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Abstract: The Miinchberg Gneiss Complex (Central European Variscides, Germany) is
separated by a deep-seated lineamentary fault zone, the Franconian Lineamentary Fault
Zone, from its Mesozoic foreland. The study area offers insight into a great variety of
landforms created by fluvial and mass wasting processes together with their bedrocks,
covering the full range from unmetamorphosed sediments to high-grade regionally meta-
morphic rocks. It renders the region an ideal place to conduct a study of compositional
and numerical geomorphology and their landscape-forming indices and parameters. The
landforms under consideration are sculpted out of the bedrocks (erosional landforms) and
overlain by depositional landforms which are discussed by means of numerical landform
indices (LFIs), all of which are coined for the first time in the current paper. They are
designed to be suitable for applied geosciences such as extractive/economic geology as
well as environmental geology. The erosional landform series are subdivided into three
categories: (1) The landscape roughness indices, e.g., VeSiy, (vertical sinuosity—valley of
landform series) and the VaSIAn,; (variation in slope angle altitude), which are used for
a first order classification of landscapes into relief generations. The second order classifi-
cation LFIs are devoted to the material properties of the landforms’ bedrocks, such as the
rock strength (VeSiyy,) and the bedrock anisotropy (VaSlAnperm). The third order scheme
describes the hydrography as to its vertical changes by the inclination of the talweg and
the different types of knickpoints (IncTalji, /graq) and horizontal sinuosity (HoSijith /grad)-
The study area is subjected to a tripartite zonation into the headwater zone, synonymous
with the paleoplain which undergoes some dissection at its edge, the step-fault plain repre-
sentative of the track zone which undergoes widespread fluvial piracy, and the foreland
plains which act as an intermediate sedimentary trap named the deposition zone. The
area can be described in space and time with these landform indices reflecting fluvial
and mass wasting processes operative in four different stages (around 17 Ma, 6 to 4 Ma,
<1.7 Ma, and <0.4 Ma). The various groups of LFIs are a function of landscape maturity
(pre-mature, mature, and super-mature). The depositional landforms are numerically
defined in the same way and only differ from each other by their subscripts. Their set of
LFIs is a mirror image of the composition of depositional landforms in relation to their
grain size. The leading part of the acronym, such as QuantSanye,, and QuantGravy;y,, refers
to the process of quantification, the second part to the grain size, such as sand and gravel,
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and the subscript to the material, such as heavy minerals or lithological fragments. The
three numerical indices applicable to depositional landforms are a direct measurement of
the hydrodynamic and gravity-driven conditions of the fluvial and mass wasting processes
using granulometry, grain morphology, and situmetry (clast orientation). Together with the
previous compositional indices, the latter directly translate into the provenance analysis
which can be used for environmental analyses and as a tool for mineral exploration. It
creates a network between numerical geomorphology, geomorphometry, and the E&E issue
disciplines (economic/extractive geology vs. environmental geology). The linguistics of the
LFIs adopted in this publication are designed so as to be open for individual amendments
by the reader. An easy adaptation to different landform suites worldwide, irrespective of
their climatic conditions, geodynamic setting, and age of formation, is feasible due to the
use of a software and a database available on a global basis.

Keywords: numerical geomorphology; basement—foreland transition; landform indices;
mineralogical composition; Cenozoic

1. Introduction

The current mineralogical terrain analysis encompasses descriptive key elements
known from the classical geomorphology with the focus placed on fluvial and mass wasting
processes along a basement—foreland transition [1-8]. The main emphasis, however, is
placed on a more numerical approach to landforms and landform series singled out as an
entity of its own called geomorphometry [9-16]. The current study acts as a bridge between
the classical geomorphology and geomorphometry when it comes to geomorphological
environment analysis by providing numerical landform reference data beyond common
sedimentary and geomorphological indices, such as stream gradient index (SL), channel
steepness (ks), or erosion rate index (E), used during the examination of landforms and
their evolution. The current type of publication lies between a research article and a manual,
and it is intended to make the data applicable for genetic as well as applied geosciences
using it as a tool for mineral exploration in economic geology to predict target landforms
and landscapes that are promising in the search for mineral deposits [17-22].

That is why the current terrain analysis is combined with mineralogy, adding a compo-
sitional element to the land-forming processes, and supplemented with geochronological
data from the literature to bolster the evolution of the reference landscape under study [23].
The scope of the present study is as follows:

1. To provide compositional and numerical landform data and discuss them as a function
of the tripartite landscape maturity (pre-mature, mature, and super-mature)

2. To study the evolution of erosional and depositional landforms in relation to their
bedrock composition and characterize them by landform indices (LFIs).

3. To discuss these landscape-forming indices on different scales regarding lithol-
ogy, altitude, and gradient and last-but-not least to elaborate facies markers
for environment analysis.

4. To bridge the gap between genetic and applied geomorphology so as to make them
useful for extractive and environmental geology. Due to the senior author’s focal
disciplines, emphasis is placed on applied geomorphology in the search for mineral
deposits from Al to Zr [24].

Table 1 constitutes the key elements for the understanding of the ensuing sections.
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Table 1. Terminology, definitions, and applications of landscape-forming indices.

(a) Overview and definitions of the landscape-forming indices, their general applications and their presentation. Shaded fields denote methods of
particular interest for mineral exploration (“till exploration”).

Code of
Land-Forming Index

Definition and Terminnology of Land-Forming Index

Remarks (e.g., Application)

VeSi\,al

Vertical Sinuosity-Valley

Landform series and relief of landscape

VaSIAn,; Variation of Slope Angle altitude Inclination of the slope angle given in degree of a
certain landscape

VeSijin Vertical Sinuosity-Lithology of landform Rock strength of bedrocks which landforms
have derived from

VaSIAnnorm Variation of Slope Angle normalized Bedrock anisotropy of landforms built upon

IncTaljith/grad Inclination of the Talweg-Lithology plus Gradient Vertical changes of the talweg caused by changes of the
bedrock lithology and the (paleo)gradient). The LFI describes
the hydrography as to its vertical changes by the inclination
of the talweg and the different types of knickpoints

HoSijn /grad Horizontal Sinuosity—Lithology plus Gradient Horizontal changes of the talweg caused by changes of the
bedrock lithology and (paleo)gradient. A straight line
shows a sinuosity index of 1

Quantgy /mas Quantification of This index reflects the aerial distribution of mass wasting

Fluvial-Mass wasting deposits and fluvial deposits in a 2D illustration of depositional

landforms. The index data are presented in histograms and
sector diagrams

QuantClaSil Quantification Clay-silt-sized fraction This index has only been handled qualitatively for
technical reasons. Only the Rietveld refinement applied
during XRD can provide reliable numerical results

QuantSanjign Quantification Sand-sized light minerals fraction This index is measure by means of thin sections and XRD
and the data are presented in pie chart diagrams

QuantSanyeay Quantification Sand-sized heavy minerals This index is measure by means of thin sections and XRD
and the data are presented in pie chart diagrams

QuantGravy;, Quantification Gravel-sized lithologies This index is measure by means of thin section and the

data are presented in pie-chart diagrams

QuantGranran /sort/mod

Quantification done during Gravel granulometry. Part of
the GMS method (granulometry, morphometry
and situmetry)

The data are on display as sorting coefficient and modality
both of which translate into an environment analysis of the
depositional coarse-grained landform series

QuantGr: AVmorp/roun/cycl

Quantification done during Gravel morphometry. Part of
the GMS method (granulometry, morphometry
and situmetry)

The most efficient diagnostic parameters for the grain
analysis are roundness and circularity

QuantGraVsitu /dire/shar

Quantification done during Gravel situmetry (vertical
arrangement, e.g., shingle-like, and horizontal orientation
of elongated gravel-sized fragments.

The 2D/3D position of gravel-sized fragments is measured
by the direction (360°).

The results are displayed by rose diagrams where the
intensity of individaul flows is determined by
the—sharpness of their maxima

(b) Synoptical numerical and verbal overview of the three morphotectonic units vs. geomorphology, topography, and mineralogy/lithology and
landscape-forming indices in the current reference paper used to introduce these landscape-forming indices.

Indices and Parameters

Geomorphological Reference Plains

Basic items of
landscape formation

Foreland Plains Step-Fault Plain Paleoplain
Topography Schorgast flood plaininan  Top fault scarp of FLEZ Mountain max. height
(lowest and highest level asymmetric rift valley min.  min. 510 m crest WeifSenstein 668 m, planed

a.m.s.] = above mean
sea level)

320 m. Top fault escarpment
of FLFZ max. 510 m.

slope/shoulder max.
590 m.

uplands 620 m, min. crest
slope/shoulder 550 to 500 m.

Morphodynamic units and
their tectonic contacts

Deep-seated lineamentary
fault zone (several 100 km)

Sets of internal shear zones
(several 10 km) striking

Fault and warp zones.
Anticline plunging towards

striking NW-SE. NW-SE. the NE (several 10 km).
Geological age of bedrocks Cenozoic, Late Triassic,and ~ Cambrian to Lower Neoproterozoic to
& 8 Late Permian. Carboniferous. Ordovician.

Lithology of bedrocks
(Numbers in brackets for
reference see Figure 2a,b)

Sandstones and claystones,
gravel, sand, and clay
(18,19-21).

Slate, metabasalt, chert,
tuffaceous slate (15-17),
epidote amphibolite,
phyllite, talc schist (12-14),
and amphibolite (11).

Layered amphibolitic gneiss,
eclogite amphibolite, garnet
amphibolite, eclogite,
meta-ultramafic rocks
(serpentinite), pegmatoid
(5-10), augengneiss,
meta-granodiorite,
meta-gabbro,
paragneiss/meta hornfels,
muscovite-biotite gneiss
alternating with tourmaline-
garnet-plagioclase gneiss,
and muscovite-biotite
gneiss (1-6).
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Table 1. Cont.

Indices and Parameters

Geomorphological Reference Plains

Foreland Plains

Step-Fault Plain

Paleoplain

Erosional landform series
—Ilandscape roughness indices-

Regional scale
Vertical sinuosity—valley
(VeSiy,)) of landform series

Relief generation 4:
1.094 =1.079
pediments dissected by
fluvial and mass wasting
processes

Relief generation 2 relic:
1.132 = 1.149 moderately
bosselated and dissected
pediment-cuesta

Relief generation 3:

1.232 = 1.115 bosselated to
rugged

Relief generation 0
(outside working area
Frankenwald):

1.1400 = 1.129 bosselated
landscape—mountain
summit

Relief generation 1:

1.150 = 1.123 bosselated
landscape

Relief generation 2:

1.416 = 1.224 strongly
rugged

1.186 = 1.134) moderately

bosselated /rolling hill
landscape.

1.113 = 1.038 slightly
bosselated to flat

Local scale

Variation in slope angle
altitude (VaSlAn,y;) index
(in brackets slope angle in
degree)

Relief generation 4:
450-350 m

Plateau gently sloping crest
shoulder escarpment (2-7)
Escarpment face (18-19)
V-shaped wide angle
valley+

Erosional terraces (13-17)
Hogback-resistant hill
(11-13)

Relief generation 2 relic:
550-450 m

Large and shallow valley
(2-4)

V-shaped valley wide angle
/2 generations (8-17)
Relief generation 3:
450-350 m

V-shaped valley acute angle
(22-23)

Erosional fluvial terrace
(0-2)

Floodplain (0-1)
V-shaped valley wide to
acute telescoped into each
other (16-32)

Resistant hill (16-18)
Gently sloping
plateau—crest shoulder
escarpment (5-8)
Staircase-like terraces slip
bank (5-11)

Escarpment face-cut bank
(24-26)

Relief generation 0
(outside working area
Frankenwald): 800-600 m
Mountain
summit—inselbergs (3—4)
Large and shallow valleys
24)

Bosselated paleoplain (2-9)
V-shaped valley wide angle
(14-19)

V-shaped valley acute angle
(23-25)

Fluvial erosional terrace
(1-2)

Relief generation 1:
668-550 m

Monadnock summit
(1-5)—relic large and
shallow valley

Bosselated paleoplain (2-9)
Hillocks (2-7)

Truncated V-shaped valley
(9-16)

V-shaped valley wide angle
transitional (12-16)
Erosional terraces (2-7)
Relief generation 2:
630-550 m

Monadnock summit (0-2)
Large and shallow valley
(1-5)

Bosselated paleoplain (2-8)
Truncated gully, canyon
(2-6)

Hillocks, hump, and
stumps (5-18)

Resistant hill (16-18)
V-shaped valley wide angle
(8-15)

V-shaped valley acute angle
(13-21)

Erosional terraces (2—4)
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Table 1. Cont.

Indices and Parameters

Geomorphological Reference Plains

Foreland Plains

Step-Fault Plain

Paleoplain

Erosional landforms
—material properties of bedrock

Rock strength

Vertical
sinuosity—lithology of
landform (VeSijjy,)

Bedrock anisotropy
Variation in normalized

Sandstones with intercalated

Max: 582, mean: 216

Sandstones with intercalated

Phyllite

Max: 479, mean: 177
Slate

Max: 197, mean: 159
Chert alternating with thin
interbeds of slates and
tuffaceous layers
Max: 320, mean: 156
Talc schists

421
Amphibolite-epidote
amphibolite

Max: 329, mean: 160
Epidote amphibolite

o

(“prasinite”, “meta diabase”

Max: 309, mean: 127
Meta-basalt (“diabase”)
Max: 685, mean: 248

Phyllite

Max: 4.986, mean: 2.488
Slate

Max: 3.381, mean: 1.818
Chert alternating with thin
interbeds of slates and
tuffaceous layers

Max: 3.628, mean: 2.422
Talc schists

Muscovite-biotite gneiss
Max: 663, mean: 266
Muscovite-biotite gneiss
alternating with tourmaline-
garnet-plagioclase gneiss
(composite lithology)

Max: 271, mean: 184
Paragneiss—meta-hornfels
Max: 1197, mean: 402
Augengneiss (meta-granite)
Max: 855, mean: 446
Meta-gabbro plus

Max: 687, mean: 301
Meta-ultramafitite

Max: 989, mean: 778
Eclogite

Max: 1292, mean: 572
Eclogite amphibolite—
garnet amphibolite

Max: 1292, mean: 572
Layered amphibolitic
gneisses in eclogite and
amphibolite facies

Max: 563, mean: 256
Muscovite-biotite gneiss
Max: 6.970, mean: 2.868
Muscovite-biotite gneiss
alternating with tourmaline-
garnet-plagioclase gneiss
(composite lithology)

Max: 2.983, mean: 2.237
Paragneiss—meta-hornfels
Max: 6.094, mean: 2.470
Augengneiss (meta-granite)
Max: 6.923, mean: 3.177
Meta-gabbro plus
=

Erosional landforms
—uvertical and horizontal

hydrography

slope angle of landform Max: 3.173, mean: 1.458 2.375 e
(VaSlAnnorm) Amphibolite-epidote Max: 3.765, mean: 2.181
amphibolite Meta-ultramafitite
Ma)EWmean' 5 787 Max: 3.181, mean: 2.512
o e oot e Eclogite
E}?ldOt.e a}m}?}}}bOIIte X , Max: 1.817, mean: 1.638
1\(/[prafs,lzr11ét0e 4 meta3 (i;:;base Eclogite amphibolite-garnet
ax: 5.460, mean: 3. e
Meta-basalt (“diabase”) cnmpllsaliiis
Max: 5.400, mean: 2.734 Max: 1.817, mean: 1.638
T T Layered amphibolitic
gneisses in eclogite and
amphibolite facies
Max: 2.777, mean: 1.937
Relief generation 2 relic: Relief generation 1:
Vertical Knickpoint: 2 Knickpoint: 3

Inclination of the
talweg—lithology plus
gradient (IncTaljit /grad) +
knickpoints

Relief generation 4:
Kuickpomti0.
Min: 0.388, mean: 1.583,
max: 4.542

Min: 0.605, mean: 1.469,
max: 2.471

Relief generation 3:
Knickpoint: 7

Min: 0.236, mean: 2.043,
max: 5.521

Min: 0.199, mean: 1.842,
max: 6.996

Relief generation 2:
Knickpoint: 7

Min: 0.381, mean: 1.514,
max: 4.243

Horizontal

Horizontal
sinuosity—lithology plus
gradient (HoSijith /grad):

Relief generation 4:
Min: 1.080, max: 1.314

Relief generation 2 relic 2:
Min: 1.075, max: 1.203
Relief generation 3:

Min: 1.102, max: 1.322

Relief generation 1:
Min: 1.088, max: 1.312
Relief generation 2:
Min: 1.257, max: 1.513
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Table 1. Cont.

