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Understanding how landscapes evolve under changing tectonic and climatic boundary conditions re-
quires the quantification of erosion rates on different temporal and spatial scales. Here we present
results of local and catchment-wide erosion rates derived from in situ-produced cosmogenic '°Be for
the Harz Mountains — a typical basement high in Central Europe that was uplifted by reverse faulting
during the Late Cretaceous inversion of the Central European Basin. The summit region of the Harz
(Brocken peak at 1141 ma.s.l.) is formed by Permian granite and surrounded by an Oligocene low-
relief surface that was carved into Palaeozoic metasediments. This planation surface lies at an eleva-
tion of 500-700 m a.s.l. and stands ~ 300 m above the lowlands surrounding the Harz Mountains. Our
10B¢ erosion rates, derived for granitic catchments with a size of 0.3-24 km?, are slope-dependent and
range from 24 +2 to 554+ 3 mmkyr~!. We find that catchments situated within the low-relief surface
with mean slope angles < 10° erode at rates of 24-30 mm kyr~!, whereas catchments characterized by
larger portions with steeper slopes (i.e. 20 to 35°) upstream and downstream of the low-relief surface
erode at higher rates of 30-55 mmkyr~!. Local bedrock outcrops on the planation surface erode at
lower rates of around ~ 20 mm kyr~!. Taken together, our '°Be data document and quantify the slope-
dependent erosion of the Harz topography at a rate of a few tens of metres per million years and the
denudation and lowering of the Tertiary Harz planation surface and its progressive incision by rivers.
The observed difference between (higher) rates of erosion affecting soil-covered surfaces compared
to the (lower) rates of erosion on exposed bedrock surfaces suggests that the topographic relief within
the Harz is still growing at a mean rate of approximately 5-10 mm kyr—!. Considering our data in the
context of the existing but contradictory conceptual models on the evolution of the Harz topography,
we suggest that the post-Oligocene elevation difference of ~ 300 m between the planation surface and
the lowlands around the Harz is the result of three different processes: first, mountain uplift due to
a potential reactivation of the range-bounding reverse fault during the Neogene and Quaternary until
~ (0.5 Ma; second, moderate erosion of weak sedimentary rocks in the regions surrounding the Harz
Mountains; and third, localized lowering of areas in the vicinity of the Harz by dissolution and lateral
migration of Permian salt at depth. Finally, we note that active reverse faulting along the northern
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Kurzfassung:

1 Introduction

R. Hetzel et al.: Erosion of the Harz Mountains

boundary of the Harz Mountains is not compatible with the available geological, geophysical, and
geodetic data.

Ein Verstindnis, wie sich Landschaften unter veridndernden tektonischen und klimatischen Randbe-
dingungen entwickeln, erfordert die Quantifizierung von Erosionsraten auf unterschiedlichen
zeitlichen und rdumlichen Skalen. Hier prisentieren wir '°Be-basierte Erosionsraten fiir den Harz
— ein typisches Mittelgebirge in Zentraleuropa, das wihrend der spitkretazischen Inversion des Mit-
teleuropdischen Beckens durch Aufschiebungstektonik herausgehoben wurde. Der hochste Teil des
Harzes (Brocken 1141 m NHN) besteht aus einem permischen Granit und ist von einer oligozéinen
Rumpfflache mit geringem Relief umgeben, die in paldozoische Metasedimente erodiert wurde. Diese
Fldche liegt in einer Hohe von 500700 m NHN und ca. 300 m iiber dem Tiefland rund um den Harz.
Unsere '“Be-Erosionsraten fiir granitische Einzugsgebiete mit einer GroBe von 0.3-24 km? sind ab-
hiingig von der Hangneigung und variieren zwischen 24 +2 und 554 3 mmka~!. Einzugsgebiete,
die von der Rumpffliche dominiert werden und durchschnittliche Hangneigungen von < 10° haben,
erodieren mit Raten von 24-30 mmka~!, wihrend Einzugsgebiete mit groBeren Anteilen steilerer
Hiinge (20-35°) ober- und unterhalb der Rumpffliche mit Raten von 30-55 mmka~! erodieren. Fest-
gesteinsaufschliisse auf der Rumpffliche erodieren mit einer niedrigeren Rate von ~20mmka~!.
Unsere '"Be-Daten dokumentieren und quantifizieren die neigungsabhiingige Erosion des Harzes mit
Raten von einigen Zehner Metern pro Million Jahre und die progressive Tieferlegung der Rumpffliche
sowie deren Einschneidung durch Fliisse. Die beobachtete Differenz zwischen der schnelleren Erosion
bodenbedeckter Areale und der langsameren Erosion von Festgesteinsoberflachen zeigt an, dass das
Relief im Harz mit einer Rate von 5-10 mmka~! weiter zunimmt. Im Kontext der existierenden und
widerspriichlichen Modelle zur Entwicklung der Harz-Topographie schlagen wir vor, dass der post-
oligozédne Hohenunterschied von ~ 300 m zwischen der Rumpfflache im Harz und der tieferliegenden
Umgebung das Resultat von drei unterschiedlichen Prozessen ist. Erstens, eine Hebung des Harzes
durch eine mogliche Reaktivierung der Aufschiebung am Nordrand wéhrend des Neogens und Quar-
tars bis vor ~ 0.5 Ma. Zweitens, eine moderate Erosion weicher Sedimentgesteine in der Umgebung
des Harzes. Drittens, eine Absenkung der umliegenden Gebiete durch Losung und laterale Migration
von permischem Salz im Untergrund. SchlieBlich betonen wir, dass eine aktive Aufschiebungstektonik
entlang des Harznordrandes inkompatibel mit geologischen, geophysikalischen und geoditischen Be-
funden ist.

sient sediment storage (e.g. Benda and Dunne, 1997; Kirch-

ner et al., 2001; Fuller et al., 2003; Meyer et al., 2010b).

Rates and spatial patterns of erosion exert a major control on
the topographic evolution of mountain ranges, in particular
when rock uplift due to tectonic processes has ceased to be a
dominant factor. Which intrinsic factors actually control the
pace of erosion in mountainous landscapes has been a cen-
tral theme within the field of geomorphology since Gilbert
(1877) recognized — in a qualitative way — that “erosion is
most rapid where the slope is steepest”. In a classical study,
Abhnert (1970) showed that short-term (decadal) erosion rates
derived from river-load measurements increase with local re-
lief and mean slope angle in mid-latitude drainage basins.
Since then, many studies have derived functional relation-
ships between decadal sediment yield and catchment indices
such as mean elevation, mean slope, or local relief (e.g. Pinet
and Souriau, 1988; Summerfield and Hulton, 1994; Pan et
al., 2010). Sediment-yield measurements are, however, asso-
ciated with significant uncertainties and may underestimate
erosion due to the stochastic nature of storm events and tran-
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To overcome the limitations of decadal sediment-yield es-
timates, a method is required that allows for the determi-
nation of erosion rates integrated over longer timescales of
thousands of years. In situ-produced cosmogenic nuclides
provide such a methodology, and their application has rev-
olutionized geomorphological research in the past decades
(Dunai, 2010). For the quantitative determination of ero-
sion rates, the cosmogenic nuclide '°Be is commonly used.
10Be is produced by high-energy cosmic-ray particles in the
widespread mineral quartz and provides the possibility of
measuring erosion rates over a timescale of 10°~10 years at
outcrop and catchment scales (Lal, 1991; Brown et al., 1995;
Dunai, 2010). Studies that derived catchment-wide erosion
rates with '°Be have shown that hillslope angle and lo-
cal relief are the most important topographic indices con-
trolling rates of erosion in mountainous landscapes (Bin-
nie et al., 2007; DiBiase et al., 2010; Palumbo et al., 2010;
Portenga and Bierman, 2011; Schaller et al., 2016; Delunel

