Mountains

Landscapes evolve as a consequence of interactions between competing processes driven by climate
and tectonics (e.g., [87-89], and the references therein). Elevated landscapes may persist though time
in a dynamic equilibrium, with topography largely controlled by the variable erodibility of rock units
([87,89,90], and the references therein). Landscapes affected by recent tectonic or climatically-induced
base-level drop are characterized by a propagating front of river incision, representing the boundary
between an upper-relict landscape and a lower-actively adjusting zone (e.g., [2-5,85]). Swath topographic
profiles in Figure 7 show that the highest portions of the Ore Mountains consist of elevated surfaces. In
the analyzed river longitudinal profiles, we observe an upper reach that is associated with these elevated
surfaces. These surfaces likely correspond to the relicts of an old landscape developed in base-level
conditions different from the present ones. River profiles also display a central segment that is more
concave and could record an uplift input. Central segments are separated from the lowermost reaches
by minor knickpoints, which may indicate a new change in base-level conditions, induced by tectonics
or climate.

DEM-based surface indices successfully highlight the uplifted relicts of the old landscape and the
response of the rivers to this uplift. Uplifted surfaces observed in swath profiles mainly coincide with the
high hypsometric integral values (>0.5 in Figure 9). Areas that are preferentially incised by the drainage
network are mainly associated with peak values in surface roughness (Figure 8). The surface index presents
a real interest here. The combination of both hypsometric integral and surface roughness within a unique
index allows displaying on the same map the preserved surfaces with positive values and preferentially
incised areas with negative values (Figure 10). This helps to locate both relicts of old landscapes and
transient topography.

Discontinuities observed in the surface index map (Figure 10) suggest that the distribution of both
topographic surfaces and the main incisions by the drainage network is tightly controlled by tectonics.
As fractured rocks are easily eroded and incised by rivers, major lineaments are outlined by an increase
in topography roughness. Negative surface index values are mainly located along N- and NW-trending
lineaments, which are, from west to east, the Maridnské-Lazné, Gera-Jichymov, Annaberg-Tepla, Floha
and Elbe fault zones. These lineaments delimitate three elevated surfaces (referred to as the Eibenstock,
Marienberg and Osterzgebirge topographic highs) and a set of lower surfaces (e.g., Annaberg High and
Mittelsachsen Highlands). The Ore Mountains would be thus divided into several compartments, rather
than a single and homogeneous tilted block (Figure 15). The erosion of these compartments is mainly
produced along their boundaries, while their inner parts are still largely preserved. The compartmented
structure of the Ore Mountains could be related to the present-day state of stress in Central Europe.
Seismological data from the western tip of the Ore Mountains and Vogtland show that earthquake swarms
are mainly triggered along NNW-trending left-lateral and NW-trending right-lateral faults (e.g., [38,43]).
The stress field inverted from the focal mechanisms indicates a NW compression and an NE extension,
which is consistent with that of Western Europe (e.g., [38,39,43,65], and the references therein). Our
interpretation is that N- and NW-trending lineaments mainly act as strike-slip faults with a minor normal
component that accommodates the NW shortening and NE extension. The uppermost topographic surfaces
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could be related to uplifted compartments, while intermediate surfaces, such as the Annaberg High, could

be associated with downthrown compartments.

Figure 15. Interpretation of the recent morpho-tectonic framework based on the main
discontinuities from geomorphic indices. Faults abbreviations: ATFZ, Annaberg-Tepla Fault
Zone; EFZ, Elbe Fault Zone; FFZ, Floha Fault Zone; GJFZ, Gera-Jichymov Fault Zone;
KHF, Krusné hory Fault; LFZ, Litoméfice Fault Zone; LTF, Lusatian Thrust Fault; MLF,
Marianské-Lazné Fault; OFZ, Ohre Fault Zone.
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Topographic analyses also suggest a westward increase in the amount of uplift. The elevation
of uppermost surfaces increases along-strike from ~800 m to ~1000 m. Swath profiles, as well as
geomorphic maps indicate a substantial increase of erosional processes in the western part of the Ore
Mountains. The Schwarzwasser and Svatava drainage networks (western Ore Mountains, see the location
in Figure 5) are highlighted by high surface roughness and negative surface index values, while the
Freiberg Mulde (eastern Ore Mountains, see the location in Figure 5) display lower surface roughness
and mostly positive surface index values. We also observe a westward increase in the overall concavity
of intermediate segments in river profiles (Figure 12), as well as an increase in kg, values (Figure 11).
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As the lithology of the Ore Mountains is rather homogeneous, observed variations in kg, values could show
a direct proportionality with uplift rates (e.g., [22,79]). The convex shape of the Zwickauer Mulde upper
reach could also indicate that in the westernmost part of the Ore Mountains, rivers cannot counterbalance
the uplift.

5.2. Asymmetry of the Eger Rift

Our swath topographic profiles (Figure 7) illustrate the asymmetry between both shoulders of the Eger
Rift. The Ore Mountains represent the footwall flexural uplift of the Krusné Hory Fault. As a result, the
well-expressed Kru$né Hory Fault scarp is identified by sharp discontinuities in our morphometric maps
(Figures 8—10). By contrast, the Rakovnik Plateau, located south of the Ohte Fault Zone, remains at low
and almost constant elevations. The Ohfe Fault Zone forms a minor topographic scarp and is mainly
defined in our hypsometric integral map (Figure 9). It remains poorly defined in surface roughness and
surface index maps (Figures 8 and 10).