Indices and Parameters

Geomorphological Reference Plains

Foreland Plains

Step-Fault Plain

Paleoplain

Depositional landforms
—grain size and composition

Quantification of
fluvial-mass wasting
deposits (Quantgy /mas)
MWD = mass wasting
deposit

FDD = fluvial drainage
deposit

MTD = fluvial-mass
wasting mixed-type deposit

MWD: min. 0.02, max.
3.13% km?

FDD: min: 0.03, max.
2.80% km?

MTD: min. 0.0, max.
3.44% km?

M/F ratio = 1.12

MWD: min. 0.06, max.
0.60% km?

FDD: min: 0.13, max.
0.89% km?

M/F ratio = 0.67

MWD: min. 0.77, max.
2.30% km?

FDD: min: 0.13, max.
0.89% km?

M/F ratio = 2.58

Quantification of
clay-silt-sized fraction
(QuantClaSil)

Muscovite > illite > chlorite
(only relative abundance)

Muscovite > illite> chlorite
> talc
(only relative abundance)

Muscovite > illite >
kaolinite chlorite >
vermiculite > talc >
serpentine (lizardite)
(only relative abundance)

Quantification of
sand-sized light minerals
fraction (QuantSan j;gh)

Na feldspar, quartz, K
feldspar

(for numerical data,
see Figure 11a)

Quartz, Na feldspar,
plagioclase, K feldspar
(for numerical data,
see Figure 11a)

Quartz, K feldspar, Na
feldspar, plagioclase
(for numerical data,
see Figure 11a)

Quantification of
sand-sized heavy minerals
(QuantSanye,y)

Amphibole > garnet >
zoisite > pyroxene >
epidote > “limonite” >
rutile > apatite> anatase >
titanite > zircon

(only relative abundance)

Amphibole (pargasite,
hastingsite) “limonite”,
garnet, omphacite, zoisite,
epidote, rutile, anatase,
titanite

apatite, zircon

(for numerical data,

see Figure 11b)

“Limonite”, magnetite,
amphibole (grunerite),
garnet, epidote, omphacite,
diopside, zoisite, rutile,
anatase, titanite

(for numerical data,

see Figure 11b)

Quantification of
gravel-sized lithologies
(QuantGravy;y,)

Ferricretes > chert >
conglomerate > graywacke
> metabasalt

(only relative abundance)

Meta-basalt (“diabase”),
slate, greywacke, mica
gneiss, meta-trachyte
(“keratophyre”), chert,
quartz-conglomerate,
phyllite, amphibolite,
meta-hornfels,
quartz-aggregate, prasinite,
pyrite ore, carbonate
aggregate, Fe slags,
ferricretes

(for numerical data,

see Figure 11c)

Amphibolite, mica gneiss,
quartz-aggregate, granitoid,
meta-hornfels, ferricretes,
augengneiss,
meta-granodiorite

(for numerical data,

see Figure 11c)

Depositional landforms
—Sedimentology of gravel and hydrodynamics

e QuantGravigran /sort QuantGravigran /sort QuantGravgran/sort
%‘;i‘;?f;acf:f“ of gravel Min: 1.581, max: 1.788 Min: 1.699, max: 3.576 Min: 1.454, max: 1.946
guantGrav Y Jeort/mod QuantGravgran/mod QuantGravgran/mod QuantGravgran/mod
~Sortin (RO Unimodal Uni-, bi-, and trimodal Unimodal
-Mo daﬁt (for locality, (for locality, (for locality,

4 see Figure 13a,b) see Figure 13a,b) see Figure 13a,b)
uantification of gravel
810 hometr & QuantGravmorp /roun QuantGravmorp /roun QuantGravmorp /roun
Qu;fltGrav Y Min: 0.427, max: 0.958 Min: 0.479, max:0.932 Min: 0.380, max: 0.943
~Roun. dnes;norp/ e/l QuantGravmorp /cycl QuantGravmorp /cycl QuantGravmerp /cycl

- Circularity

Min: 0.629, max: 0.878

Min: 0.665, max: 0.856

Min: 0.595, max: 0.830

Quantification Gravel
situmetry

QuantGravgit /dire/shar

- Direction (360°)

- Sharpness of maxima (in
brackets)

Flow direction of river

QuantGravgigy, /dire/shar

(for locality and orientation
of clasts, see Figure 13c)
Trends/mean

Max 1: 259° (35)

Flow direction: 245°

Max 2: 244° (21)

Max 3: 223°(15)

QuantGravsity /dire/shar

(for locality and orientation
of clasts, see Figure 13c)
Trends/mean

Max 1: 198° (63)

Flow direction: 231°

Max 2: 249° (33)

Max 1: 330° (49)

Flow direction: 280°

Max 2: 285° (28)

QuantGraviy, /dire/shar

(for locality and orientation
of clasts, see Figure 13c)
Trends/mean

Max 1: 319° (53)

Flow direction: 285°

Max 2: 281° (37)

The grey compartment denotes the basic data of the study area and the tripartite colored subdivision marks the
subdivision into erosional and depositional land-forming indices.

Table 1a is an introduction into the key topic of the current study, providing an

overview of the terminology, definitions, and applications of these landscape-forming

indices while Table 1b is a presentation of the numerical range of the 14 landscape-forming



Geosciences 2025, 15, 37

7 of 57

indices in relation to the landforms and landform series under consideration. Moreover,
the reader is made familiar with the topographic and lithological basics of the study area.

2. Geological and Geomorphological Setting
2.1. Overview of the Foreland—Basement Region

The area under study along a deep-seated lineamentary fault zone, called the Franco-
nian Lineamentary Fault Zone (FLFZ), offers outcrops from unmetamorphosed sediments
in the foreland through all stages of regional metamorphism (very low-grade to high-grade
metamorphic rocks). Apart from that, metamorphic felsic mobilisates/pegmatoids rife
with feldspar and quartz as well as tectonized talc schist and stratabound Cu-Zn deposits
occur [25]. This catena exists within a range of 30 km spanning the interval from the
Neogene to the Quaternary [23] (Figures 1 and 2). Figure 1 provides an overview of the
geological setting from the Mesozoic Foreland to the high-grade regionally metamorphosed
rocks of the Miinchberg Gneiss Complex both of which are separated from each other by
the deep-seated lineamentary fault zone of the “Frankische Linie”. A close-up view of the
lithology exposed in this foreland-basement transition zone is displayed together with
sampling sites in Figure 2.

Mesozoic non-metamorphic sedimentary
rocks of the Foreland

- Late Paleozoic granites of the Fichtelgebirge

Anticline

Late Paleozoic (very low-grade metamorphic
sedimentary rocks of the Frankenwald)

Early Paleozoic (very low-grade metamorphic

magmatic and sedimentary rocks of the Frankenwald)

Early Paleozoic (very low - to medium-grade
tamorphic tic rocks of the MGC margin)

Early Paleozoic (low-grade metamorphic magmatic
felsic rocks of the Fichtelgebirge Anticline)

Early Paleozoic (low-grade metamorphic
sedimentary rocks of the Fichtelgebirge Anticline)

Upper Series of MGC (medium
- high-grade metamorphic rocks)

Lower Series of MGC (medium -
high-grade metamorphic rocks)

FWM-=Frankenwald Mts.

MGC=Miinchberg Gneiss
Complex

FGM-=Fichtelgebirge
Mts.

FLFZ=Franconian
Lineament Fault
Zone

)

Miinchen,

GERMANY

Neumarkt-
Wirsberg

Strike and plunge of fold
axis of the anticline

Divide of the Rhein and Elbe
1 |= watersheds

Figure 1. Geodynamic overview of the NE Bavarian basement and the study area at the western
edge of the Miinchberg Gneiss Complex, SE Germany. (a) The position of the study area in Germany.
(b) The geological setting of the study area in SE Germany and its neighboring geodynamic units
of the Frankenwald and Fichtelgebirge Mts. (modified from Emmert et al. [26]. (c) Legend for the
map in Figure 1b. The area with the dashed line denotes the close-up view of the geological setting
in Figure 2.
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The current study addresses a novelty harnessing the various “roughness indices”
from the large-scale “bedform roughness of drainage channels” to the small-/regional-
scale “washboard landscapes” (Figure 3a, Table 1). The so-called “washboard landscapes”
are represented by the South German Scarpland and have been studied by different geo-
scientists [27-34]. They are a series of homoclinal strata made of limestones, sandstone,
and claystones moderately dipping towards the basement while turning stepwise into a
series of hogbacks as they are approaching the deep-seated lineamentary fault zone of the
“Fréankische Linie”. Lithologically, the different vulnerabilities to weathering and erosion,
and hydrographically, the strike streams, are the main reasons for this typical landscape to
come into existence in the basement—foreland border zone.

2.2. Lithology and Geology of the Miinchberg Gneiss Complex

The Miinchberg Gneiss Complex (MGC) makes up the North Bavarian Basement
together with another two geodynamic complexes, the Frankenwald Mts. (FWM) found
towards the NW and the Fichtelgebirge Mts. (FGM) along its SE boundary (Figure 1).
All three geodynamic complexes pertain to the Central European Variscides. The FWM
consists of a succession of Paleozoic sedimentary and magmatic rocks undergoing very
low-grade regional metamorphism, whereas the FGM forms a series of Carboniferous-
Permian felsic intrusive rocks surrounded by Early Paleozoic sedimentary and magmatic
wall rocks which were subjected to low-grade regional metamorphism [26,35,36]. Onto
these autochthonous Paleozoic rocks, the low-grade to high-grade metamorphic rocks of
the MGC nappe were overthrusted from the SE together with its Early Paleozoic very low-
to medium-grade wall rocks [37—40] (Figure 1). The MGC forms a NE plunging anticline
that offers in its SW part a full-blown catena of bedrocks at the outcrop, from high-grade
metamorphic basement rocks to non-metamorphosed siliciclastic sediments, all of which
are sculpted by mass wasting and fluvial land-forming processes and hence allow for a
direct compositional-geomorphological correlation (Figures 1 and 2, Table 1).

T
3 1 km T . * 3
Fiuvial floadplain 1 m 10 |Number of
River torraca 10 m Cenozoic m sampling sites
Masswasting (talus sall craep, J Numbers of
Jafoy, focl N lithological units
PERMO-TRIASSIC SERIES. referred toin the
(Late Permian ta Late Triassic) dB8Y [N at anedta corrallate

MARGINAL SLATE SERIES+PALEOZOIC ROCKS OF THE e gt
FRANKENWALD (Orfovicians Cambrian to Lowsr Carbonifarous)| 15-17 || rocks listed in Fig.

PRASINITE-PHYLLITE SERIES 2b with cti
vickan) 12-14 | through landforms
T MARGINAL AMPHIBOLITE SERIES inFi
{rdavici 11 | | shownin Fig.4

UPPER SERIES (MUNCHBERG GNEISS COMPLEX
{Cambrian-Ordovician) 7-10

LOWER SERIES (MUNCHBERG GNEISS COMPLEX
(Moopotarzoic-Cambrian) 1-6

Figure 2. Cont.
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Figure 2. Geological overview and the bedrock lithologies of the landform series under consideration.
(a) The geological map of the study area with the Cenozoic overburden and the fluvial drainage
network and sampling sites. The geological basis is the geological maps published by Emmert and
Weinelt [36], Emmert et al. [35], Stettner [39] and Stettner [40] which, in places, have been updated
during the current investigation. (b) Lithological units shown in Figure 2a and symbols used in the
cross-sections through the landforms (see Figure 4).

The Lower- and the Upper Series of the MGC: The allochthonous synform is subjected to
a dual subdivision into the Lower Series and the Upper Series (Figure 2a,b—1 to 10). The
Lower Series is Neoproterozoic to Cambrian in age and composed of meta-pelites and meta-
greywackes, intercalated with orthogneisses/augengneisses and lenses of metagabbro and
metagranodiorites. The orthogneiss yielded a Rb/Sr whole rock age of 499 + 20 Ma [41].
U/Pb age dating using zircon and monazite from metagabbros and metagranites gave an
age of intrusion around 500 Ma for both intrusive rocks [42]. In the Upper Series, basic
metamorphic rocks prevail. The eclogites are of MORB affinity and the original basalts
were vented at 525 Ma [42] (Figure 2a,b—7 to 10). The basic volcanic rocks underwent a
pressure regime of 13 kb. The meta-basic rocks of the Cambrian to Ordovician Upper Series
also gave host to the albite-bearing pegmatoids and aploids (Figure 2b—8a to 10a).

The tripartite wall rock series of the MGC: These wall rocks consist of the Marginal Am-
phibolite Series (Figure 2a,b—11) and the Phyllite-Prasinite Series (Figure 2a,b—12 to 14)
alternating with metapelites. Along NW-SE fault zones, tectonized talc schists can be found.
The Marginal Slate Series, rife with metabasalts alternating with slates, is similar in age to the
aforementioned lithological units but of lower metamorphic grade (Figure 2a,b—16 to 17).
The very low-grade Chert Series is located outside the Marginal Slate Series and forms part of
the Bavarian Facies (Figure 2b—15). It is studied geomorphologically for comparison with the
hornfels lithologies within the MGC (Figure 2b—3).