https://doi.org/10.5194/egqgsj-73-161-2024



R. Hetzel et al.: Erosion of the Harz Mountains

et al., 2020). In addition, bedrock lithology exerts an impor-
tant control on the pace of erosion, because it determines
the strength and weathering behaviour of rocks (Palumbo et
al., 2010; Portenga and Bierman, 2011; Scharf et al., 2013).
Therefore, a uniform bedrock lithology is essential to de-
cipher the effect of topographic parameters on erosion. By
comparing catchment-wide '°Be erosion rates with local
10B¢ erosion rates for outcrops on ridge crests or low-relief
surfaces, it is possible to determine whether the relief of
a landscape is growing or in a state of decline (Hancock
and Kirwan, 2007; Meyer et al., 2010a; Wolff et al., 2018;
Heineke et al., 2019).

In this study, we determine 10Be-based erosion rates in
the Harz Mountains, a fault-bounded mountain range that
formed during tectonic inversion of the Central European
Basin in the Late Cretaceous and experienced a minor phase
of post-Oligocene uplift after the formation of a regional
low-relief surface. All sampled catchments and bedrock out-
crops are located in a single granite pluton (Brocken pluton)
of largely homogenous mineralogical composition and rock
strength, which is therefore well suited for the application of
in situ-produced cosmogenic nuclides. Our results document
the geologically recent pace of erosion and landscape evolu-
tion in the Harz Mountains.

2 Geological setting and previous work

During the Late Cretaceous between ~90 and ~70Ma,
Central Europe experienced a pulse of intraplate shorten-
ing, which caused basin inversion and led to thrust fault-
ing and the uplift of fault-bounded mountain ranges (e.g.
Kley and Voigt, 2008; Dielforder et al., 2019; von Eynat-
ten et al., 2019). The material eroded from these WNW-
ESE-striking mountain ranges was transported to adjacent
sedimentary basins, which record the timing of faulting,
mountain building, and erosion (e.g. DEKORP-BASIN Re-
search Group, 1999; Stollhofen et al., 2008; von Eynatten
et al., 2008; Voigt et al., 2021). In addition to the local-
ized fault-controlled uplift and erosion of basement highs, a
large number of apatite fission track (AFT) and (U-Th) / He
(AHe) ages indicate that a large region in central Germany
experienced long-wavelength uplift and erosion of 3—4km
of mainly Mesozoic strata between ~ 75 and ~ 55 Ma (von
Eynatten et al., 2021). This broad uplift signal reflects a com-
bination of upwelling of the asthenosphere, thinning of the
mantle lithosphere, and the development of dynamic topog-
raphy (von Eynatten et al., 2021).

The Harz Mountains in north-central Germany repre-
sent a block of uplifted Variscan basement with a size of
90 x 30km. The mountains are bound by a major reverse
fault along its northern side (Fig. 1), which is referred to
as the Harz Northern Boundary Fault (Harznordrandverw-
erfung). This fault has a throw of ~ 6 km and dips 50-60° to
the SSW, as revealed by field observations, seismic reflection
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data, and structural restoration (e.g. Krawczyk and Stiller,
1999; Franzke et al., 2004; Tanner and Krawczyk, 2017).
The Harz Mountains consist mainly of Palaeozoic sedimen-
tary rocks (Fig. 1) that belong to the Rhenohercynian belt
of the Variscan orogen and are dominated by foliated and
faulted Ordovician to Carboniferous low-grade metamorphic
sequences as well as siliciclastic and carbonate formations
(Franke, 1989). Three granite intrusions (Brocken, Ramberg,
and Oker plutons; Fig. 1) were emplaced in the early Permian
at 283 &3 Ma (Zech et al., 2010).

After late-orogenic extension and erosion of the Variscan
mountain belt (Ziegler et al., 2006), the Harz area fell un-
der marine influence, which caused the accumulation of thick
evaporite and carbonate sequences during the upper Permian
(Zechstein) and the subsequent deposition of sandstones,
limestones, evaporites, and claystones during the Mesozoic.
During the Late Cretaceous, basin inversion and reverse
faulting led to the formation of the WNW-striking Harz
Northern Boundary Fault, which caused rock uplift and the
removal of Permian and Mesozoic cover sediments as well as
Palaeozoic rocks by erosion (Kley and Voigt, 2008; von Ey-
natten et al., 2021). AFT ages of ~ 83 to ~ 73 Ma, thermal
modelling of AFT data, and provenance analysis indicate that
about 6 km of rocks was removed from the Harz Mountains
since the Late Cretaceous, with 2—-3 km being removed be-
tween the early Santonian and early Campanian periods (i.e.
from 86 to 82Ma) (von Eynatten et al., 2008, 2019). The
Harz Northern Boundary Fault separates the Harz Mountains
from the Mesozoic sedimentary rocks of the adjacent Sub-
hercynian Basin to the north (Voigt et al., 2006; Tanner and
Krawczyk, 2017). Between the reverse fault and the basin fill
lies a ~ 2 km wide zone of steeply dipping upper Permian to
Cretaceous strata.

The current morphology of the Harz Mountains is dom-
inated by remnants of a low-relief bedrock surface, which
occurs at different altitudes in the western, central, and
eastern parts of the mountain range (Frebold, 1933; Liit-
tig, 1955; Miicke, 1966; Diercks et al., 2021) (Fig. 2a). In
the western Harz, the low-relief surface has an elevation of
610+ 10ma.s.l.,, whereas in the central Harz it dips gen-
tly NNE and ranges in elevation from 620 to 520ma.s.l.
(Fig. 2b). In the eastern Harz, the surface gradually declines
from an elevation of 550 to 430 m a.s.1. (Diercks et al., 2021).
The summit region of the Harz Mountains is formed by the
Brocken pluton, reaching an altitude of 1141 ma.s.l. The
margins of the Brocken granite are exposed below the low-
relief surface, which has been incised by rivers draining the
summit region, including the river Ilse, which formed a steep
valley in the northern part of the pluton (Fig. 3).