The asymmetry between both shoulders of the Eger Rift is also illustrated by anomalies in the
drainage network. Anomalies in river longitudinal profiles are concentrated along the Kru$né Hory Fault
(Figure 11). High kg, values are likely to reflect present-day bedrock incision along the Krusné Hory
Fault scarp. According to Walther et al. [34], the main uplift of the Ore Mountains could not be older
than the Pliocene. Incision by the rivers could be thus related to the recent modification of the local base
level in response to the topographic uplift of the Ore Mountains.

As for the Ore Mountains, our topographic analyses also suggest a westward increase in the amount
of uplift along the southern shoulder of the Eger Rift. Swath profiles (Figure 7) show that topographic
surfaces become more tilted toward the west. Local relief in swath profiles, as well as geomorphic
maps suggest more incision in the western part of the Eger Rift. Anomalies in river longitudinal profiles
(Figure 11) are mainly observed south of the Sokolov Depression. The western tip of the Eger Rift, as well
as the Maridnské-L4zné Fault show evidence of active tectonics (e.g., [37,44,47]). These anomalies could
be triggered by recent base-level changes related to the uplift of the Kaiserwald Massif. The drainage
network located along the Ohfte fault scarp displays lower k;,, values. This suggests very limited changes
with respect to the Eger River base-level along the Ohte Fault Zone.

5.3. Entrenched Drainage Network

Previous works pointed out the entrenchment of the drainage network, especially at the eastern tip of
the Ore Mountains (tributaries of the Elbe River) and in the region east of Prague (Berounka and Vltava
rivers) [48,49,91]. Our DEM-based analysis of surfaces and the drainage network allows us to precisely
map the effect of this entrenchment. High k,,, values (Figure 11), which are likely to reflect present-day
bedrock incision, are mainly found north of the Litoméfice Fault Zone and between the Elbe Fault Zone
and the Lusatian Thrust.

The analysis of longitudinal profiles for tributaries of the Elbe River suggests an 80- to 140-m
base-level fall (Figure 13). Our analysis based on river profiles is consistent with the position of the
highest Plio-Quaternary terraces in the Elbe valley, which are located at ~100 m above the present-day
base-level of the Elbe River [92]. The entrenchment of the Elbe River and the resulting modification of
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the local base level could be in fact related to a local topographic uplift of the Bohemian Uplands along
the NE-trending Litom&fice Fault Zone and the Lusatian and Ceskd Lipa plateaus along the Lusatian
thrust (Figure 15). Recent motion along the Lusatian Thrust is attested to by the uplift of a sandstone

sequence along a NW trending post-Miocene fault in the area south of Zittau [93].

6. Conclusions

We tested the sensitivity of DEM-based geomorphic analyses in the slowly deformed regions
surrounding the Eger Rift in Central Europe. Our approach relies on the analysis of swath topographic
profiles, the extracted drainage network and topographic surfaces. These methods are complementary,
and their combined use thus allows a better evaluation of the influence of recent tectonics on landscapes.
Swath topographic profiles allow us to identify several flat topographic surfaces with elevations up to
1000 m and to quantify the incision of these surfaces by the drainage network (ca. 100 to 200 m). Surface
roughness (SR) can be used as a proxy to assess the spatial distribution of incisions by the drainage
network. Areas with entrenched rivers are associated with surface roughness values between 1.005 and
1.015. Surface roughness also allows one to detect flat topographic surfaces located below ca. 400 m
(SR < 1.02). The hypsometric integral (HI) provides a better proxy for elevated surfaces (HI > 0.5), as
well as for tectonic depressions (HI < 0.3). We propose to combine surface roughness and the hypsometric
integral. The new index (referred to as “surface index”) provides a qualitative way to display flat (positive
values) and eroded (negative values) areas on the same map and, thus, facilitate the interpretation of
landscapes. The analysis of river longitudinal profiles proves to be useful in detecting major incisions
by the drainage network. Our results show that anomalously steep segments in river profiles (evidenced
by ks, values between 50 and 374) are mainly found in areas with entrenched rivers and along tectonic
lineaments. However, using this method to produce a detailed regional-scale map requires the extraction
and analysis of a great number of streams ( ~3000 in this study).

The interpretation of discontinuities associated with the mapped geomorphic indices allowed us to
unravel the structural control on the landscapes. The NE-trending Eger Rift and its shoulders can be
clearly identified in our geomorphic maps. Areas located south of the Eger Rift (Kaiserwald Massif
and Rakovnik Plateau) form an almost continuous structural panel. Within this domain, indices are
consistent with an uplift of the Kaiserwald Massif, possibly related to NNW-trending structures, such as
the Maridnské-L4zné Fault System. The Ore Mountains form the northern shoulder of the Eger Rift and
are mainly tilted along the Kru$né Hory Fault. Discontinuities in mapped geomorphic indices suggest
that the Ore Mountains are divided into several compartments, rather than a single and homogeneous
tilted block. The compartments are delimited by N- and NW-trending lineaments (from west to east, the
Marianské-Lazné, Gera-Jachymov, Annaberg-Tepld, Floha and Elbe fault zones). Geomorphic indices
suggest that topographic uplift increases significantly westward along both the Ore Mountains and the
southern flank of the Eger Rift. Finally, the analysis of river profiles suggests that the entrenchment of
the drainage network at the eastern tip of the Ore Mountains is related to topographic uplift along the
NE-trending Litoméfice Fault Zone and the NW-trending Lusatian Thrust.
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