The foreland sediments: The N Bavarian Basement is a tilted basement block uplifted along
a deep-seated lineamentary fault zone, called the “Franconian Line” (FLFZ), that at its SW
edge is displaced by as much as 1000 m of cumulative movement against the Mesozoic and
Cenozoic sediments in the study area (Figure 1). During the Late Triassic Keuper, a playa-like
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environment grading into a terminal alluvial plain came into existence covering some patches
of Permian age [27,43] (Figure 2b—18). Fluvial and mass wasting deposits are found all across
the study area, whereas the mixed-type fluvial-mass wasting deposits are confined to the
River Schorgast’s outburst into the foreland along the FLEZ where they form a large terrace at
about 10 m above the modern talweg (Figure 2a,b—19 to 21).

2.3. Landforms and Landform Series of the Miinchberg Gneiss Complex

It was not until the Late Paleogene when continental sediments evolved again on
the dryland and paleosurfaces which truncated the uplifted Variscan basement and the
Mesozoic sediments of the foreland alike [44,45]. Thauer [44] used the erosional landforms
which he called wide valleys and V-shaped valley incised into the first mentioned ones for
his age classification of the landscape. Studies centered around the Quaternary and Pre-
Quaternary geomorphological evolution of the Central European Variscides, in general, and
the N Bavarian basement, in particular, are scarce and were mostly eclipsed by geological
and petrological studies which need to be addressed in the current study for compositional
reasons when discussing the geomorphology of the MGC [46-53]. The MGC is not only
an erratic allochthonous geodynamic unit—see Section 3.1—but also erratic in terms of its
topography, forming a wide morphological depression between the FGM and the FWN
(Figure 1). It forms the northeastern-most part of a washboard landscape covered by two
presumed paleosurfaces as they were dealt with by different authors [52,54,55] (Figure 3a).
Number I is gently dipping off the FLFZ as a planar architectural element covering the
Franconian Scarpland while number II is a curved presumed surface consisting of three
discrete plains: 1. a (sub) horizontal paleoplain, 2. a moderately steeply dipping step-fault
plain, and 3. steeply dipping foreland plains (Figure 3a—c).
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Figure 3. Cont.
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Figure 3. Geomorphological overview of the washboard landscape and the study areas defined by the
two paleosurfaces, I and II. (a) Cartoon showing two paleosurfaces. Paleosurface I is gently dipping
off the FLFZ (Franconian Line Fault Zone) as a presumed architectural planar element covering
the Franconian Scarpland. Paleosurface II is a presumed surface covering the basement and the
immediate foreland affected by the FLFZ. It is a tripartite curved surface covering three plains [29]
(b) Cartoon providing an idealized cross-section of the tripartite paleosurface II. For geology, see key
of Figure 2a. Dotted line marks the modern-day surface and longitudinal profile of the talweg with
its knickpoints. (c) Digital terrain model of the study area showing the controlling linear tectonic
elements of the main anticline of the MGC. (d) Topographic map showing the altitude of the study
area in meters a.m.s.l. (e) Thematic map showing the slope angle values of the various land forms
under consideration in degrees. (f) Geomorphological index map showing the morphotectonic
units currently on display: 1 = paleoplain undissected, 2 = paleoplain dissected, 3 = step-fault plain
inclined, 4 = foreland plain inclined off the basement, and 5 = foreland plain towards the basement
(Figure 3b). The position of the reference cross-sections (Figure 4) and the maximum aerial extension
of relief generations R1 to R4 (Rre = R2 landforms are patchily preserved as relics on R3) determined
based upon the vertical sinuosity—valley (VeSiy,j) index are displayed by red full, stippled, and
dashed-stippled lines. (g) Geological index map (for legend, see Figure 2a). The position of the
reference cross-sections (Figure 3g) and the maximum aerial extension of relief generations R1 to
R4 (Rre = R2 landforms are patchily preserved as relics on R3) determined based upon the vertical
sinuosity—valley (VeSiy,;) index are displayed by red full, stippled, and dashed-stippled line.

3. Methodology
3.1. Mineralogy and Petrology

Mineralogy and petrology are the major disciplines for obtaining insight into the
parent and wall rocks of the positive and negative landforms, respectively. The sampling
sites for the compositional analysis are given in Figure 2 and the indices which these miner-



Geosciences 2025, 15, 37

13 of 57

alogical methods use are shown in Table 1, e.g., QuantClaSil, QuantSan /g, QuantSanpeay,
QuantGravyy, etc.

Petrographic microscopy: Routine thin section analysis was performed together the
optical microscopy of heavy and light minerals counting between 200 and 300 grains
counted per sample. The HM separation was conducted for each sample to the grain size
fractions richest in HMs (the 63 to 360 um fraction) using sodium polytungstate of a density
of 2.9 g/cm3.

Raman spectroscopy: The Raman spectra were acquired by using the Horiba Jobin-
Yvon RPA-HE 532 Raman Spectrograph (Kyoto, Japan) with a multichannel air-cooled CCD
detector (—70 °C) and NdYag laser at 532 nm with a nominal power of 100 mW. The spectral
range was between 210 and 3400 cm ! with a spectral resolution of 3 cm~!. The Raman
system includes a “Superhead” fiber optic Raman probe for non-contact measurements,
with a 50x LWD Olympus visible objective. The spectra were acquired using an exposure
time of 1-5 s, 10-20 acquisitions, and a laser power less than 60%, in order to improve the
signal-to-noise ratio and to avoid any possible damage of the samples caused by the laser
radiation. The interpretation of the micro-Raman spectra was conducted using the LabSpec
software version 5.25.15 by means of baseline correction and peak-fitting. It is the most
advanced level and used for the fine-tuning of the mineralogical results.

X-ray analysis: X-ray diffraction (XRD) patterns are a supplement to the afore-
mentioned method and were recorded using a Philips X'Pert PW3710 ®-20@ diffractometer
(Cu-Ku« radiation generated at 40 kV and 40 mA—Almelo, The Netherlands), equipped
with a 1° divergence slit, a secondary monochromator, a point detector and a sample
changer (sample diameter 28 mm). The samples were investigated from 2° to 80° 2@ with
a step size of 0.02° 20 and a measuring time of 3 sec per step. For specimen preparation,
the top loading technique was used.

3.2. Geochemistry

Major and trace elements were analyzed by X-ray fluorescence spectrometry (XRF).
Powdered samples were analyzed using a PANalytical Axios and a PW2400 spectrometer
(Almelo, The Netherlands). Samples are prepared by mixing with a flux material and melt-
ing into glass beads. The beads are analyzed by wavelength dispersive X-ray fluorescence
spectrometry (WD-XRF). To determine loss on ignition (LOI), 1000 mg of sample material
is heated to 1030 °C for 10 min. After mixing the residue with 5.0 g lithium metaborate and
25 mg lithium bromide, it is fused at 1200 °C for 20 min. The calibrations are validated by
an analysis of reference materials. “Monitor” samples and 130 certified reference materials
(CRM) are used for the correction procedures.

3.3. Terrain Analysis Sensu Stricto

7

The centerpiece of the current study pursues a strategy of the “golden harmony”
between a pure landform description and a pure collection of numerical data, creating
thematic maps showing the altitude and the slope angle in degrees. Based upon the satellite
images, a fine-tuning of the slope angle and the inclination of the talweg was calculated.
The latter datasets form the basis for the cross-sectional and longitudinal profiles discussed
in the current study in combination with the compositional studies (Sections 3.1 and 3.2).

Sinuosity determination: Sinuosity measurements are applied to the indices VeSiy,j,
VeSijin, and HoSijin /graq (Table 1). The river (horizontal) sinuosity was obtained using
ArcGIS software 10.2.2. The rivers were digitized as polylines and sinuosity value was
calculated using Sinuosity toolbox that measures the deviation of a line from the shortest
path by the following formula: total length/shortest distance. A straight line will show a
sinuosity index of 1. In this study, the reciprocal values of this index were used. Vertical
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sinuosity was measured with the same toolbox in ArcGIS applied on a digitized polyline of
the elevation line of the topographic profile. All of the topographic profiles were normalized
at the same x and y-axis. Sinuosity index was measured for the entire profile as well as for
various sections.

Slopes and slope angle: Slope angle measurements are used for the indices VaSIAn,;
and VaSlAnorm (Table 1). Cross-sectional topographic profiles were created using Google
Earth Pro software—version 7.3.6.10201. The sections of interest were draw as a path line
and the profiles were obtained using the “Elevation profile” option. The software shows
the overall maximum and mean slope of the profile, as well as the slope values for smaller
sections within the profile based on the specific selection.

Inclination of drainage systems: Longitudinal topographic profiles along the river valleys
were obtained by calculating the inclination of the talweg (IncTaljj /grad + knickpoints)
(Table 1). This is performed by extracting the maximum and minimum altitudes (“rise”
and the length of the profile (“run”)—slope = rise/run. This procedure was applied on the
entire profile and on specific sectors within the profile.

Quantification of mass wasting and fluvial deposits: Adobe Photoshop software was used
to obtain the index Quantgy, /mas by setting a measurement scale and quantifying the pixels
of different types of deposits.

3.4. Composite Hydraulic—Petrographic Measurements

The granulometry, morphometry, and situmetry of the gravel size class, with emphasis
placed on the cobbles, small boulders, and coarse pebbles [56], is abbreviated to the
GMS method, which uses a combination of field and laboratory work to calculate the
QuantGr. AVgran/sort/mods QuantGranorp /roun/cycls and the QuantGravyiy/ dire/shar (Table 1).
During fieldwork, a horizontal or vertical reference square measuring 1 X 1 m was outlined
on the exposed clastic sediments. Between 50 and 150 measurements were performed. This
is the only way to measure the clast orientation in the field using the strike or dip of the
longest axis of the gravel-sized fragments at outcrop.

4. Results
4.1. The Mineralogical Composition of the Bedrocks and the “Landscape-Forming Indices” (LFIs)

To shed some light on the origin of the landscape and its landforms, three compo-
sitional groups, very much different from each other regarding their mode of formation,
need to be investigated. The autochthonous one is synonymous with the bedrock of the
landforms and the allochthonous one resulted from the deposition of mass wasting and
fluvial processes. The (semi- to un-) consolidated (par) autochthonous material takes an
intermediate position and has been immediately derived from the natural weathering of
the bedrock (Table 1). The latter sediments are dealt with together with the allochthonous
debris [57-65].

4.1.1. Autochthonous Mineralogical-Petrographic and Roughness Indices of Landform
Series in Cross-Sectional Profiles

Mineralogy and petrography of bedrocks: In Table 2, the bedrock lithologies are correlated
with the pertinent landform types found on the three different reference plains. Considering
those landforms on a higher hierarchical level create landform series of a characteristic
landscape as demonstrated by different geomorphologists [60,66-69]. The platforms for
these landforms and landform series are provided by topographic and thematic maps
showing the slope angle (Figure 3d,e). A series of reference cross-sections form the link
between the compositional and numerical geomorphology (Figure 3f,g and Figure 4).
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Table 2. Lithological categories, rocks, minerals, and landforms underlain by these bedrock lithologies vs. landscape-forming indices (LFIs).
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Figure 4. The reference cross-sections provide the link between the landscape and the lithological

composition. For lithology, see key of Figure 2b, and for their position, see Figure 3d. In the rectangles,
the vertical sinuosity—valley (VeSiy,1) index of the landform series portrayed by the reference cross-
section is given. It is the landscape roughness index of regional scale (for more information see text).
(a) M1-M2, (b) L1-L2, (c) Pel-Pe2, (d) K1-K2, (e) Kul-Ku2, (f) Wel-We, (g) J3-J4, (h) H1-12, (i) H1-H2,
(j) G1-G2, (k) F1-E2, (1) E1-E2, (m) D1-D2, (n) C1-C2, (0) B1-B2, (p) A1-A2, (q) Lul-Lu2, (r) Wiil-Wii2,
(s) A3-A4, (t) A3-A4 FW, (u) A1-A2 FW, (v) J1-]2, and (w) J5-J6.

The four bedrock lithologies ((meta)-psammopelites, metamorphic intrusive rocks,
metamorphic volcanic rocks, and metamorphic mobilisates /pegmatoid) are categorized
according to the BGS (British Geological Survey) recommendation and based upon the
mineral assemblages arranged in order of decreasing amounts [70] (Table 2). The most
varied mineral assemblages are encountered among the metamorphic volcanic rocks casting
these bedrocks in the role of the primary provenance markers—see allochthonous lithology
(Tables 1 and 2). They are equivalent to the Upper Series exposed in the morphotectonic
units of the undissected paleoplain and volcanic lithologies in the inclined step-fault plain
(Figures 2a,b and 3f). By contrast, a rather monotonous mineral association is observed
among the pegmatoids which lack any potential as a provenance marker but which are
of utmost importance for the applied geomorphology and economic geology part of the
current study (Table 2) [17].

The meta-psammopelitic bedrocks are made of predominantly quartz, muscovite-
sericite, K feldspar, and chlorite with some heavy minerals, and the metamorphic intrusive
rocks with prevailing quartz and feldspar form the bedrock of landforms in the dissected
paleoplain and to some extent in the Prasinite—Phyllite Series, the Marginal Slate Series,
and the Chert Series (Figure 2a,b). Amphibole is the only mafic mineral to stand out
among the silicates of the meta-basic igneous rocks. These landform series are numerically-
compositionally subdivided and genetically interpreted based upon two regional LFIs,
the vertical sinuosity—valley (VeSiy,)) index and the variation in slope angle altitude
(VaSlAn,y;;) index of landform series.

Vertical sinuosity—uvalley (VeSi,,) index: The VeSiy, index is a mirror image of the
roughness of the landscape measured along a profile running perpendicularly to the main
channel between the two highest elevations located at closest distance. It is a measure of the
difference in height of all of the positive and negative erosional landforms that is unbiased
by the height of outstanding elevations within the landform series under consideration.