The origin of the Harz morphology and particularly its
low-relief bedrock surface have been debated for more than
a century (Philippi, 1910; Penck, 1924; von der Sahle,
1942; Hovermann, 1950; Miicke, 1966; Thiem, 1974; Jor-
dan, 1995; Konig et al., 2011; Diercks et al., 2021). Key
problems in this long-standing discussion centred around the
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Figure 1. Geological overview map of the Harz Mountains, the Harz Northern Boundary Fault (black line with triangles), and the adjacent
Subhercynian Basin in central Germany (see inset map on the top right for a general location). The map has been simplified and redrawn
from Hinze et al. (1998). The study area is located entirely within the area of the Brocken pluton.

questions (a) of whether the bedrock surface constitutes a
single surface or is composed of several distinct levels, with
higher levels being older (Hovermann, 1950; Thiem, 1974);
(b) on the genetic interpretation of the surface — as a sin-
gle peneplain (Rumpffidche, Philippi, 1910), as a piedmont
benchland (Piedmonttreppe, Penck, 1924), or as a system of
stepped peneplains (Rumpftreppe, Hovermann, 1950); and fi-
nally (c) on the duration and timing of its formation. Most
workers agree that the main period of uplift in the Late Creta-
ceous (formation of the proto-Harz) was followed by a long
phase of erosion and topographic flattening that generated
a low-relief surface (Philippi, 1910; Miicke, 1966; Thiem,
1974; Konig et al., 2011; Voigt et al., 2021). As this surface
was cut across lithologies from the Harz Mountains to the ad-
jacent basin (Voigt et al., 2021), its original extent was at least
of a regional scale (Philippi, 1910; Miicke, 1966; Thiem,
1974; Konig et al., 2011; Voigt et al., 2021). The long-lasting
process of planation ended in the upper Oligocene, as shown
by the deposition of marine sediments (Konig et al., 2011)
locally preserved in the northern foreland of the central Harz
and in uplifted karst caves within the Devonian limestones
of the Elbingerode Complex (Figs. 1, 2) (Konig et al., 2011,
and references therein).

E&G Quaternary Sci. J., 73, 161-178, 2024

The elevated position of the low-relief bedrock surface
in the Harz was commonly interpreted as a result of post-
Oligocene uplift of the mountain range relative to its sur-
roundings (e.g. Philippi, 1910; Jankowski, 1964; Thiem,
1974; Konig and Blumenstengel, 2005; Konig et al., 2011;
Diercks et al., 2021). However, a significant part of the ca.
200-300 m elevation difference between the bedrock surface
and the surrounding areas may also be caused by the ero-
sion of sedimentary rocks in the vicinity of the mountains
(Diercks et al., 2021) and by the dissolution and lateral mi-
gration of upper Permian salt, which had an original thick-
ness of several hundred metres (Paul, 2019). Different opin-
ions also exist on the amount and the timing of the post-
Oligocene uplift of the Harz Mountains (e.g. Miicke, 1966;
Thiem, 1974; Konig et al., 2011; Diercks et al., 2021). It is
still under debate whether the uplift is related to a reactiva-
tion of pre-existing faults (e.g. the Harz Northern Boundary
Fault), to a long-wavelength doming and flexure of the crust
(e.g. Miicke, 1966; Thiem, 1974; Kaiser et al., 2005; Miiller
et al., 2020), or to glacial isostatic adjustments in response
to ice loading by Quaternary glaciations of the Subhercynian
Basin during the Middle Pleistocene (Diercks et al., 2021).

In the Pleistocene, parts of northern Germany were cov-
ered several times by the Fennoscandian ice sheet. During the

https://doi.org/10.5194/egqsj-73-161-2024
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Figure 2. The digital elevation model (a) and three swath profiles (b) illustrate the hypsometry of the Harz Mountains and the geometry of
the low-relief surface in the western and central Harz (profile tracks are shown as transparent white traces). The Brocken, Oker, and Ramberg
granites (see geological map in Fig. 1) are outlined by thin lines. The black circle north of the Brocken indicates the viewpoint of the photo
shown in Fig. 3. The black square marks the location of the study and sampling area within the Brocken pluton (shown in Fig. 4).

Weichselian glaciation (ca. 110-18ka) and the late Saalian
glaciation (ca. 230-130ka), the southern ice sheet margin
was located ~ 150 and ~ 70 km north of the Harz Mountains,
respectively (Eissmann, 2002; Ehlers et al., 2011; Lauer and
Weiss, 2018). During the early Saalian (ca. 330-250ka) and
the Elsterian glaciation (ca. 480-420ka), the ice reached

https://doi.org/10.5194/egqsj-73-161-2024

the northern margin of the Harz Mountains and also cov-
ered the low-lying easternmost part of the Harz during the
latter glaciation (Eissmann, 2002; Lauer and Weiss, 2018).
Periglacial conditions prevailed in the Harz Mountains and
their northern foreland during glacial times, as shown by the
presence of reworked loess, ice wedges, and cryoturbation

E&G Quaternary Sci. J., 73, 161-178, 2024



166

R. Hetzel et al.: Erosion of the Harz Mountains

- WNW

ESE

low-relief surface

Figure 3. Photographic view of the Ilse catchment looking to the NNE. The Ilse has incised a steep valley into the Brocken pluton. To the
left and right above the valley, remnants of the low-relief bedrock surface are well preserved. The view direction and position of the photo

are indicated in Figs. 2 and 4.

(e.g. Feldmann, 2002; Weymann et al., 2005). Remnants of
glacial deposits in the highest part of the Harz Mountains
were attributed to the presence of small, isolated glaciers
(Duphorn, 1968; Eissmann, 2002; Diercks et al., 2021), but
because these deposits have not been dated, whether they
formed during the Elsterian, Saalian, or Weichselian glacia-
tions remains controversial.

In summary, despite a century of research, many questions
regarding the Neogene and Quaternary morphological de-
velopment of the Harz Mountains persist. Unresolved issues
centre around the timing, mechanism, and rate of potential
uplift — particularly during the Quaternary — and its possi-
ble effects on the regional exhumation and erosion dynam-
ics. It is also unknown whether or not the Harz Mountains
continue to adjust to recent perturbations caused by Pleis-
tocene tectonics or climate variations. To address these ques-
tions, we measured concentrations of in situ-produced '°Be
in bedrock outcrops and in stream sediments of rivers drain-
ing the Brocken granite and determined local and spatially
averaged erosion rates for these watersheds. By doing so we
aim to quantify rates of surface denudation over timescales
of about 10* years and to unravel the Quaternary landscape
evolution affecting the Brocken massif.

3 Methods

3.1 Determining erosion rates with cosmogenic nuclides

Cosmogenic nuclides enable us to measure erosion rates
over millennial timescales at the outcrop or catchment
scale (e.g. Brown et al., 1995; Niedermann, 2002; Dunai,
2010). The erosion rate E (mmkyr~!) of a steadily eroding
bedrock surface is approximately inversely proportional to
its cosmogenic-nuclide concentration and given by

E=[(P/C)—1]z*, (1)

E&G Quaternary Sci. J., 73, 161-178, 2024

where P is the local surface production rate in atoms per
gram per year (atg~! yr™!), C is the nuclide concentration
at the surface (atg~!), A is the decay constant of the nuclide
(1yr~1), and z* is the absorption depth scale (i.e. the effec-
tive attenuation length divided by rock density) (Lal, 1991).
Owing to the decrease in the production rate with depth,
erosion rates calculated from cosmogenic-nuclide concentra-
tions are averaged over the time interval needed to erode one
absorption depth z* (i.e. ~ 60 cm; Granger et al., 1996). De-
pending on the erosion rate, this time interval typically cor-
responds to 10°—10° years (von Blanckenburg, 2006). The
relationship given in Eq. (1) can be applied to quantify local
erosion and to derive spatially averaged erosion rates for en-
tire river catchments by determining the '°Be concentration
in quartz of sand samples from active streams (e.g. Brown
et al., 1995; Granger et al., 1996). This approach assumes
that (1) quartz is homogeneously distributed in the eroding
rocks, (2) the sediment in the stream channels is well mixed,
(3) erosion in the catchment is in steady state (i.e. nuclide
production is equal to the outflux of the nuclide via erosion
and radioactive decay), and (4) erosion is uniform through
time (e.g. von Blanckenburg, 2006).

3.2 Sampling approach

To determine '°Be erosion rates in the area of the Brocken
granite, we took 10 stream-sediment samples and two
bedrock samples. Samples 21D1, 21D2, 21D4, and 21D5
were obtained from four small to mid-sized streams (Ecker,
IlIse, Warme Bode, and Kalte Bode), which drain the summit
region of the Harz Mountains in a radial fashion (Fig. 4).
Within the respective catchments, we collected five sam-
ples from smaller subcatchments — three samples from the
IIse catchment (21D7, 21D9, 21D10) and two from sub-
catchments of the Warme Bode (21D11) and the Kalte Bode
(21D12) (Fig. 4). Sediment sample 21D3 was taken from
a small creek about 2km to the west of the Warme Bode

https://doi.org/10.5194/egqgsj-73-161-2024
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catchment. Each sediment sample was collected from sev-
eral points along the respective stream over a distance of 30—
80 m, which should increase the probability of obtaining a
well-mixed sample with a '°Be concentration reflecting the
mean erosion rate of the catchment (Heineke et al., 2019). In
the field, the stream sediment was sieved to a grain size of
0.5-2.0 mm, and this grain-size fraction was used for further
treatment in the lab (see Sect. 3.3 below). The two bedrock
samples are from outcrops located at the boundary of the
Kalte Bode catchment (21D6) and within the Ilse catch-
ment (21D8) (Fig. 4). These samples had a thickness of 4 cm
(21D6) and 6 cm (21DS8).

3.3 Analytical procedures and calculation of °Be
erosion rates

Sample preparation and chemical separation of 'Be from
quartz was carried out at the Institute of Geology and
Palaeontology, University of Miinster, Germany. First, the
sediment samples (with a grain size of 0.5-2.0mm) and
the bedrock samples were crushed and washed. Then, all

https://doi.org/10.5194/egqsj-73-161-2024
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samples were sieved to obtain a grain-size fraction of 250—
500 um. This fraction was split into a magnetic and a non-
magnetic fraction. The cleaning of the non-magnetic fraction
containing quartz consisted of a single etching step in 6 M
HCI at 80 °C and four etching steps in dilute HF / HNO3 in
an ultrasonic bath at 80 °C (Kohl and Nishiizumi, 1992). In
addition, all samples were further purified in aqua regia and
8 M HF solutions for 1h at 100 °C (Goethals et al., 2009).
This cleaning step was repeated twice. The sample purity
was checked by dissolving ~ 0.5 g of quartz in 40 % HF. Af-
ter drying, the resulting residue was again dissolved in 0.3 M
HNO3 and analysed using an ICP-OES system. Following
the purity check, about 15 g of quartz from each sample was
dissolved in 40 % HF after the addition of ~ 0.3 mg of Be
carrier (Table 1). Following complete dissolution, all sam-
ples were converted into chloride form using 6 M HCI. Beryl-
lium was separated by successive anion and cation exchange
columns and precipitated as Be(OH), at pH 8-9. Following
the transformation to BeO at 1000 °C, targets were prepared
by mixing of the BeO with Nb powder. The samples were
analysed at the Centre of Accelerator Mass Spectrometry at
the University of Cologne, Germany (CologneAMS; Dewald
et al., 2013).

The ICP-OES analysis of the chemically cleaned quartz
revealed that the samples dissolved for '°Be analysis contain
between 0.29 and 0.76 ppm natural ?Be. Such relatively high
Be concentrations are rather unusual for the mineral quartz
but were also observed in a few other cosmogenic-nuclide
studies (e.g. Strobl et al., 2012). As about 15 g of purified
quartz was dissolved from each sample, the sample solutions
contained 0.004-0.011 mg of natural °Be, which is 1.3 %-—
3.6 % of the amount of ~ 0.3 mg of “Be added with the *Be
carrier solution. Therefore, we took the presence of the natu-
ral °Be into account and corrected for it when calculating the
in situ-produced !°Be concentrations.

Local and catchment-wide erosion rates were calculated
from the '°Be concentrations reported in Table 2 with ver-
sion 3 of the CRONUS-Earth online calculator (Balco et
al., 2008) using the time-independent scaling model of Lal
(1991) and Stone (2000) and the assumption of no cover
by snow or ice. As the online calculator cannot calculate
catchment-wide erosion rates based on pixelwise production
rates, we proceeded as follows. We applied the scaling pro-
cedure of Stone (2000) to calculate the local 1Be production
rate for every pixel of a catchment using a DEM with a pixel
size of 10 m. The '°Be production rate due to spallation at sea
level and high latitude (SLHL) is 4.01 at g~! yr~! (Borchers
et al., 2016, their Table 7). The SLHL 10ge production rates
by slow and fast muons are 0.0467 and 0.0278atg™' yr~!,
respectively, and were derived with the MATLAB code pro-
vided in the data repository of Balco (2017). The SLHL '°Be
production rates were scaled separately to the position and
elevation of each pixel of a catchment with Egs. (1)-(3) of
Stone (2000). Slow and fast muons were scaled with attenu-
ation lengths of 260 and 510 gcm™2, respectively (Braucher
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Table 1. Sample numbers, AMS IDs, mean latitude and longitude of catchments, weight of quartz samples, mass of the Be carrier used for

samples and blanks, and measured 10Be/9Be ratios.