The reference cross-sections of Figure 4 are used for the subdivision of the landscape.
With the aid of the VeSiy,; index, five relief generations sensu Bremer [71] have been singled
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out (Figure 3f,g). The reference cross-sections of R1 are on display in Figure 4: Pel-Pe2,
Wel-We2, J1-2, ]-5-6 (Figure 4cf,v,w), R2: L1-L2, M1-M2, J3-J4, K1-K2, H1-12, Kul-Ku2
(Figure 4a,b,d,e,gh), R2re: H1-H2, G1-G2, F1-E2, E1-E2, D1-D2 (Figure 4i-m), R3: C1-C2,
B1-B2, A1-A2, Lul-Lu2 (Figure 4n—q), and R4: A3-A4, Wiil-Wii2 (Figure 41,5). Relief
generation 1 encompasses the oldest erosional landform series which are restricted to
the horseshoe-like limbs of the NE plunging anticline made of lithologies of the Upper
Series (Figure 3g). The cross-sections with the highest mountains in the study area have a
moderate VeSiy, index of 1.150 and 1.123, attaining their maximum in section J5-6 in the
SE of the study area in what might be called a rolling hill landscape paleoplain with only a
few single monadnocks (Figure 4c,f). These relief generations do not show any zonation or
any downstream trend within the drainage system. The VeSiy, index attains its maximum
value (1.426) in the NE of the study area where the plunge of the fold axis reaches its deepest
level and where a strongly rugged relief characterizes the landscape of relief generation
2 underlain by the Lower Series (Figure 4a,b). It passes through a rolling hill landscape
(K1-K2, VeSiy, index: 1.113) into a rather flat paleoplain (J3-J4: 1.094, H1-12: 1.084, Kul-Ku2:
1.038). The index shows a downstream decreasing trend towards the edge of the paleoplain
at H1-12 (Figure 4h). Further downstream, another drainage system evolves with moderate
values increasing from 1.115 continuously up to 1.232 encountered eventually in section D1-
D2. It is accompanied by the build-up of a rolling hill landscape passing into a rugged one
which is characterized by gorges incised into a pattern of multiple valley types telescoped
into each other and denominated as R2re/relict (Figure 4m). The VeSi,| index is not only
a tool for the numerical landscape classification from a rugged landscape (1.416-1.221),
through a rolling hill landscape (1.186-1.113) into a flat landscape (1.094-1.038) but also
cast as a measure for the detection of multiple-generation erosional processes marked by a
downstream increasing trend (Figure 4i-m). The succeeding downstream increasing cycle
of relief generation R3 has VeSiy,) indices from 1.132 to 1.149 approaching the river’s outlet
where it debouches into the alluvial-fluvial plain of the foreland (Figure 4n—q). Relief
generation R3 shows no remnants of ancient paleoplains and its valleys are surrounded
by a hilly to rolling hill landscape which becomes the prevailing landscape of the step-
and-fault plain near the FLFZ (Figure 3f,g). The landscape following downstream is no
longer controlled by any trend related to the basement drainage system. The fluvial pattern
converts from a dip streaminto a strike stream drainage system that is exclusively governed
by the movement along the FLFZ and its correlative landforms and sediments giving rise
to a typical scarpland landscape on the foreland plains displaying VeSiy, indices between
1.094 and 1.079 (Figure 4r,s).

Variation in Slope Angle altitude (VaSIAn,y;) index: The aforementioned regional-scale
landscape index should always be run in combination with the VaSIAn,);; because the data
are obtained from the same source. This enables us to conduct a numerical fine-tuning of
landform series way beyond what is feasible with the VeSiy, during geomorphological
mapping. The identification of individual landforms is based upon the mean slope angle
values plotted versus the maximum altitude of the station point in a X-Y plots (Figure 5).
The correlation coefficient R2 of the trend line of the data arrays is an independent sup-
port of the landform series classification whereas the data clusters are the landform or
facies markers, proper (Figure 5). By means of Table 2 they can be supplemented with
compositional data of the bedrock lithology. The classification scheme is an approximation
to Hargitai and Kereszturi [72] but with emphasis placed on geometry and numerical
parameters rather than genetical process issues which are dealt with in Section 5 Discussion
in context with all remaining features: large and shallow valleys, bosselated paleoplain,
wide angle V-shaped valley, acute angle V-shaped valley, uplift flats/plateau, gently slop-
ing plateau and crest shoulders of escarpment, escarpment face, erosional terraces, high
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scarp/cutbank-low scarp/slip bank, monadnock-summit, mixed-type hillwash plain, ped-
iment, erosional terrace, set of staircase terraces, humps, hillocks, hogbacks, truncated
canyon/gully, resistant hill, and palisade ridge. Most landforms are explained in regional
overviews and textbooks or they are self-explanatory in terms of their outward appear-
ance [60,66-69]. Only the term bosselated paleoplain needs some more detailed description
because it is not well entrenched in geomorphology. It is an irregularly shaped surface
with small hillocks, stumps, and depressions which neither match any of the common
fluvial drainage patterns from trellis to dendritic nor can they be attributed to any stagnant
waterbody known from the lacustrine or transitional wetland environments such as the
Okavango Inland Delta.
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Figure 5. X-Y diagrams of the variation in slope angle altitude (VaSlAn,y;) index with the X-axis
giving the mean slope angle in degrees and the Y-axis giving the altitude in meters above mean
sea level. R2 = correlation coefficient. (a) M1-M2, (b) L1-L2, (c) Pel-Pe2, (d) K1-K2, (e) Kul-Ku2,
(f) Wel-We, (g) J3-J4, (h) H1-12, (i) H1-H2, (j) G1-G2, (k) F1-E2, (1) E1-E2, (m) D1-D2, (n) C1-C2,
(o) B1-B2, (p) A1-A2, (q) Lul-Lu2, (r) Wiil-Wii2, (s) A3-A4, (t) A3-A4 FW, (u) A1-A2 FW, (v) J1-]2,
and (w) J5-J6.

Not surprisingly, in the X-Y plot, the data points of the bosselated paleoplain cluster
between the vaguely arranged large and shallow valleys and the moderately well-oriented
wide-angle V-shaped valleys (Figure 6a). They are widespread in relief generations R1 and
R2 (minimum of zero, mean of five, and maximum of nine) in Wel-We2, L1-L2, M1-M2,
Pel-Pe2, Kul-Ku2, and K1-K2, attesting to a rather high gradient (Figures 3f, 4a—f and 5a—f).
The mostly negative correlation coefficient is a measure of the gradient, excluding the area
between the paleoplain and the step-fault plain where all R2 values are slightly positive
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and the lowest R2 value = 0.0001, at H1-H2, is attained (Figure 5g,I,v,w). It is the only area
where pegmatoids occur in the study area, delineating a region of particular interest for the
applied section of geomorphology and the turning of the VeSiy,) indices (Figure 4g,v,w and
Figure 5g,v,w). The same holds true when the foreland landform series are considered. Both
basement and foreland parts of the profiles significantly differ from each other in term of
inclination and provide bilateral symmetrical patterns with the parallel to the X-axis acting
as a mirror axis (Figure 51,5). Both trend lines intersect each other where the escarpment
face meets the top part of the relic pediment.
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Figure 6. Overview of the variation in slope angle altitude (VaSlAn,};) index as facies marker.

4.1.2. Autochthonous Mineralogical Composition and Petrophysical Indices of Landform
Series in Cross-Sectional Profiles

The two indices, vertical sinuosity—lithology of the landform (VeSij;,) and variation
in the normalized slope angle of the landform (VaSlAnperm), are of local scale and have
a focus placed on bedrocks and their landforms at outcrop (Table 2, Figures 7 and 8). To
show the difference between the two, a cartoon provides an insight into the approach and
its calculation method. It is a combined geomorphological approach taken to determine the
rock strength and impact of the anisotropy of bedrocks on landforms mainly related to mass
wasting processes. Measuring strength characteristics of geo-materials is a very complex
endeavor running the gamut from material sciences dealing with artifacts to mineral
sciences covering rocks and minerals while mainly using indentation techniques such
as the measurement of the Vickers Hardnes Number (VHN) [73-77]. In geomorphology,
there is only one method, used mainly for chrono-stratigraphy, which applies the rebound
values of the Schmidt Hammer device and was originally designed for artificial products as
well as siliceous calcareous raw materials for construction purposes [78-81]. This rebound
method is a 1D measurement for on-site application only whereas the current method is a
2D measurement of the roughness along a slope profile accompanied by a second method
measuring the variation in the slope angle (VaSIAnnorm) (Figure 7). The first one (VeSiyy,)
provides the hardness or rock strength of the lithology exposed along the slope and the
second VaSlAnnerm index is a mirror of the bedrock anisotropy expressed in the field by
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ledges and benches which, when decreasing, shows up as boulder strewn areas littered
with disintegrated bedrocks of random orientation. The ultimate states for the highest and
the lowest values are known from tors and blockmeers, respectively. It has to be noted
that in comparing both parameters, the maximum values should be taken. The difference
between the maximum and mean value is a relative measure of the impact exerted by
the supergene alteration on the lithological unit. It should not be confused with rock
strength of single rock slap. For example, the paragneiss/metahornfels series is a rather
homogeneous rock and forms, together with the eclogite, the top scorer in the list of rock
strength, whereas the reference rocks forming the chert unit have only a moderate value
because of the tiny tuffaceous interbeds (Figure 8c,f,p). It goes without saying that for the
build-up of landform it is the rock strength of the rock unit (2D) that counts, not the hand
specimen (1D). Tors made of mica gneisses are characterized by subhorizontal jointing and
found on top of a hillock surrounded by elongated and platy boulders strewn across the
slopes when undergoing creep and solifluction (Figure 8a,b). This conspicuous lithological
anisotropy is the reason for the very high VaSIAnpem values (Table 2). This also holds
true for phyllites and slates, in which the anisotropy of the foliation and slaty cleavage is
responsible for blocks and rock slaps of tightly folded phyllites covering the mid-slope
of V-shaped valleys (Figure 8d,e). This is due to the rather high VaSlAnnerm values while
featuring very low VeSiyy, values. Their maximum values and mean values do not differ
significantly from each (phyllite 479 to 177, and slate 197 to 159) attesting to having been
left almost unaffected by chemical weathering along with pervasive disintegration into
rock slaps and flakey gravel scattered along the footslope of V-shaped valleys (Figure 8g,h).
Metamorphic intrusive rocks such as augengneiss are almost identical to the paragneisses
which they closely resemble regarding their mineralogical association (Figure 8i).

Vertical sinuosity lithology Variation in normalized slope angle
(VeSi) (VaSIAn,m)
Reference line
T —
'.' Slope angle

A (degree)
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B
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Scope: Anisotropy of bedrock

Scope: Bedrock strength and its degree of distintegration

Figure 7. Overview of the petrophysical-geomorphological parameters vertical sinuosity—lithology
(VeSiyy ) of the landform and variation in normalized slope angle (VaSlAnporm) of the landform.

Their maximum and mean VeSiy;y, values are higher than those of meta-argillaceous rocks,
pointing to a greater rock strength, whereas the overall difference is more pronounced and
accountable for a higher vulnerability to weathering. Meta-granites and granodiorites show a
massive texture devoid of any strong foliation because they preserved the original texture of
the parent material well (Figure 8j). The prograde metamorphic alteration from meta-basalt
into foliated epidote amphibolite (prasinite) has no repercussions on the VaSIAnorm values
but the difference between their VaSIAnnerm and VeSiyy, values increases with increasing
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regional metamorphism on account of higher resistance to weathering (Figure 8k,l, Table 2).
Pyroxene and plagioclase in the metabasalts convert into epidote-clinozoisite s.s.s. and albite
in the prasinite which both are less vulnerable to weathering. The transition from low-
grade epidote to medium- to high-grade metamorphic amphibolite made predominantly
of amphibole and plagioclase is not marked by any significant changes in VaSIAnnorm and
VeSiyy, values (Figure 8m,0). The “jump” in passing from the metabasic rocks into meta-
ultrabasic magmatic rocks is striking (Table 2). A monadnock of bronzite-serpentinite displays
typical rillen features of “silica karst” being subrounded by angular boulders (Figure 8n). The
chemical and mineralogical composition of metamorphic volcanic rock strongly influences
the roughness parameters VaSIAnnom and VeSijy, of the landscape which they underlay.

4.1.3. Autochthonous Mineralogical Composition and Petrophysical Indices of Landform
Series in Longitudinal Sections of the Drainage System