Sample AMS ID Mean latitude Mean longitude Mass of Massof Be 0Be/Be  Error
number of catchment of catchment  dissolved carrier® ratio? (lo)

[°N] [PEl quarz[g]  [mg]  [x107P]  [%]
Blank 2021-4 517489 - - - 0.2996 0.00943 28
21D2 s17490 51.8241 10.6358 14.197 0.2857 0.8909 4.3
21D4 s17491 51.7597 10.5909 13.583 0.2820 1.442 39
21D5 s17492 51.7725 10.6328 13.449 0.2994 1.049 4.1
21D7 s17493 51.8194 10.6299 13.564 0.2997 1.108 4.1
21D9 s17494 51.8135 10.6506 13.461 0.3051 0.9223 4.6
21D10 s17495 51.8274 10.6115 13.431 0.3218 0.8603 44
Blank 2021-5  s18153 - - - 0.3016 0.00616 36
21D1 s18155 51.8020 10.5804 15.510 0.2961 1.651 4.1
21D3 s18156 51.7632 10.5293 13.526 0.2993 1.339 3.8
21D6 s18157 - - 13.495 0.2999 1.761 4.0
21D8 s18158 - - 13.517 0.2975 1.587 39
21D11 s18159 51.7572 10.5829 13.490 0.3015 1.616 4.0
21D12 s18160 51.7890 10.6165 13.494 0.3062 1.235 4.1

3 The Be carrier solution has a ?Be concentration of 369.5 = 2.0 ppm and was prepared by Friedhelm von Blanckenburg at the GFZ Potsdam from a
phenakite crystal obtained from a deep mine in the Urals, Russia (Goethals et al., 2009).
b The reported 1OBe/gBe ratios have been corrected for the presence of natural 9Be as described in Sect. 3.3 but have not yet been corrected for the

blank.

etal.,2011). For the scaling procedure, we used the mean lat-
itude of each catchment, which is given in Table 1. This sim-
plification does not affect the results because our catchments
are small. The '°Be production rates due to spallation and
muons obtained for all pixels were then added, and the aver-
age '“Be production rate for each catchment was calculated.
In the last step, we determined the elevation that is equivalent
to the average '°Be production rate and is called “equivalent
catchment elevation” in Table 2. Finally, the catchment-wide
erosion rates were calculated with the CRONUS-Earth online
calculator using the equivalent elevation as input. The proce-
dure described above has the advantage that the erosion rates
can be easily reproduced with the information given in Ta-
ble 2. The online calculator also has the advantage of provid-
ing internal and external uncertainties on the erosion rates.
Internal uncertainties include the analytical uncertainty and
the error of the blank correction, whereas external uncertain-
ties also include the systematic uncertainty of the sea-level,
high-latitude production rate of 'Be. Finally, we note that
erosion rates based on the mean elevation of the catchments
(instead of the mean production rate from the pixel-based
calculations) differ by less than 1.5 % from those reported
in Table 2.

4 Results

The '°Be catchment-wide erosion rates derived from the
10 stream-sediment samples range from 23.7+1.0 to
452+2.0 mmkyr’] (internal uncertainties), whereas the

E&G Quaternary Sci. J., 73, 161-178, 2024

two samples from bedrock outcrops yielded consistent lo-
cal erosion rates of 19.5 4 0.8 and 20.9 4 0.8 mm kyr~—! (Ta-
ble 2). The two western catchments of the rivers Ecker and
Warme Bode erode at rates of ~28.5 and ~ 28.8 mmkyr~!
(samples 21D1 and 21D4), whereas the watershed of the
Kalte Bode returned a rate of ~ 37 mmkyr~! (sample 21D5)
(Fig. 4). The highest erosion rate of 45.24 2.0 mmkyr~!
was obtained for the Ilse catchment (sample 21D2), which
is deeply incised in its northern part (Figs. 3, 4). The less-
incised upper part of this catchment erodes at a lower rate of
33.7+ 1.4 mmkyr~! (sample 21D7). Using the '°Be concen-
trations of the two samples 21D2 and 21D7, we calculated a
differential erosion rate for the lower part of the Ilse catch-
ment following the approach of Vance et al. (2003). This ap-
proach uses the fact that one sample (here 21D2) receives its
sediment from the entire catchment, whereas the other sam-
ple located farther upstream (here 21D7) receives its sedi-
ment only from the respective upstream part of the catchment
(Fig. 4). Using the '"Be concentrations of the two samples
taken at different positions along the main channel, the ero-
sion rate of the lower part of the entire catchment (here the
area between 21D7 and 21D2) can be calculated using the
equations given in Vance et al. (2003). The resulting erosion
rate for the deeply incised northern part of the Ilse catchment
is 54.6 £3.4mmkyr~!.

A digital elevation model with a spatial resolution of 5m
(Fig. 4) was used to calculate a slope map that illustrates the
spatial variability of the hillslope angles in the study area
(Fig. 5). We also determined slope—frequency distributions

https://doi.org/10.5194/egqgsj-73-161-2024
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Figure 5. Slope map of the study area with the position of the
samples and their respective catchment areas. The two lower dia-
grams show the slope—frequency distribution for catchments larger
and smaller than 5km?, respectively. The lower part of D2 refers to
the northern, deeply incised part of the Ilse catchment (i.e. down-
stream of sample D7; see Fig. 3).

for all catchments, differentiating between catchments with
an area of more than 5km? (including the lower and upper
part of the Ilse catchment) and smaller catchments, which
are less than 2.6km? in size (Table 2; Fig. 5). The slope—
frequency distributions of the four catchments with the low-
est erosion rates (< 30 mm kyr_l) have their peaks at low
slope angles of 3-6° (21D1, 21D3, 21D4, and 21D11). In
contrast, the three catchments with the highest erosion rates
(21D9, 21D2, and the lower part of D2) are characterized by
a significant portion of slopes with angles between 20 and
35° (Fig. 5).
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5 Discussion

5.1 Factors controlling rates of erosion in the Brocken
pluton

The new catchment-wide erosion rates presented in this study
— derived from !“Be concentrations of stream-sediment sam-
ples collected in the summit region of the Harz Mountains
— range from 24 to 45 mmkyr~! and integrate over the past
13-25kyr (Table 2). As the studied catchments are entirely
located within the Permian Brocken granite (Fig. 1), the as-
sumption of a homogeneous distribution of quartz in the
eroding bedrock (see von Blanckenburg, 2006; Carretier et
al., 2015) is well justified. Owing to the uniform bedrock
lithology, spatial variations in rock strength and susceptibil-
ity to weathering are unlikely to play a significant role in con-
trolling the spatial variability of the calculated '°Be erosion
rates (see Palumbo et al., 2010; Scharf et al., 2013).

The observation that the erosion rates of catchments larger
than Skm? show a good correlation with their mean hills-
lope angle (r> =0.87; Fig. 6) suggests that hillslope steep-
ness exerts an important control on local erosion, as has
also been observed by similar studies elsewhere (e.g. Bin-
nie et al., 2007; Palumbo et al., 2010). Note that the plot
shown in Fig. 6 also includes the differential erosion rate
of 54.6+3.4mmkyr~" for the steep lower part of the Ilse
catchment, which we determined using an approach of Vance
et al. (2003). For (sub)catchments with an area of less than
5km?, the variability in the measured erosion rates is rather
small (grey symbols in Fig. 6). Still, the two catchments with
the lowest mean slope angles of all catchments (21D3 =4.4°
and 21D11=6.3°; Table 2) also yielded the lowest erosion
rates (i.e. ~ 24 and ~ 28 mm kyr~!). The significance of hill-
slope steepness can also be demonstrated by analysing the
slope—frequency distribution within the 10 studied catch-
ments, showing that the catchments with the largest propor-
tion of low slope angles (21D4, 21D1, 21D3, 21D11; see
plots in Fig. 5) also yielded the lowest erosion rates (Fig. 6).