Inclination of the talweg—lithology plus gradient (IncTal}jy eraq): All drainage systems
mapped in the study area display a wealth of characteristic features along the talweg
regarding their inclination, in places, with stepwise changes in height named knickpoints.
They are commonly interpreted from the petrophysical point of view but are also essential
to the discussion of the evolution of the entire landscape [82,83]. They are most appropri-
ately described by the inclination of the talweg (IncTaljjtn/grad). Some knickpoints, called
knickpoint type 1, highlight concave riverbed sectors where a sudden change from a flat to
a rather steep inclination of the talweg is encountered. The second type shows the reverse
order of inclination data marked by a change from a steep to a conspicuously flat sector
and named knickpoint type 2 (Figure 9a,c). The index is controlled by the wall rock and
bedrock lithology exposed in the river banks and the river bed, respectively. The reference
profile X15-X16 provides an insight into the Devonian and Silurian chert units which are
composed predominantly of siliceous chemical sediments, metabasic tuffaceous volcanic
rocks, and minor slates, black shales, and phosphorites. That accounts for the oscillating in-
clination of the talweg (Figure 9a,b). There also occurs an Ordovician arenaceous unit, and
downstream an Early Carboniferous (Mississippian) slate unit. The images of Figure 9a,b
give an overview of the landscape roughness index (IncTaljy/graq) at the largest scale
possible of an individual landform of a river drainage system exposed in an acute-angle
single-channel non-alluvial V-shaped valley cutting into the Devonian chert unit (slope
angle 30° = 35°, talweg angle 2.7° = 0.7°) with steps and pools, bars and cataracts typical
of the onset of wandering channels [84]. On a yardstick of “roughness” landforms, the
aforementioned outcrop is representative of the largest scale possible, whereas the VeSiy,
index characterizes the “roughness” landform series of Figures 4t and 5t. This LFI lies at
the opposite end of the scale while standing for the regional or small-scale representatives
of landform indices. It has to be noted that a full-scale numerical-compositional environment
analysis with longitudinal and cross-sectional profiles intersecting each other can be achieved
based on capturing data from satellite images (Figures 4-6 and 9). The correlation coefficient
R2 of the IncTaljjph/grag index demarcates the paleogradient along which the inclination is
assessed. It is comparable to the R2 coefficients mentioned previously for the cross-sectional
profiles and their indices (VaSIAn,; and VeSiy,). The highest R2 coefficient IncTalji /grad
index of R2 = 0.5113 was obtained for the profile X1-X2, which is representative of a full-blown
longitudinal section from relief generations R1 through R4 (Figures 3f,g and 5c,e). The lowest
value was determined for profile X3-X4, which measures almost the same length as X1-X2 but
is confined to relief generation R2 while touching by the river’s headwaters in relief generation
R1. The landscape the river X3-X4 passes through is identical, with the subhorizontal dissected
and undissected paleoplain (Figure 3b,f,g). The majority of the knickpoints of the study area
are found in a triangle delineated by the aforementioned longitudinal section X1-X2 and X3-X4
with its vertex in the confluence of the two drainage systems.
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Figure 8. Meta-sedimentary, meta-intrusive, and meta-volcanic magmatic rocks and their landforms
featuring different values of VaSIAnnorm and VeSiyy,. For numerical, compositional, topographic, and
more detailed geomorphological data, see Table 2. (a) Mica gneiss with subhorizontal jointing on top
of a hillock of a large and shallow valley. The top slope is strewn with boulders undergoing creep and
solifluction. (b) Close-up view of one of the boulders which displays a lens-shaped and strong foliation.
(c) A well-rounded paragneiss-hornfels boulder similar in outward appearance and internal texture but
of rock strength twice as much as the mica gneiss. (d) Layered phyllite exposed on the mid-slope of a
V-shaped valley. (e) Tightly foliated and folded phyllite as an allochthonous block. See ignition key for
scale. Dashed line highlights wrinkled folding. (f) Alternating beds of chert, forming ledges and slates
with the beginning of disintegration into debris of flakes at the footslope of a V-shaped valley. (g) Plates
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of (roof)slate in the D horizon of the pedosphere. The argillaceous rocks are transformed into
individual slaps of slate preserving the original siting of the rocks with the slaty cleavage.
(h) Completely disintegrated pencil slates randomly scattered along the footslope of a V-shaped valley
while forming a talus apron of flakey gravel. See hammer for scale. (i) Augengneiss ledges protruding
out of the top slope of a V-shaped valley. The inset displays the tight arrangement of layers composed
of quartz, K feldspar, and plagioclase with dark micaceous layers. (j) Meta-granite-to granodiorite
showing a massive texture devoid of any strong foliation. (k) Steeply-dipping layers of tightly foliated
epidote amphibolite (prasinite). (1) Layers of meta-basalt with narrowly-spaced joints near the es-
carpment of the inclined step-and-fault plain which is identical to the highland-boundary fault FLFZ
(see Figure 3b,c). The inset shows the disintegration of the meta-basalt (diabase) as a consequence of
weathering. (m) Amphibolite with a vaguely expressed layering which is intruded by an alkaline
feldspar pegmatoid rimmed by a stippled line. It constitutes the edge of a V-shaped valley (wide an-
gle) passing into a large and shallow valley. See geologists for scale. (n) Monadnock with subrounded
exposures of bronzite-serpentinite displaying typical rillen features of “silica karst”. (o) Disharmonic
tight folding of alkaline feldspar—quartz mobilisates in massive layered amphibolite gneiss. (p) A
monadnock made of massive eclogite and eclogite amphibolite surrounded by a blockmeer of the
same lithology. Inset shows a slightly weathered massive eclogite with red Fe-Al-Mn garnet and
green omphacitic pyroxene.
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Figure 9. Longitudinal sections along the talweg of drainage systems. The X-axis denotes the station
points, and the Y-axis denotes the dip angle of the talweg in degree. The station points are characterized
by Arabic numerals. The third variable is the wall rock or bedrock lithology of the host rocks exposed
in the river banks and the river bed which, when different from each other on the left- and right-hand
bank, are given by more than one numeral which refers to the notation in Figure 2b, e.g., profile X7-X9
13 + 12 + 14 = phyllite > epidote amphibolite > talc schist (for lithology, see Figure 2b). The correlation
coefficient R2 between the two data sets is given in the upper right-hand corner of the diagram. (a) X-Y
plot showing the inclination of the talweg (IncTalj,/graq index) in degrees. Y-axis versus the station
point downstream of longitudinal profile X15-X16 FW. The knickpoints intensity can be directly assessed
by the length of the various intervals of the graph and the type of knickpoint (see text) by its upward
and downward directions. At station point 11, the longitudinal section is intersected by the cross-section
A3-A4 FW (Figure 5t). The red rectangle marks the IncTaly, /graq index fluvial facies in the close-up
view of Figure 9b. (b) Incision of an acute-angle single-channel non-alluvial V-shaped valley into the
Devonian chert unit (slope angle 30° = 35°, talweg angle 2.7° = 0.7°). See reference profile with steps
and pools in (stippled white line = strike of bedding). (c) Geological index map (for more detail and key,
see Figure 2a) with horizontal sinuosity—lithology plus gradient index (HoSijith/grad) given in the white
boxes; the knickpoint types 1 and 2 and the start and end points of longitudinal sections are displayed
in Figure 9d-i by X-Y diagrams plotting the station points and inclinations data. The red dots mark
mines of tale—(purple), pegmatoid—(dark blue), and Cu-(Au) deposits (yellow). (d) X1-X2, (e) X2-X3,
(f) X5-X6, (g) X7-X8, (h) X9-X10, and (i) X11-X12 (for color symbols, see Figure 9c).

The X-Y plots reflect an intimate relationship between the wall- and bedrock lithology,
morpho-tectonic elements, and the numerical and typological variation in the IncTaljjih /grad
index, particularly in those cases where strange lithologies such as ore mineral de-
posits (copper) and industrial mineral deposits (feldspar pegmatoids and tectonized talc
deposits) are intercalated in the common rock-forming mineralizations of the country
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rocks (Figure 9a,d—i) [25,85]. The feldspar pegmatoids, when considered in longitudinal
sections, crop out in the upstream parts of a type 1 knickpoint, excluding section X1-X2
where a complex mixed type of knickpoints 1 and 2 marks the position of the largest peg-
matoid field in the study area (Figure 9c—f). Talc deposits are lined up like pearls on a string
along the fault zone between the Prasinite-Phyllite Series and the Marginal Amphibolite
and geomorphologically characterized by knickpoint 2 anomalies (Figure 9c,d). A rather
complex situation can be recognized in the longitudinal section of profile X7-X8 where
several Cu deposits and talc deposits different in their knickpoint types share the same
mining district (Figure 9¢,g). The northwesternmost Cu deposits, when crossed by channel
systems of the longitudinal sections X9-X10 and X11-X12, reveal a pronounced knickpoint
1 anomaly with the ore bodies always being located in their upstream parts (Figure 9¢,h,i).

Horizontal sinuosity—lithology plus gradient (HoSijjy/eraq): Similar to the VaSlAn,y; and
the VeSiy,), the IncTaljj, /grag should also be run in combination with another index, reaping
the benefits by capturing data from the same landform but viewed from different angles.
The HoSijig /a1 unravels the evolution of a drainage system on a (sub)horizontal level
perpendicular to the linear erosion expressed by the talweg and thereby enhances the
genetic discussion of the entire fluvial landform under consideration (Figure 9¢c). The
sinuosity of drainage systems is the most common parameter dealt with in textbooks
on fluvial dynamics [2,86,87]. The foundation stone for a more detailed study of river
sinuosity has been laid by Schumm [88] based upon which several follow-up studies have
been conducted, putting forward some equations and providing numerical parameters
to describe the sinuosity of a fluvial channel system [89-93]. We elaborated a numerical
parameter for the horizontal sinuosity index that is different from the vertical sinuosity
lithology (VeSiji,) only by the orientation of the plane of reference (Figure 7a). It is applied
in accordance with the classification scheme of the sinuosity of fluvial landforms in a
foreland-basement transition of the paleosurface 1 to the landscape of paleosurface 2 under
study in the current paper so as to allow for a direct comparison of the various sinuosity
degrees from the headwaters to the Bamberg Bowl [29] (Figure 3a). An ideal straight
channel yields a sinuosity degree of S = 1.0. The continuous increase in channel sinuosity
is categorized as follows: straight: <1.1; low-sinuosity: 1.1 to 1.3; high-sinuosity: 1.3 to
1.5; moderately meandering: 1.5 to 2.0; strongly meandering: 2 to 5; and very strongly
meandering with sedimentary trap sites as an outlet > 5 [29] In the study area, the sinuosity
values range from “straight” to “moderately meandering” (Figure 9c).

There are two downstream increasing sinuosity trends visible, with the first one
confined to the relief generations R1 and R2 (Figures 3f,g and 9c). The highest values are
recognized in a zone oriented NW-SE parallel to the boundary between the paleoplain
and the step-fault plain (maximum values 1.459 and 1.513). The second trend is controlled
by the transition from the basement into the foreland where values of 1.314 and 1.322
are achieved. This common trend observed in foreland areas is a function of gradient
and grain size.

4.2. Parautochthonous and Allochthonous Mineralogical-Petrological Composition and Landforms
4.2.1. The Landform Index and Compositional Changes

The landforms and their indices dealt with in Section 4.1 refer, in the majority of
cases, to erosional landforms. The landforms, indices, and rocks dealt with in the current
Section 4.2 refer exclusively to depositional landforms and their pertinent sediments to
correlate them by means of petrological and mineralogical rock fragments (Table 1). The
unconsolidated rocks scattered across the basement and the proximal foreland average 57%
clay plus silt, 12% sand, 15% pebble and 16% cobble plus boulders. They are the result
of fluvial deposition, mass wasting, and a mixture of both of them. The quantity of these
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terrigenous sediments considerably differs when passing from the paleoplain, through the
step-and-fault plain, and into the foreland plains (Figure 10). It is numerically constrained
and recorded by the quantification of fluvial-mass wasting index.
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Figure 10. Quantification of fluvial and mass wasting deposits as well as their ratios (quantification
of fluvial-mass wasting index (Quantgy, /mas). For geomorphological background, see Figure 3f.
1 + 2: Mass wasting deposits: 2.302 to 0.768 per km?, fluvial deposits: 0.888 to 0.135 per km?. 3: Mass
wasting deposits: 0.457 to 0.061 per km?, fluvial deposits: 0.335 to 0.017 per km?. 4: Mixed type (mass
wasting and fluvial): 3.443 to 0.393 per km?, mass wasting deposits 3.132 to 0.393 per km?, fluvial
deposits: 2.798 to 0.028 per km?. 5: Mass wasting deposits 0.019 per km?, fluvial deposits: 0.076 per
km?. In the case of very small quantities of the landform-related mass wasting and fluvial deposits,
only the ratio of the deposits is presented as a sector diagram. In the case of very high quantities of
these unconsolidated deposits, columnar diagram are used instead.

Quantification of fluvial-mass wasting index (Quantpy, s,s): Quantities of fluvial and mass
wasting deposits of the various reference plains are extremely different. Therefore, it is
necessary to display the variation in Quantg, /s in histograms and sector diagrams for the
three principal zones 1 + 2, 3, and 4 + 5 defined in Figure 3b and singled out in Figure 10.
Mass wasting products mainly originated from creep, solifluction, minor rock sliding, and
rockfall (Table 1, Figure 8a,c,g,h,1,n,p). The fluvial dynamic can be deduced from Figure 4
and has been categorized based upon the HoSigaq,1ith and the IncTaljjyn /graq (Figure 9).

Within compartment 1 of Figure 10, mass wasting prevails with a maximum value
of 2.30% km? over fluvial floodplain deposits. The quantity of the process-related results
is given by the percentage value per square kilometer. There is a conspicuous difference
between the dissected and undissected paleoplains which points to a mixture of mass
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wasting products and parautochthonous regolith that is the transitional zone between soil,
sedimentary overburden, landforms, and bedrock sensu Ollier and Payne [94], Taylor and
Eggleton [63] and Scott and Payne [95]. In the dissected paleoplain compartment 2, the
overall Quantg,, /mas index remarkably changes in favor of fluvial deposits in the northern
part, which is indicative of a stronger denudation and fluvial flushing out in the drainage
system X7-X8 than in the drainage system X3-X4, draining the area more towards the
southeast (Figure 10)

In the SW dipping step-and-fault plain—compartment 3—the overall quantity of
unconsolidated fluvial and mass wasting sediments markedly decreases to quantities well
below 1% km? so that pie-chart diagrams reflect the Quantgy, /mas index more conveniently
than histograms. This tremendous decrease is due to the fact that it forms the fluvial
track and transport zone with a widespread occurrence of V-shaped valleys of acute
angles (Figures 4, 5 and 9c). Although there is only a thin veneer of unconsolidated
sediments, a marked difference between the NW and SE branch of the step-and-fault plain
can be recognized. In the NW branch, northwestward of X9-X10, the fluvial sediments are
significantly higher than in the southern one which indicates an overall stronger erosion
and flushing out of debris already known from the dissected paleoplain (Figure 10). In the
SW branch (SW of X9-X10), relic regolith patches have been preserved on the R1 and R2re
relief generations (Figures 3f,g and 10). The mass wasting and fluvial products encountered
in the step-and-fault plain are mainly coarse-grained in size originating from rockfall,
creep, and flow along the steep slope and bluffs as far as the gravity driven processes
are concerned.

Heading further downstream into the foreland, the absolute maximum of deposition
increases again, similar to compartment 1 (mixed-type mass wasting—fluvial deposits: max.
3.44% km?, mass wasting deposits: max. 3.13% km?, fluvial deposits: max. 2.80% km?).
The foreland landforms are made of floodplain deposits, paired terraces, a large hillwash
depositional plain, and relic pediments. The mixed-type fluvially reworked sediments
predominate (Figure 10).

4.2.2. Mineralogy and Petrography of Parautochthonous and Allochthonous Rocks

The unconsolidated sediments show a bimodal distribution with a first-order maxi-
mum among the fine-grained sediments and a second-order one among the coarse-grained
part of the clastic sediments (see above Section 4.2.1). The marker minerals and rocks are
split into clay minerals, light minerals, heavy minerals, and rock fragment suites (Table 1).
The basis for that categorization is the classical particle grain-size scale put forward by
Udden [96] and Wentworth [97] and published in Friedman et al. [56]: (1) gravel (>20 mm,
pebble, cobble plus boulder), (2) sand (63 to 2000 um, very fine- to very coarse-grained
sand), and (3) clay and silt < 63 pm.

Clay-silt-sized fraction (Quant.y, /s;): The finest fraction is very homogeneous in the
foreland and step-and-fault plains and characterized by the tripartite group of mica, illite,
and chlorite. In the step-and-fault plain, talc appears and in the paleoplain, kaolinite,
vermiculite, and serpentine (lizardite) increase among the suite of phyllosilicates. It has
to be noted that, without any doubt, the tripartite phyllosilicate group is of allochthonous
origin, whereas talc is of hypogene origin and kaolinite, vermiculite, and serpentine are
predominantly of supergene derivation [98]. This index has only been handled qualitatively
for technical reasons (Table 1). Only the Rietveld refinement applied during XRD can
provide reliable results in this case for the fine-grained sediment fraction [99]. This method
has been sporadically used only for the foreland sediments, obtaining the results as follows:
muscovite + illite (3.56-19.11%), chlorite (1.31-6.06%).
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Sand-sized light and heavy mineral fraction (QuantSan): The light mineral fraction in the
study area (Quantsanjign) is characterized by a rather monotonous mineral assemblage
in the three basic plains (Figure 11a). Nevertheless, its genetic value is rather high for
the land-forming processes owing to the minerals” different resistance to weathering and
attrition. This idea is corroborated by the sharp breaks in the quantity of the various light
minerals [100-103] (Figure 11a, Table 1). A sharp break lies between sampling sites 4 and 6
where downstream orthoclase is out. By contrast, the heavy mineral assemblage is very
variegated but with little change along the talweg (Figure 11b) (Quantsyp /heav)- It has an
edge over light minerals regarding the provenance of sand-sized rock fragments and also
for chemical weathering [18,49,104-107]. Significant qualitative changes only occur along
the FLFZ as the rivers debouch their debris into the foreland plain (Table 1, Figures 2a
and 4p,1,s). During their flow down the basement, moderate quantitative changes can be
observed, yet they are a significant expression as to the provenance (Figure 11b).

Pebble—cobble-boulder fraction (Quantgray): The gravel fraction plays a significant role as
a temporary host of the light and heavy minerals on gravity- or fluvially-driven transport
from the source rock to their intermediate sediment traps and it is a measure of the transport
capacity of the drainage and the gravity-driven land-forming processes [108-112]. The
most variegated gravel suite is found in the step-fault plain (Table 1, Figure 11c). The gravel
assemblage shows some typical breaks between sampling points 4 and 6 where gneisses
show a sharp decrease but did not completely disappear from the gravel fraction. The
tributary characterized by sampling points 13, 14, and 15 is a reasonable explanation for the
gneiss’s reappearance at sampling point 3 downstream of the confluence. Another marker
for the changing hydrodynamic regime is the meta-basic magmatic rocks. Similar to many
of the remaining indices treated earlier in this paper, the gravel and sand fraction should
always be analyzed together to assess the decomposition of coarse-grained sediments
QuantGravy; and the release of heavy Quants,, and light minerals Quants,, into the
depositional systems which facilitates the study of material properties of coarse-grained
sediments and the vulnerability of the heavy and light minerals (Figure 11a,c).
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Figure 11. Cont.



Geosciences 2025, 15, 37

34 of 57

1:Garnet
2:Amphibole

3:Pyroxene
O=omphacite
D= diopside
4:Zoisite
5:Chlorite
6:Epidote
7:Ti-Oxides
4 R=rutile

| A=anatase
8:Titanite
9:Fe oxides

1:Amphibolite
2:Prasinite
3:Phyllite
4:Meta-basalt
5:Meta-pelite/
-psammite (low
grade)
6:“Limonite/
Gossan

N ¢ﬂ aggregate
( 77 9: Orthogneiss

(0

Figure 11. Composition of siliciclastic deposits of the study area. For geology of the sampling sites,
see Figure 2a. The mineralogical and petrological composition is given by sector diagrams (100%).
(a) Abundance of sand-sized light minerals (Quantsa,jigh). (b) Abundance of sand-sized heavy
minerals (Quantsan /heav)- (€) Abundance of gravel-sized debris (Quantgyay /1ith)-

4.3. Mineralogical-Petrological Composition and Landforms of Gravel-Sized Allochthonous Rocks
4.3.1. The Gravel-Bearing Landforms and the Hydrodynamic GMS Indices

Gravel deposits are common to a wealth of landforms predominantly in the base-
ment resulting from fluvial and mass wasting processes (Figure 8a—c,eh,l,0,p). The
feature landforms prone to the accumulation of gravel-sized siliciclasts are the differ-
ent types of valleys from the top slope to the fluvial bedforms (Figures 4 and 12).
The most striking hydrodynamic landforms favorable for gravel accumulation are lo-
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cated along the tectonic contact between two different tectonic series of the step-fault
peneplain (Figure 2a,b—units 11 and 12) where gravel beds with anomalously high GMS
indices came to rest (Figure 12a,b). There exists a conspicuous short-distance change in the
small floodplains of non-alluvial and alluvial channel systems which, in places, are chocked
with gravel-sized clasts in side- and mid-channel longitudinal bars (Figure 12a,b). A widen-
ing of the drainage systems in a V-shaped valley with a small raised side bar on the slip
bank is observed just before crossing the boundary from the step-and-fault plain towards
the foreland plains (Figure 12c). The contrast could hardly be more striking than between
the V-shaped and the wide-angle valleys shown in Figure 12d,e. Wide angle valleys show a
considerable floodplain with gallery forests lined up along the meander belts on the paleo-
plain Figure 12d. Two valleys are found to be telescoped into each other at the transition
from the paleoplain to the step-and-fault plain, giving rise to a rolling hill landscape.

A tripartite approach has previously been taken to study gravel-sized rock fragments
from various environments to support the geomorphological terrain analysis in certain
landform series. The acronym GMS method has been coined to pinpoint the focus of each
of these applications: (1) the granulometry of gravel-sized clasts, (2) the morphology of
gravel-sized clasts, and (3) the situmetry of gravel-sized clasts. While the technical terms of
methods 1 and 2 are self-explanatory, situmetry needs a more detailed explanation as this
term is not yet well entrenched in the fieldwork of geomorphologists and not ubiquitous in
the resultant publications. This method has been used as a stand-alone method in colluvial,
fluvial, and glacial deposits [6,113-116].

Textural measurements on a microscopic scale are common in structural geology and
petrology since the universal revolving table has been designed and used for oriented
thin sections under the petrographic microscope. This method cannot deliver reliable
results for the depositional landforms under consideration. The current method applied to
coarse-grained gravel, however, is a supportive measure to geomorphological mapping in
the field. The key element of this technique is the measurement of the orientation of the
elongated axes of gravelly clasts.
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Figure 12. Landforms hosting gravel-sized debris accumulations subjected to GMS analyses
(granulometry-morphometry-situmetry). For sampling sites, see the geological setting presented in
Figure 11 and the legend on display in Figure 2a,b. (a) A V-shaped valley (acute angle 22 to 25°) with a
small floodplain narrowing upstream towards a gorge (alluvial to non-alluvial). The inset situgram shows
a bimodal clast orientation. Sampling site 7. (b) Non-alluvial V-shaped valley (acute angle 25 to 30°)
chocked with gravel-sized clast and concentrated in side- and mid-channel longitudinal bars. Sampling
site 15. (c) V-shaped valley with a small raised side bar on the slip bank (wide angle 5 to 11°) Sampling site
2. (d) Wide valley (angle 5 to 15°) showing a floodplain with gallery forests lined up along the meander
belts, S = 1.407. Sampling site 12. (e) Two valleys telescoped into each other. The large and shallow
valley (angle << 10°) is cut by an acute V-shaped valley near the FLFZ. Sampling site 13 photography
facing towards the W with the scarpland on the horizon. (f) A polymodal clast orientation representative
of different landscape-forming processes superimposed on each other. Situgram of sampling site 15.
(g) Unimodal clast orientation preserved on the raised sidebar of a slip bank. Situgram of sampling site 2.
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4.3.2. Granulometry of Gravel-Sized Debris (QuantGravgyan /sort QuantGravgran /moda)

The granulometry of clastic sediments in laboratories is a routine analysis, particu-
larly when conducted as sieve or CAMSIZER analyses for medium- to fine-grained clastic
sediments. This classification method looks back on a long history during which different
parameters and indices such as the C/N index have been elaborated [117-120]. By con-
trast, measurements of coarse-grained unconsolidated clastic sediments are a bit eclipsed
and normally fieldwork of this sort is only performed by a few sedimentologists or geo-
morphologists [121-123]. During the present investigations, the common indices used in
sedimentology have been tested, but only two of them warrant application side-by-side
with the aforementioned land-forming indices during the current geomorphological inves-
tigations. One is the grain size distribution for the classification of the sediments (coarse
to very coarse gravel) and for fine-tuning the sorting index QuantSedgran /sort Which has
been calculated as QuantSedgyan/sort = SQR(Q3/Q1) (SQR: square root, Q3: 75% quartile,
Q1: 25% quartile). The QuantSedgran/sort Shows high values in the downstream part of
X1-X2 before the river debouches its debris into the foreland.

Where the inclination of the talweg attains values of as much as 30°, e.g., in drainage
systems X7-X8 and X1-X2, similarly high values are recognized for QuantSedgran /sort Where
knickpoints of type 2 occur and are indicative of intermediate sediment traps (Figure 13a).
In the foreland proximal to the basement, the QuantSedgan/sort does not exceed 1.581.
Another index directly linked to the QuantSedgan/sort is the modality of the graph of
the grain-size distribution QuantSedg an/moda, Which more frequently is unimodal than
bimodal. Only in one site with the highest score ever measured in the sediments, a
QuantSedgyan/sort Of 3.576, is a trimodal grain-size distribution identified (Figure 13).
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Figure 13. GMS indices (granulometry—morphology—situmetry) and their fluvial networks of the
X1-X2 drainage system and its tributaries X3-X4 and X7-X8. For more details on the numerical
parameters of the drainage systems, see Figure 9, and for geology, Figure 2. (a) Granulometry of
gravel-sized debris illustrated by the numerical index QuantSedgyan /sort With a cumulative frequency
grain-size distribution of all samples from the study area above represented by the blue shaded area.
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(b) The regional variation in the minimum values of the QuantSedyorp/roun Of gravel-sized
debris (map above) and a reference site showing the QuantSedyorp/roun cOmpared with the
QuantSed orp /cycl numerically and visually for the most widespread lithology of the study area, the
muscovite-biotite gneisses. (c) Situmetry of gravel-sized debris illustrated by 360° circle diagrams
showing the true orientation of the river course and of various maxima of the longest axis of gravel
clasts (above). The reference samples show a topographically non-oriented semi-circle rose diagram
with a trimodal arrangement of gravel clasts with a sharpness of maximum as follows: first maximum
60.0, second maximum 19.4, and third maximum 19.0.

4.3.3. Morphometry of Gravel-Sized Debris (QuantGrav morp /roun QuantGravmerp /cycl)

The most successful way to give an insight into the environment of formation is
based on the grain shape of the siliciclastic sediments which is normally expressed by the
roundness and the sphericity of clasts [108,124-126]. These grain shapes can be determined
based on visual inspection as compared to reference charts or by calculating various indices
as performed in the present study where two well-defined LFIs, the quantification of
roundness (QuantSedorp /roun) and the quantification of the cyclicity (QuantSed morp /cycl)
are computed by means of image analysis on PC. Both procedures can be performed
simultaneously for each individual grain as tested by Matsumoto et al. [127]. The statistical
treatment resembles the suggestions put forward by Owczarek [128].

Circularity is defined as 4 m - A/P2, where A is the area, and P is the perimeter of
the grain. Values close to 1.0 are close to a perfect circle. As the value approaches 0.0, it
indicates a grain with an increasingly elongated shape.

Roundness is defined as 4-A /(7 - x2), where A denotes the area and x the major axis.
For a more detailed interpretation of the downstream variation, the difference between the
mean and minimum values is calculated.

Both LFIs positively correlate with each other (mean values: R = 0.76, maximum
values: 0.90) (Tables 2 and 3). During routine geomorphological mapping in the field
without any need for lithological fine-tuning, the use of the QuantSedorp /roun and the
QuantGravimerp/cya indices have been proven to deliver reliable and satisfying results
(Table 3). The morphological parameters of the tripartite GMS analytical set used for
hydrodynamic aspects and depositional landforms are the only ones which reveal a highly
positive correlation between QuantSedmorp/roun and QuantSedyorp/cyct on the part of
depositional landforms and VaSlAnnerm and the VeSiyy, on the part of erosional landforms
because both pairs are governed by the interaction of land-forming processes and rock-
mechanical / petrophysical properties of bedrock and their pertinent sediments. It is the
rock strength, anisotropy, and cleavage which have implications on the attrition during any
aquatic and/or gravitative transport and in situ supergene alteration.

The LFIs significantly differ from each other by their scale of application. The first-
mentioned pair considers the size of a well-defined outcrop along a slope hundreds of
meters in length; the second pair is applied to hand specimens. The good correlation and
anti-correlation for the study area are given in Table 3a and color-coded as follows: one
hundred to seventy green, seventy to forty yellow, thirty to zero brown, and negative
correlation red. At first glance, the regional variation in the QuantSedporp /roun does not
seem very pronounced, but there is one section where the LFI conspicuously diminishes
along the boundary of the paleoplain to the step-and-fault plain and another within the
latter one where the QuantSedorp /roun rises tremendously along a fault zone.
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Table 3. Indices showing the material properties of rocks on a different scale.

versus VaSlAnnorm and VeSijy, .
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QuaanravmOIP /eyl min 1.00
QuantGravmm.p /cycl mean 057 1.00
Q“a“tcm"morp/cycl max 0.76 1.00
QuantGravmmp /roun Min 0.95 0.35 1.00
QuaanIanorp /roun Mean 0.52 0.76 0.48 0.32 1.00
QuantGrav o/ roun MaX 043 0.90 EE > 1.00
VeSij; ) mean 0.59 0.67 0.25 0.50 0.82 0.04 1.00
VeSiy;p max 0.69 0.69 0.21 0.63 0.73 0.97 1.00
VaSlAnnorm mean 0.57 X 0.10 1.00
(b) The major rocks from the study area and their QuantSedmOIP /roun and QuantSedg;y,, /dyna minimum, mean, and maximum values.
Rock Circularity Circularity Circularity Round; Round; Round;
oc (Min) (Mean) (Max) (Min) (Mean) (Max)
Amphibolite 0.613 0.759 0.865 0.365 0.707 0.958
Amphibolite (mixed type with hornblende and epidote), marginal amphibolite 0.531 0.722 0.811 0.334 0.617 0.899
Metabasalt 0.631 0.764 0.873 0.413 0.692 0.947
Prasinite (Ep-amphibolite) 0.640 0.736 0.813 0.448 0.612 0.845
Mica gneiss (endif.) 0.553 0.753 0.873 0.312 0.655 0.971
Phyllite (including quartz phyllite) 0.595 0.761 0.876 0.370 0.631 0.966
Metahornfels 0.715 0.765 0.833 0.540 0.698 0.867
0.766 0.811 0.865 0.586 0.772 0.910

Slate

4.3.4. Situmetry of Gravel-Sized Debris (QuantGravyg;y, ;gire QuantGravgiy, /shar)

The determination of the orientation of clasts in aquatic systems is the third tool for the
classification and interpretation of unconsolidated coarse-grained sediments under various
hydrodynamic conditions (Figure 13c). During the first step, the orientation of the elongated
axis of the clasts is measured relative to a base line perpendicular to the channel axis and
plotted into semi-circle rose diagrams as shown in Figures 12a,f,g and 13c. In a follow-up
re-orientation, the true directions of the various maxima (unimodal, bimodal, and trimodal)
are recalculated and plotted into a full 360° diagram and positioned in a geological map
(Figure 13c). This topographic orientation of maxima is coupled with the intensity of the
different maxima and called fan sharpness. The fan sharpness is representative of the
percentage of the maximum and the intensity of each of its neighboring sectors on the left and
right-hand side. The diagrams can reveal a unimodal, bimodal, and trimodal distribution
as attested to by the triplet of gravel maxima composed of a very strong first maximum of
60.0, second maximum of 19.4, and third maximum of 19.0 of almost the same size, and
a bilaterally symmetrical arrangement of maxima, the projections of which intersect each
other at an acute angle of 40° (Figure 13c). The majority of the situgrams are bimodal and
symmetrically orientated relative to the orientation of the river run with various angles of
intersection of their maxima. There are patterns of orientation where the river run no longer
forms the bisecting line of the acute angle of intersection but is still being placed within
the sector of the acute angle, while in a few sites the river run intersects the obtuse angle.
Unimodal circular patterns always show an acute angle between the direction of the river
run and the maximum, whereas trimodal patterns used to consist of a bilaterally symmetrical
arrangement of maxima with different angles of intersection and a third maximum with an
orientation strongly depending on the type of drainage system as exemplified by the coarse-
grained meandering stream drainage system typical of the strike streams of the foreland
plains and recorded by some authors [129-131] (Figures 3b and 13c).
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Geomorphomtery < numerical Geomorphology

5. Discussion

5.1. A Numerical and Compositional Subdivision of a Terrain for Genetic and Applied
Geomorphology

Different approaches are taken by geoscientists when it comes to a terrain analysis,
driven first and foremost by the study groups’ orientation towards application and/or
genetic scopes, and secondly, by which discipline the scientists come from in terms of
methods and focal discipline [13,132-136]. The scientists may come from different working
disciplines running the gamut from pure geosciences to computer sciences and they cater
to different end users and peer groups such as those from earth sciences, environmental
sciences, ecology, civil engineering, and even as an auxiliary subject in military operations,
and therefore, the pros and cons for different approaches are viewed from different per-
spectives. The current point of view is based on the “E & E issue” (extractive/economic
geology in accordance with environmental geology), in which the senior author has been
engaged for the past 48 years, making material sciences, compositional changes, and the
role of pathfinders to mineral deposits the centerpiece and missing link between descriptive
and numerical geomorphology and, thus, providing a platform for geomorphometry and
economic geology [17,19,24] (Figure 14).
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Figure 14. The manual from fieldwork (geological, geomorphological, and lithological mapping) to
numerical geomorphology > geomorphometry (genetic geosciences) and economic and environmental
geology (applied geosciences). The landform indices are the missing links. See also Table 1.