The two samples from bedrock outcrops gave consistent
erosion rates of 19.540.8 and 20.9+0.8 mmkyr~! (Ta-
ble 2), showing that bare bedrock erodes at a rate which is
even lower than that for the catchments with the lowest hill-
slope angles. This finding corroborates the view that the ab-
sence of soil reduces the intensity of physical disintegration
and weathering of granitic bedrock compared to those parts
of the landscape that are soil-covered (Small et al., 1999;
Meyer et al., 2010a).

5.2 Estimates of post-Oligocene uplift and comparison
with 1°Be erosion rates

Regarding the question of whether the Oligocene low-relief
surfaces preserved in the Harz Mountains formed originally
as a single erosion surface or instead constitute several dis-
tinct erosion levels that record potential uplift events (e.g.
Hovermann, 1950; Thiem, 1974), we emphasize that re-
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Figure 6. Catchment-wide erosion rates derived from 10Be con-
centrations of the stream-sediment samples plotted versus the mean
hillslope angles of the investigated catchments. The exponential re-
gression is based only on catchments with an area of > 5 km? (black
data points). The lower part of D2 refers to the northern part of the
Ilse catchment, which has a mean slope angle of 13.8°. The catch-
ments smaller than 5km?2 (not used in the regression) are shown
with grey symbols.

cent results by Diercks et al. (2021), who undertook a de-
tailed morphometric analysis of the Harz topography, pro-
vide strong evidence for only one major erosion level; there-
fore, all observed palaco-surface remnants can be linked to
the same uplift event. Our data support this view and provide
additional evidence for their interpretation that minor eleva-
tion differences between these surface remnants are best ex-
plained by the occurrence of more or less competent rock
lithologies, which erode at slightly different rates. For exam-
ple, quartzites and plutonic rocks such as the Brocken granite
are expected to erode at lower rates than weak slates or sand-
stones — an inference which could be tested by further '°Be
studies. Finally, we argue that the major part of the Brocken
granite escaped erosional planation during the formation of
the low-relief surface, which ended in the Oligocene (Konig
et al.,, 2011). Therefore, the summit area of the Brocken,
which rises a few hundred metres above the low-relief sur-
face (Fig. 2), represents a relict landscape that has been in-
herited from before the time when the low-relief surface was
generated.

The elevated position of the low-relief surface in the Harz
Mountains relative to the surrounding regions (Fig. 2b) has
generally been interpreted as result of post-Oligocene up-
lift; however, widely different opinions still exist on the
amount and timing of mountain uplift (e.g. Thiem, 1974;
Konig and Blumenstengel, 2005; Kénig et al., 2011; Diercks
et al., 2021). For example, based on geomorphological and
geological investigations, Thiem (1974) argued for a total
amount of 300—400 m of uplift of the western Harz since the
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Early Miocene and concluded that uplift must have ended be-
fore the Elsterian glaciation during Marine Isotope Stage 12
(ca. 480-420ka; Lauer and Weiss, 2018), because an early
Elsterian pediment surface extends across the Harz North-
ern Boundary Fault without being deformed. Likewise, river
terraces which formed after the Elsterian glaciation have
not been deformed by the Harz Northern Boundary Fault
(Thiem, 1972).

For the central Harz, Konig and Blumenstengel (2005)
proposed ~ 300 m of post-Rupelian uplift by correlating ma-
rine sediments of Rupelian (early Oligocene) age, which are
preserved in uplifted karst caves of the Elbingerode Com-
plex, with coastal marine sediments of the same age exposed
in the northern foreland of the Harz between Blankenburg
and Thale (see Fig. 2 for location of these towns). However,
they did not specify the timing of uplift in any detail. Subse-
quently, Konig et al. (2011) related the development of karst
forms in the subsurface of the Elbingerode Complex to the
incision history of the river Bode (see Fig. 1 for location) and
suggested that the uplift of the central Harz occurred mainly
during the Late Pliocene and Quaternary.

The most recent study by Diercks et al. (2021) inferred
a tectonic uplift of the Harz of only 80-90 m, based on the
presence of an upper knickzone in the stream profile of the
river Bode southwest of Thale (Fig. 1). They suggested that
the uplift was associated with the Elsterian glaciation and
proposed that loading of the northern Harz foreland by the
Elsterian ice sheet led to the reactivation of vertical fault
structures along which the entire Harz Mountains were up-
lifted. They also proposed that a lower and younger knick-
zone along the Bode river provides evidence for a substantial
amount of erosion (i.e. 100-150 m) of relatively weak Meso-
zoic sediments from across the entire Subhercynian Basin
over a relatively short period of time since the termination of
the Saale glaciation (i.e. between ~ 140ka and the present;
Diercks et al., 2021). Thus, they concluded that tectonic up-
lift only accounts for a fraction of the overall altitudinal dif-
ference of 300 m between the central Harz plateau and the
northern Harz foreland (Fig. 2), with widespread erosion of
the Subhercynian basin being the more dominant factor.

In the following, we estimate rates of uplift implied by the
different models summarized above and evaluate the plau-
sibility of these uplift rates considering our '“Be erosion
rates. For an uplift of 300-400m since 20Ma (i.e. Early
Miocene), as proposed by Thiem (1974), an average uplift
rate of 15-20mMyr~! (i.e. 15-20mmkyr™!) is required.
Given that this estimate is lower than our catchment-wide
10B¢ erosion rates, we argue that in this scenario with com-
paratively low uplift rates it would be impossible to generate
a significant post-Oligocene relief uplift in the Harz area, be-
cause at these rates any evolving mountainous topography
would be removed by erosion. This argument assumes that
our reconstructed '"Be erosion rates, which integrate over
the Late Pleistocene and Holocene (Table 2), are representa-
tive of the Quaternary and Neogene periods as well. Given
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that the climate in the Quaternary was characterized by re-
peated glacial-interglacial cycles and that most of our ero-
sion rates integrate over the time from the Last Glacial Max-
imum to the present day (i.e. over most of the last climate cy-
cle), this assumption may hold for the Quaternary. However,
if the investigated catchments eroded more rapidly during
the last glaciation due to periglacial conditions or the pres-
ence of glaciers, the assumptions of uniform erosion and a
steady state between '°Be generation and outflux via erosion
and decay would be violated. In that case, our erosion rates
would be somewhat overestimated, as indicated by numeri-
cal simulations that model temporal changes in erosion rate
and their effect on cosmogenic-nuclide inventories (e.g. von
Blanckenburg, 2006; Glotzbach et al., 2014). Given that our
10B¢ erosion rates are similar to or lower than '°Be erosion
rates determined for other, unglaciated regions in Germany
and Europe (e.g. Schaller et al., 2001; Meyer et al., 2010b;
Schaller et al., 2016), we argue that a potential overestima-
tion is small. Extrapolation of erosion rates further back in
time (i.e. to the Neogene) is more uncertain, because the
Neogene period was characterized by a warmer climate with
only minor climate fluctuations (e.g. Zachos et al., 2001).