In Figure 14, the interconnectedness of fieldwork and the scope of numerical geo-
sciences is depicted in a flowsheet. The various landform indices (LFIs) act as the link
between the methods and the scope targeted during this study.
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Unsurprisingly, VeSiy, and Quantgy, /mas are the key indices to start this terrain anal-
ysis, acting as a leverage for the tripartite subdivision of the study area in what might
be called a geomorphological exploration which caters to the genetic and applied sub-
disciplines of economic geology and geomorphology alike (Table 1, Figures 3b and 10).
The tripartite geodynamic-geological subdivision corresponds to the tripartite subdivision
into the (1) paleoplain (2.58), (2) step-fault pain (0.67), and (3) foreland plains (1.12). It
is numerically backed by the M/F ratio—mass wasting vs. fluvial deposits—shown in
rounded brackets beside each reference plain (Figure 3b, Table 1). The ratio is computed
from Quantgy, /mas, excluding the 10 m terrace sediments, a mixture of fluvial and mass
wasting deposits in a wedge-shaped hillwash plain (Figure 2a).

The VeSiy,) index is representative of the relief of the erosional landform series whereas
the Quantyy, /mas index is elaborated for the depositional landform series. It is thus the
second string in the bow in subdividing a terrain made of both depositional and erosional
landform series (Table 1, Figure 4). The tripartite subdivision is compatible with the common
hydrographic downstream compartmentalization of fluvial drainage systems that evolves
from the (1) headwater zone, through the (2) track/transport zone, and into the (3) depositional
zone. The numerical values of the Quantgy /m,s index are correlated with the sediment
load of the various zones. The flushed out track zone No. 2 is the zone most depleted in
unconsolidated sediments, whereas the depositional zone No. 3 is most strongly enriched in
unconsolidated debris (Table 1, Figure 10). The Quantyy, /m,s index is associated with the grain
size-related indices (QuantClaSil, QuantSan j;gp,, QuantSanye,y, and QuantGravyy, ), forming
together the pathway into economic geology mainly composed of the syngenetic accumulation
of heavy minerals in colluvial, alluvial, and fluvial placer deposits. The concentration of
fine-grained raw construction materials by supergene alteration as well as the formation of
hypogene industrial mineral deposits surrounded by specific alteration zones are different in
their origin but to be handled by the same index, QuantClaSil, since they do not differ from
each other in outward appearance [24,25,98] (Figures 9c and 14).

5.2. The Paleoplain and Its Dissection—The Headwater Zone

The paleoplain is characterized by subhorizontal bosselated morphological planar ele-
ments depicted as planed uplands with some monadnocks rising to a height of as much as
668 m (Figure 3b). Such landscapes, made of gently undulating plains with no pronounced
features of relief, excluding some isolated monadnocks and escarpments at the margin, have
been investigated by several researchers using various mechanisms to developed these land-
form series such as peneplanation, pediplanation, pedimentation, etchplanation, and mixed
types described as staircase peneplain-pediment-types [58,137-146]. To decipher the different
relief generations and their corresponding VeSi,,; and VaSlAn,; indices, a profile from the
highest mountain, the Dobraberg summit, situated outside the study area in the FWM proper,
to the transition into the step-fault plain has been plotted as a true-to-scale line drawing for
comparison (Figures 1b and 15).

The relief generation RO characterizes the uppermost peneplain which developed
around 17 Ma based upon the age of the formation of unconformity-related supergene
Fe-Mn (K/Ar—dating) in the study area and the neighboring Frankenwald and Fichtelge-
birge Mts (Figures 3f,g, 4f,t,u and 15a). A couple of K-Mn-bearing ferricretes containing
cryptomelane formed as a consequence of paleo-hydraulic changes such as oscillating
water tables. These Mn minerals yield excellent tools for dating land-forming processes,
and were used in this case to chronologically constrain peneplanation or etchplanation
processes in the study area [147-151].
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Figure 15. The evolution of landscape and re-orientation of the drainage system from the ancient
Donau River to the modern Rhein River systems on display as a series of landscape contours true
to scale as a function of altitude and distance based upon the VeSiy,, VaSIAn,;, IncTaljjth /grad, and
geochronological data (for reference, see text). Periods correspond to the relief generations shown in
plan view in Figure 3f,g. For the geology and landforms of each cross-section, see Figures 4 and 5.
(a) Stage of peneplanation at full swing (Ro). (b) Stage of peneplanation (R1) transitioning into
pediplanation (R2) (fossiliferous badlands). (c) Stage of the re-orientation of the paleogradientaccom-
panied by river piracy (R2e) and linear erosion (R3). (d) Stage of the re-direction of the fluvial regime
from dip to strike stream and perched pedimentation (R4).

The highest mountain in Frankenwald is an inselberg called Dobraberg Mt, and not only
forms the highest planar elevation in the study area proper, but is also a relic of the R0 pene-
plain which can be traced back to the so-called large-and-shallow valley (Figures 5f,t and 15a).
Relief generation R1 is another lower paleosurface of the same type as RO and is account-
able for the erosional terraces which are carved out of the WeiSenstein Mt. mid-slope
(Figures 5f and 15b).

The morphoclimatic adjustment in the aftermath is conducive to the V-shaped valleys
and the bosselated paleoplains that are numerically almost identically expressed by the
VaSlAn,y; R2 values of 0.470 and 0.468, respectively. This is a composite marker for the
gradient and “roughness” of the landscape and also corroborates its index VeSiy,;, which
oscillates within a narrow range of 1.150 and 1.123 (Figure 15b). The landform setting and
numerical portfolio tremendously changes passing into the younger R2 relief generation
that developed between 6 and 4 Ma (Figure 15b). The R2 landforms are chronologically
constrained by U/Pb radiometric dating recorded by Carl and Dill [152] and another dating
conducted with a laser-ablation-inductive-coupled mass spectrometry (LA-ICP-MS) [153].
The targeted minerals belong to the uranyl phosphates and hydrosilicates which formed
in the same way as their K-Mn counterpart minerals at the same time but on different
bedrocks dependent upon the availability of U, K, and Mn. The VeSi,,; shows a downslope
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downhill decreasing trend, starting off with a strong erosional dissection of the aforementioned
paleosurfaces RO and R1 with a value of 1.416 and waning with a value approximating
1.084 (Figures 4a,c/h, 5a,c,h and 15b). The trend of indices denotes the paleocurrent during
the interval 6—4 Ma, which shows a general direction of N-SSE splitting up into a NW and
SE branch (Figure 3f). It also contributes to the categorization of R2 into an unaltered R2
part showing a coherent paleotrend of index values and an altered part called R2e where the
VeSiy, is locally increased owing to the younger fluvial linear erosion of R3 in an area where
R landform relics are only patchily distributed (Figures 3f,g and 15c).

Unlike the R0-R1 trend caused by peneplanation, the R2 trend attests to a pediplanation
caused by a retread of the mountain front and resulting in a “badland landscape” carved
out of a metamorphic terrain. Some papers have been published on the classical badland
landscapes in sedimentary basins, but they have not yet covered this type of badlands
sculpted out of a metamorphic terrain [154-159]. The plateau is underlain by the Upper
Series exposed in the horseshoe-like cuesta controlled by the NE plunging central anticline
and shaped by the pre-existing R0-R1 peneplanation. The mesas in the center, surrounded
by the gully and wadi zones, form the pediplain and aggradational plains while being
underlain by the Lower Series. These landforms are under constant retreat by the R2
land-forming processes and after undergoing some periglacial overprinting and fluvial
dissection end up here as a bosselated landscape where all of the badlands’ landforms
such as mesas, buttes, gullies, and canons are truncated and their edges beveled so that a
picturesque “Monument Valley” can hardly be expected (Figure 4a—i). The paleoplain was
gently tilted towards the S and its drainage systems directed to the ancient Donau River
(“Urdonau”) (Figures 3b,c and 15a,b).

5.3. The Step-Fault Plain and the Fluvial Piracy—The Track Zone

The step-fault plain is inclined towards the SW and homoclinal with the drainage
system of the modern track zone, which is connected to the headwaters of the paleoplain
(Figures 14 and 15c). The critical hydrographic sites of the drainage system in the track
zone are called the “elbow” that marks a conspicuous re-orientation in the river run. It
was created by the stepwise river piracy through headward erosion of a younger drainage
system tributary to the Rhein River into an older paleodrainage system tributary to the
ancestral Donau River (Figure 15a,c).

This fluvial capturing is characterized by a sharp change in the river run of the
R3 drainage system from the SE-NW towards the WSW direction. The valley sections
also see a change in the VeSiy, from almost constant values between 1.147 and 1.143
along the SE-NW section to a significant downstream increase to as much as 1.232
at D1-D2 (Figures 3f and 4i, k—m). All reference sections, as shown by their VaSIAn,}; index
data, are indicative of relict large-and-shallow valleys of the wadi zone typical of the R2re-
badland paleodrainage system (Figure 5i-m). The longitudinal sections numerically treated by
means of the IncTaljjy, /graq reveal a lot of type 1 and 2 knickpoints (Figures 3f and 9). These
knickpoints are essential to assessing the recession rate of widespread occurrence between sec-
tion D1-D2 and H1-H2 cross-sections (Figure 3f,g) [82,160,161]. That is where the paleoplain
R2 drainage system had its center of subsidence, and during the deepening of the thalweg
R2 drainage system, it was tapped into by the headward R3 erosion (Figures 3 and 15c). The
fluvial piracy marks a reversal of the R2 paleo drainage system making its river system
tributary to the River Rhein watershed (Figure 4i k). These mobile knickpoints in the SE prop-
agated upstream leading to a drainage capture whereas the remaining ones in the NW of the
step-fault plain are stable knickpoints controlled either by resistant lithologies or fault displace-
ment (Figure 3f). These processes are constrained numerically be the LFI and chronologically
by U/Pb radiometric age dating (Figure 15). These LFI data are of utmost importance for
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economic geology (see also Section 5.6), whereas mobile ones triggered by relative base-level
fall are of relevance for the evolution of the drainage system which evolved in the period
of time < 1.7 Ma [23] (Figure 15c). West of D1-D4, another downstream increasing trend is
recognized reaching a value of 1.148 at A1-A2 before debouching the sediments into the
foreland. The river piracy and connecting of the headwaters and transport/track zone were
accomplished in two different periods, <1.7 Ma and <0.4 Ma (U/Pb dating).

The track zone featuring drainage systems rife with unconsolidated gravelly sedi-
ments offers a wealth of sites where sorting, or QuantGravgan/sort, is a useful tool as an
environment marker (Section 4.3.2). GMS-based sorting values rise where the vertical
sorting goes up such as in cross-sections D1-D2 and A1-A2 (Figures 4m,p and 13a). Sorting
values suddenly increase where type 2 knickpoints occur and intermediate sedimentary
traps develop near gorges.

The sister index QuantGravgran/moda mirrors similar changes in the land-forming
processes. Increasing modalities and sorting bear witness to an increasing admixture of
mass wasting material from the footslope of the valleys. Bimodality is accompanied by a
slowing down of the paleogradient. The co-occurrence of these hydrodynamic LFIs are
also morphotectonic markers for shear zones and last-but-not-least for shear-zone-hosted
talc deposits (Figures 9c and 13a).

5.4. The Foreland Plains and the Fault-Bound Escarpments—The Deposition Zone

The indices VeSiy,), VaSIAn,y;, and IncTaljjy, /grad plus knickpoints demonstrate that
the landforms series of the foreland plains are the result of a consequent continuation
of the morphotectonic evolution shown in Figure 15c from D1-D2 towards the foreland
(Figures 4n—p,1,s and 5n—p,1,s). There is a numerical jump in the indices leading to the lowest
values ever calculated for VeSiy, and a series of depositional /sedimentary landforms side-
by-side with the pre-existing erosional landforms as well as significant knickpoint types
1 and 2 in the drainage systems X1-X2 and X7-X8 (Figures 51,s, 9c and 15¢,d). The planar
land-forming processes from R0 towards R2re have completely grinded to a halt and were
replaced by the linear ones leading to uplands, an uplifted plateau with a gently sloping
crest shoulder on top of the escarpment, a hillwash plain, talus cones, and alluvial fans point-
ing to a series of perched pediments along the FLFZ (Figures 41,s, 51,5 and 15d) [137,162].
The morphotectonic relict perched pediments in front of the escarpment face markedly
differ from morphoclimatic equivalents of R2 relief generation (Figure 15b,d). The perched
pediments underwent a marked fluvial overprinting when dip stream rivers draining out
of the basement converted into strike stream ones provoked by stepwise uplifts during the
period < 1.7 Ma.

5.5. Erosional Landforms and Material Properties—Lithology and Satellite-Based Terrain Analysis

Section 5.5 addresses the bedrock material properties and paves the way from numeri-
cal geomorphology/geomorphometry to economic geology and its applied component,
geomorphology (Figure 14).

VeSiy, which stands for the rock strength and VaSlAnprm which stands for the bedrock
anisotropy have a technical and genetic connotation, alike (Figure 7). They play a major part
during the satellite-based (or air-borne) mapping which forms the platform of the terrain
analysis. They also form a significant step during the in situ supergene and hypogene
alteration, both of which leave their imprints on the surface of erosional landforms, thereby
becoming relevant for dating geomorphological processes [163-170]. Another index in this
study of erosional landforms is the HoSijth /grad index, describing how the horizontal sinuosity
is driven by the paleo-gradient as well as the substrate that used to increase this index as the
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grain size of the bedrock decreases (Figure 14). This is the case when argillaceous supergene
or hypogene alteration zones blanket the fresh hard rock [19] (Figure 9c).

5.6. The Depositional Landforms vs. Provenance Analysis and Supergene Alteration

Erosional landforms and depositional landforms are linked to each other as a consequence
of mass balance. Over a timespan of roughly 20 million years it can only be approximated
using the Quantgy, /mas index (Figure 10). Provenance analysis considering the mineralogi-
cal and lithological composition as a function of particle size suffers from mechanical and
chemical weathering as well as attrition and can be numerically addressed using QuantClaSil,
QuantSan jig, QuantSanye,y, and QuantGravyy, (Figures 10 and 11a—c). The fine-grained clay
and silt matter frequently attain a maximum in marine sediments of the final sediment trap
and thus play only a minor part in this continental environment [171-173]. The vulnerability
of the various particles to transport is illustrated by the diagram in Figure 16.

0.10 0.30 0.50 1.00 2.00 4.00 5.00 > 10 km

1 Muscovite F|>MW

2 Illite F>MW

3 Chlorite F>MW
4 Vermiculite MW

5 Talc MW

6 Serpentine Mw

7 Kaolinite in-situ

8 Quartz F>>MW

9 K feldspar F+MW
10 Na feldspar ?

11 Na-Cafeldspar MW>>F
12 Heavymineralis [ AN T
13 Paragneiss MW+F
14 Meta hornfels MW+F
15 Amphibolite MW+F
16 Phyllite MW>F
17 Prasinite Mw>F
18 Eclogite MW
19 Serpentinite MW
20 Meta-basalt LS
21 Orthogneiss S

MW>>F

22 "Limonite" |

MW = Mass wasting transport
F = Fluvial transport
In situ = supergene alteration
? = uncertain range of transport

Figure 16. Clay minerals (QuantClaSil), sand-sized light minerals (QuantSan /th), heavy minerals
(QuantSany,,,), and gravel (QuantGravyy,) of different lithologies represented by the range of
dispersal off their source rocks.

Clay minerals (QuantClaSil): Therefore, the QuantClaSil index is used to show the relative
abundance that becomes more monotonous further away from the source rock (Table 1). The
variegated clay mineral assemblages such as talc and serpentine are only encountered in the
immediate surroundings of the talc schists and the ultrabasic rocks of the fault-step plain and
on the paleoplain, respectively (Figure 4c,n). Micaceous and chlorite increase downstream
and can be assigned to a great variety of metamorphic basic magmatic rocks and para- as
well as orthogneiss. Kaolinite, which only occurs in the uppermost level of the study area, is
a very rare constituent of the clay mineral assemblage and has been derived from chemical
weathering. Using the Koppen-Geiger Climate Chart, such low-kaolinite zonal clay mineral
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assemblages only occur in soil and regolith formed under Bs (dry semiarid steppe) and Bw
climates (dry arid desert) [174-176]. The presence of labile phyllosilicates such as talc and
serpentine accompanied by a scarcity of kaolinite corroborates the idea that semiarid to mildly
arid climates occurred during relief generation R2 and R2re.

Light minerals (QuantSan ;e,):This quadripartite light mineral association is only com-
posed of quartz, Na feldspar (albite), K feldspar (orthoclase), and Ca-Na feldspar (plagio-
clase) minerals which differ from each other in their resistance to weathering. Plagioclase is
the most labile member among these silicates and quartz stands out as the least vulnerable
one (Figures 2a, 4 and 11a, Table 1). Orthoclase has prevalently been derived from the ortho-
and paragneisses of the Lower Series where it is identified in the light mineral association
down to site 6 and laid down in the riverbeds on basic and felsic magmatic rocks. Only the
latter bedrock is in favor of an input of K feldspar by mass wasting processes (Figure 4j—n).
Bedform:s filled with K feldspar but carved out of basic rock bear witness to a purely fluvial
detrital origin. The feldspar can be tracked over a length of as much as 5 km. Plagioclase
is only found from sites 2 to 4 where it has been derived from metabasalt (“diabase”)
washed in from the footslope. In the epidote amphibolite, the metamorphic low-grade
alteration product of this meta-basalt plagioclase is no longer stable and albite formed
instead. Plagioclase has only been found at sites 2, 3, and 4 and site 9, where it has been
derived from the on-site or nearby decomposition of metabasalt and layered amphibolitic
gneisses in eclogite and amphibolite facies, respectively (Figure 4i,p,s and Figure 11a).
Plagioclase is, without any doubt, delivered to the channel by mass wasting, mainly talus
creep and flowing or sliding gravel-sized fragments from which it has been released on
transport during attrition (Figure 16).

Heavy minerals (QuantSan j,,,): The QuantSan /pe,y index displays a very variegated
heavy mineral suite with its main constituents attaining an amount of up to 40% (garnet).
The relative amounts of the heavy minerals do not differ very much from each other so that
fluvial transport is held to be the major method of transport (Figure 11c). The presence of
pyroxene-group minerals with mainly omphacite s.s.s., the feature mineral of eclogite, was
washed in by the X3-X4 drainage system. This drainage system either runs through the
Upper Series or within the Lower Series close to it, scavenging the detrital minerals of the
high-grade metabasic rocks such as eclogite amphibolite or eclogites proper.

Gravel-sized lithologies (QuantGravyy,): Four rock types scattering across the drainage
system are being tracked over a distance of as much as 10 kms. These are paragneiss,
meta-hornfels, amphibolite, and phyllite. On the opposite end of the scale of the transport
range, eclogite and serpentinite are positioned. They occur in elevations with blockmeers
in proximal positions and boulders strewn at mid-slope and at the top of slopes (Figure 16).
Both magmatic rock types decompose very early near their source rock as a consequence
of rock fall and sliding blocks and thereby contribute to the variegated heavy mineral
spectrum with omphacite and garnet.

The Quantgy,/m,s index, and the in-depth approach taken by QuantClaSil,
QuantSan jig,, heavy minerals QuantSanye,y, and gravel QuantGravyy, allow for a tripar-
tite morphodynamic (Figures 3b and 10) and hydrographic subdivision (Sections 5.2-5.4)
and for the identification of the provenance of clasts, enabling us to constrain the mass
wasting and fluvial transport processes leading to the depositional landforms. Moreover, a
determination of the range of transport is another step to discriminate between supergene
alteration and transport, or in other words, physical-chemical alteration vs. attrition on
transport (Figures 14 and 16).
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5.7. From Economic Geology to Economic Geomorphology

In the majority of cases, mineral deposits crop out at the present-day landscape
in a way like that depicted in Figure 9. Their near-surface zone at the interface of the
lithosphere—pedosphere-atmosphere, is called gossan, and subjects them to pervasive
chemical weathering which results in a wealth of secondary minerals [63,177-182]. There
are also so-called hidden mineral deposits devoid of such an outcrop at the present-day
surface and as a consequence, this causes mineral exploration fraught with difficulties
even if various geophysical and geochemical methods are applied in the target area and
combined with geotectonic models [183-188]. In geological settings where supergene or
hypogene alteration is identified in the present-day landscape or hidden mineral deposits
might be expected, relief categorization, landscape modelling, environment analysis, and
landscape chronology can be of aid. (Figures 9c and 14). To find and delineate mineral
deposits, a well-structured approach has to be taken. The choice of methods (geologi-
cal, geomorphological, geochemical, airborne, and ground geophysics) is a function of
the size with three different categories aimed at narrowing down the exploration area to
the size of an area feasible for mining activities (1. >1000 km?, 2. 1000 to 10/100 km?,
and 3. 10 to 1 km?). From the geomorphological point of view, which has a strong say
already when dealing with exploration activities in category 1, the VeSiy, of landform
series takes a keystone position (Figure 14, Table 1), followed by the Quantg,, /mas. The
difference between the two hierarchical levels is a matter of the maturity of the landscape,
which according to Dill [17] follows a tripartite scheme subdivided into premature, ma-
ture, and supermature. The Central European highly eroded mountain belts of Paleozoic
age (e.g., Hercynian/Variscan Mountain Ridges) are denominated as mature. The joint
action of vertical displacements along a deep-seated lineamentary fault zone, called the
FLFZ, during the Cenozoic, however, dictates the maturity level of the geodynamic units
in this part of the Central European Variscides (Figures 1-3). It is categorized as prema-
ture > mature and this is reflected by the predominance of VeSi,,; over the Quantgy /mas-
There are also regions of the Central European Variscides where the equation is reversed.
Supermature > mature is the characteristic feature of the landscape and consequently the
margin between the VeSi,, and the Quantg,, /i, is significantly narrowed down to almost
nil. This is true for those regions in Central Europe where a pervasive chemical weathering
during the Cenozoic and Late Cretaceous resulted in blankets of residual deposits abundant
in kaolin, bentonite, supergene Fe-Mn deposits and even Ni laterites [25]. These residual
mineral deposits are poorly represented in the study area only by some patchily distributed
kaolin nests, attesting to the lack of such pervasive chemical weathering conditions. Older
relief generations hosting Fe-Mn duricrusts of the Hunsriick Type point to more pervasive
chemical weathering (Figures 14 and 15a). The landforms of all reference LFIs shown
in Table 1 can be identified and studied, attesting to relics of a super-mature landscape.
However, only the landforms’ pre-mature landscape are associated with mineral deposits
which were mined for a profit in the past (Figures 9 and 14). The pathway of compositional
and numerical geomorphology leading to the discovery of profitable mineral deposits is
marked by the LFI sequence VeSiy,, IncTaljjtn /grad, VeSiiith, VaSlAnnorm, and HoSijiwn /grad.
which can be fine-tuned using QuantGravygiy, /dire/shar and amended by QuantSany,e,,. The
area where the concentration of mineral deposits overlaps with the area decisive for shaping
the landscape (e.g., river piracy and subsidence) is denominated as the “Geomorphological
Hotspot” where endogenous high temperature and exogenous fluvial processes overlap
each other (Figure 9¢). It is the confluence area of two paleodrainage systems abundant in
knickpoints delineating the oldest Neogene fluvial system. The mineral deposits are situ-
ated in a triangle controlled by the FLFZ and the SE limb of the major anticline (Figure 1b).
At the point of intersection, the pegmatoid field is located (Figures 4f,v,w and 9c). This inti-
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mate arrangement of lithologies of an outstanding mineralogical composition and peculiar
landforms heralds that endogenous and exogenous processes are not two different entities
but rather two different sides of the same coin. The processes which operated under high
temperature and/or pressure at depth can result in landforms under near-ambient condi-
tions that are categorized numerically (Figure 9, Table 1). Compositional and numerical
geomorphology is used as another tool in extractive/economic geology.

6. Conclusions

Compositional and numerical geomorphology is a mixtum compositum to fill in the
gap between geomorphology, sedimentary, and applied geology (E&E issue, economic and
environmental geology). This numerical and compositional approach has been designed to
allow for a comparison between landforms in the fields of genetic and applied geomorphol-
ogy and provide platforms for airborne, satellite-borne, and ground follow-up geosciences.
A sort of graphical conclusion has been designed to highlight what compositional terrain
analysis is all about, showing the tripartite subdivision into geomorphology, sedimentology,
and sediment petrography, each of which is highlighted by an example from the present
reference study (Figure 17).

stream
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£ 320m
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|
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Figure 17. The “graphical conclusions” to underscore what the compositional terrain analysis is all
about. The tripartite subdivision of the geoscientific disciplines involved: (a) A digital terrain model
showing the interrelationship between morphotectonic linear architectural elements (fold axis), and
hydrography (strike stream vs. dip stream). (b) The sedimentological GMS technology encompassing
granulometry, morphometry, and situmetry. (c) The pie-chart diagram commonly used in sediment
petrography to quantify the lithological changes during transport.
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The numerical landform indices (LFIs) are coined for the first time in the current paper
and the LFIs are used during the mapping of relief generations in the field for genetic
purposes and in applied geomorphology. The various groups of LFIs are a function of
landscape maturity (pre-mature (1), mature (2), and super-mature (3)) with a string typical
of planation processes (3) and another one typical of linear erosion (1). The erosional
landform series are subdivided into three categories.

The landscape roughness indices, e.g., VeSiy, and the VaSIAn,y;, are used for a first
order classification of landscapes into relief generations and as environmental markers
covering the full set of regional landform series from mountain summits to moderately
bosselated to rolling hill landscapes, and when subjected to fine-tuning, from large and
shallow valleys to V-shaped acute-angle valleys with or without fluvial erosional terraces,
all of which are denominated with numerical LFL

A second order category of LFIs is devoted to the material properties of the landforms’
bedrocks’ (1) rock strength (VeSiyy,) and the (2) bedrock anisotropy (VaSIAnnorm).

A third group of LFIs describes the hydrography as to its vertical changes by the incli-
nation of the talweg and the different types of knickpoints (IncTaljj,/grad) and horizontal
sinuosity (HoSijith/grad)-

The linguistic approach dealing with the erosional landforms is as follows: Ve = vertical,
Va = Variation, Si = Sinuosity, SI = Slope, An = angle, Inc = inclination, Tal = talweg,
Ho = horizontal, Quant = quantification, San = sand, and Grav = gravel. The subscripts denote
the controlling parameters and processes (lith = lithology, grad = gradient, norm = normalized,
val = valley incision, and alti = altitude).

The depositional landforms are numerically defined in the same way and classified by
eight LFIs, which only differ from each other by their subscripts Quanty;, /mas, Quantcy,sit,
QuantSan jigp, QuantSanye,y, and QuantGravyy, (flu/mass = ratio fluvial /mass wasting,
ClaSil = clay/silt ratio, ligh = light minerals sand-sized, heav = heavy minerals sand-
sized, and Gravlith = lithology gravel-sized). It is a mirror image of the composition of
depositional landforms in relation to their grain size, whereas the remaining three numerical
indices” depositional landforms are a direct measurement of the hydrodynamic and gravity-
driven conditions of the fluvial and mass wasting processes using the granulometry, grain
morphology, and situmetry (clast orientation).

The tripartite study area consists of three landform suites which developed during the
Cenozoic and pertain to the (1) foreland plains, (2) step-fault plain, and (3) paleoplain. They
encompass the entire series of landforms created by mass wasting and fluvial processes
and lead to the discovery of new badland landform suites in a metamorphic terrain called
a bosselated paleoplain. It developed from a peneplain (17 Ma) through pediplanation
between 6 and 4 Ma and was dissected around 1.7 Ma during river piracy, ending up in a
series of V-shaped valleys.
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