Assuming an amount of 300 m of uplift since the Late
Pliocene (i.e. during the past ~3.5Ma), as proposed by
Konig and Blumenstengel (2005) and Kénig et al. (2011),
we derive an average uplift rate of ~ 86 mmkyr~'. More-
over, if the uplift stopped ~ 0.5 Ma (i.e. before the Elsterian
glaciation, as argued by Thiem, 1974), the resulting uplift
rate would be ~ 100 mm kyr~!. Given that both estimates ex-
ceed our catchment-wide '"Be erosion rates by a factor of
24, the amount and timing of uplift provided in the model
by Konig et al. (2011) would be compatible with the genera-
tion of significant relief in the Harz during the Pliocene and
Quaternary periods, despite the continued removal of surface
material by erosion in the Harz Mountains at rates derived in
this study.

In contrast, a model of neotectonic uplift totalling up to
90m triggered by glacial isostatic adjustment to the Elste-
rian glaciation (i.e. within a relatively short period of only
60—-100 kyr) was proposed by Diercks et al. (2021). Such val-
ues would imply very high Middle Pleistocene uplift rates
of 900-1500 mm kyr~!, which we consider to be unrealis-
tic, because rock-uplift rates of this magnitude occur only
in tectonically very active regions such as New Zealand (e.g.
Tippett and Kamp, 1995; Houlié and Stern, 2012) or the mar-
gins of the Tibetan Plateau (e.g. Hetzel, 2013; Godard et
al., 2014). This notwithstanding, mountain uplift according
to Diercks et al. (2021) was caused by crustal loading of the
northern Harz foreland by the Elsterian ice sheet and the re-
sulting reactivation of vertical structures along the northern
and southern boundaries of the Harz Mountains (see Diercks
et al., 2021, their Fig. 9). However, we note that such inher-
ited structures are not known to exist along the southern Harz
boundary, as also stated by Diercks et al. (2021) themselves.
In addition, the Harz Northern Boundary Fault is not a ver-
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tical structure but actually dips at an angle of 50-60° to the
SSW (Krawczyk and Stiller, 1999; Tanner and Krawczyk,
2017). Furthermore, Diercks et al. (2021) did not elaborate
on physical arguments or present a numerical model to sup-
port their proposed mechanism; thus, the postulated uplift
of the Harz due to foreland loading by the FElsterian ice
sheet remains highly speculative. In this context, we note
that finite-element models containing discrete fault planes
with a Mohr—Coulomb rheology were used previously to in-
vestigate the slip behaviour of faults during ice-cap growth
and subsequent melting (e.g. Turpeinen et al., 2008; Ham-
pel et al., 2009, 2010). Thus, any argument of glacial fore-
land loading as a trigger for rapid Middle Pleistocene up-
lift requires careful consideration of crustal conditions and
the Elsterian ice sheet configuration, including ice thickness
and gradient. Although reliable reconstructions of the thick-
ness of the former Elsterian ice sheet in the study area are
lacking, we can base a reasonable estimate on the altitude
of Elsterian deposits in the eastern Harz (i.e. Feuersteinlinie
at ca. 470 ma.s.l. near Ramberg). With an ice sheet surface
slope of ca. 2° for a terminal ice sheet region based on mod-
ern ice sheet analogues (Yi et al., 2005), we obtain a palaeo-
ice sheet surface gradient of ca. 35 mkm™!. Taking into ac-
count the altitude of the Subhercynian Basin (i.e. the base
level of the ice sheet), we find that the thickness of the El-
sterian ice sheet in the Subhercynian Basin at a distance of
10-15km from the Harz Mountain front is unlikely to have
exceeded 600—-800 m at any time during the Elsterian glacia-
tion. To evaluate whether glacial loading (and/or subsequent
unloading) by an ice sheet of this thickness can provide a fea-
sible mechanism potentially explaining the uplift of the Harz
Mountains by slip along pre-existing structures, a numerical
modelling approach should be pursued.

All studies on the Harz Mountains cited above have ex-
plicitly (or implicitly) related the post-Oligocene uplift of
the Harz to a renewed phase of tectonic activity of the Harz
Northern Boundary Fault (and hence to reverse faulting). In
the following, we review the published literature to evaluate
whether reverse faulting is still ongoing or not.

5.3 Are the Harz Mountains still uplifted by reverse slip
on the Harz Northern Boundary Fault?

A seismological hazard assessment for northern Germany
has argued that the Harz Mountains are part of a low-
seismicity region and lack evidence for Quaternary displace-
ments along existing faults (Leydecker and Kopera, 1999). In
contrast, a subsequent study by Kaiser et al. (2005) applied
thin-shell finite-element modelling to estimate the slip rates
of about 20 faults in the Central European Basin, which were
considered to be active. In their Table 1, Kaiser et al. (2005)
describe the Harz Northern Boundary Fault as a reverse fault
and report a modelled present-day slip rate of 0.08 mm yr—!
for the fault. However, inspection of their model results re-
veals that the fault is not active as a reverse fault but as
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a dextral strike-slip fault (see Figs. 7 and 8 in Kaiser et
al., 2005). More importantly, the velocity boundary condition
of 1-2 mm north—south shortening per year, which Kaiser et
al. (2005) applied in their numerical model, overestimates the
current shortening rate between the Alps and south Scandi-
navia significantly. A recent analysis of GPS data has shown
that north—south shortening in this region is negligible (Pifia-
Valdés et al., 2022). As a consequence, the fault-slip rates
reported by Kaiser et al. (2005) should be considered overes-
timates, and it may well be that some of the modelled faults,
including the Harz Northern Boundary Fault, are not tecton-
ically active at all.

The issue of whether the Harz experienced neotectonic
uplift has also been addressed by studying terrace profiles
along river valleys emanating from the Harz Mountains. Gen-
erally, three sets of regional terrace levels can be differ-
entiated in the northern Harz foreland based on their rela-
tive position above the modern floodplain and the distinct
petrographic clast composition of the respective terrace de-
posits. Of these, the highest and oldest terrace system is lo-
cated 35-70 m above the modern river level and has been
associated with Middle Pleistocene aggradation during pre-
Elsterian or early Elsterian times (Weymann et al., 2005). A
second flight of terraces, which, in contrast to the higher ter-
race deposits, also contains nordic clast components, is found
15-20 m above the river and formed during the early part of
the Saalian glaciation (Drenthe). Finally, a lower terrace sys-
tem, associated with the Weichselian cold stage, is located
approximately 1 m above the modern floodplain (Weymann
et al., 2005).

These terrace remnants have been used for nearly a cen-
tury to construct and evaluate palaco-valley long profiles in
order to identify evidence for or against neotectonic move-
ments along the northern margin of the Harz and its foreland
(Weissermel et al., 1932; Hovermann, 1950; Liittig, 1955;
Thiem, 1972; Bombien, 1987; Jordan, 1995; Weymann et
al., 2005). Unfortunately, no consensus has been reached on
this matter because issues related to the effects of local salt
tectonics and/or subrosion as well as difficulties in linking
terrace fragments over longer distances for palaeo-profile re-
constructions have complicated the analysis.

To the best of our knowledge, the only field evidence for
late Quaternary faulting at the northern margin of the Harz
Mountains was presented by Franzke et al. (2015). About
1 km SSE of the village of Benzingerode (Fig. 2a), they dis-
covered a steeply dipping fault (105/75 NNE) in a karst sink-
hole ~ 30 m north of the Harz boundary fault. The fault oft-
sets a debris-flow deposit with angular clasts of Palaeozoic
rocks by at least 1 m and is sealed by a younger debris flow
containing gypsum fragments (Franzke et al., 2015). Two dif-
ferent striations occur on the fault plane. A well-developed
striation plunges to the east (80/56), and kinematic indica-
tors and the apparent offset observed in the sinkhole indi-
cate normal faulting with a dextral strike-slip component
(Franzke et al., 2015). The less well-developed second stri-
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ation plunges gently to the WNW (300/35) and is related to
dextral strike-slip faulting with a minor component of reverse
faulting. Faulting was inferred to be Late Pleistocene to Early
Holocene in age (Franzke et al., 2015), and this timing is sup-
ported by two optically stimulated luminescence (OSL) ages
of 15-14ka obtained from one sample taken from the off-
set debris flow (Miiller et al., 2020). Although the observa-
tions by Franzke et al. (2015) clearly indicate local faulting in
the footwall of the Harz Northern Boundary Fault, the north-
ward dip of the fault plane and the evidence for normal and
dextral strike-slip faulting (with only a minor component of
reverse faulting) are inconsistent with a reactivation of the
Harz Northern Boundary Fault as a reverse fault. As sug-
gested by Miiller et al. (2020), the local faulting may have
been caused by stress changes triggered by the retreat of the
Late Pleistocene (Weichselian) ice sheet. In summary, none
of the studies cited above provides convincing evidence for
significant ongoing or recent uplift of the Harz Mountains by
reverse faulting, and this interpretation is supported by the
lack of elastic strain accumulation in northern Germany, as
documented by the recent analysis of GPS data across Eu-
rope (Pifia-Valdés et al., 2022).

5.4 Lowering of the areas around the Harz by erosion,
subrosion, and migration of salt

A completely different mechanism that may have contributed
to the elevated position of the low-relief surface in the Harz
Mountains relative to its foreland is the erosion and thereby
lowering of regions surrounding the Harz. Indeed, Diercks
et al. (2021) suggested that the lower knickzone in the Bode
valley was produced by the rapid erosion of 100-150 m of
relatively weak Mesozoic and younger sedimentary rocks
from the Subhercynian Basin after the Saalian glaciation (i.e.
after ~ 140ka), causing significant relative foreland lower-
ing over a short period of time, implying very high area-
wide erosion rates of 700—1100 mm kyr~!. We consider this
scenario to be inconsistent with field evidence, because the
Subhercynian Basin preserves extensive Middle Pleistocene
glacial cover sediments of Saalian and Elsterian age, which
should not be the case if the basin had experienced erosion
of the order of 100-150 m in post-Saalian times.

Although we consider a model of surface lowering of
the Subherzynian Basin of 100—150 m over the past 140 kyr
(Diercks et al., 2021) as unrealistic, it is reasonable to assume
that a far smaller portion of the apparent post-Oligocene up-
lift may in fact reflect a moderate lowering of the landscape
around the Harz by erosion. For example, if we assume that
the low-relief bedrock surface in the Harz erodes at rates of
about 2030 mm kyr~! (as indicated by our °Be data), ero-
sion of the surrounding regions at slightly higher rates of
40-50 mm kyr~—! would generate an elevation difference of
about 20 m in 1 million years. Hence, differential erosion in
the last few million years may have caused an elevation dif-
ference of several tens of metres between the Harz and its
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surroundings. A differential erosion between the Harz Moun-
tains and regions farther south and southwest is also indicated
on a longer timescale by the spatial distribution of AFT and
AHe ages (von Eynatten et al., 2019, 2021). In the Weser—
Fulda—Werra region (southwest of the Harz), AFT ages are
10-20 Ma younger than in the Harz Mountains, and ther-
mal modelling of these data indicates that the Harz was ex-
humed earlier than the Weser—Fulda—Werra region, where 3—
4 km of Mesozoic strata have been eroded between ~ 75 and
~ 55 Ma (von Eynatten et al., 2021; their Figs. 8a and 9). For
the Mesozoic sediments, these values suggest a long-term
erosion rate of 150-200 m Myr~! in the Late Cretaceous and
the Palaeocene.

Two other processes that may have caused surface low-
ering of regions surrounding the Harz include the subrosion
and lateral migration of widespread Permian salt into diapirs
and salt anticlines in the regions to the north and south of the
Harz (Paul, 2019). The presence of many sinkholes, clearly
visible in high-resolution DEMs (e.g. Miiller et al., 2020) and
in the field (Franzke et al., 2015), is evidence for the ongo-
ing dissolution of the steeply dipping Permian sulfate rocks
along the northern margin of the Harz. Paul (2019) goes as
far as to suggest that tectonic uplift of the Harz during the late
Tertiary and the Quaternary can be neglected as a process al-
together and that regional subsidence of the foreland due to
regional-scale subrosion and salt migration may account for
200-300m of relative altitudinal change between the Harz
and its forelands during this time. We would like to point
out that under a scenario of substantial foreland subsidence
since the late Tertiary, we would expect the Subherzynian
Basin to have formed a major depositional trough since the
late Tertiary. However, this appears to be inconsistent with
the widespread lack of Tertiary deposits in the Subherzynian
Basin, where Mesozoic sequences occur either at the surface
or under Quaternary cover sediments, which suggests that the
late Tertiary was predominantly a period of surface erosion.

6 Conclusions

This paper presents the first catchment-wide '°Be-based ero-
sion rates for the Harz Mountains to improve our understand-
ing of local Quaternary landscape dynamics under changing
tectonic and climatic boundary conditions. Our findings, de-
rived from stream-sediment samples of granitic catchments
draining the highest portion of the Harz Mountains (Brocken
peak, 1141 ma.s.1.), show that the tested catchments erode at
rates between 24 +2 and 5543 mmkyr~!, integrated over
the past 13-25 kyr. The spatial distribution of our '°Be data
indicates that slope steepness exerts a major control on the
magnitude of local erosion, with catchments characterized by
steeper slopes (i.e. 20 to 35°) eroding at higher rates between
30 and 55 mmkyr~!, while areas within the prominent low-
relief surfaces of the Harz (slope angles < 10°) erode at lower
rates of 24-30 mmkyr~!. The lowest erosion rates were ob-
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tained from granitic bedrock tors near the summit region of
the Brocken (19—21 mm kyr~!), demonstrating that the phys-
ical and chemical disintegration of bare rock surfaces occurs
at even lower rates than those recorded for low-relief but soil-
covered parts of the landscape.

Based on our new '“Be erosion rates and our assessment
of previously proposed models for the evolution of the Harz
topography, we argue that the post-Oligocene elevation dif-
ference of ~300m between the low-relief bedrock surface
in the Harz Mountains and the surrounding lowlands is the
result of at least three distinct processes: (1) mountain uplift
due to a potential reactivation of the range-bounding reverse
fault during the Neogene and Quaternary until ~ 0.5 Ma;
(2) widespread erosion of weak sedimentary rocks in the re-
gions adjacent to the Harz; and (3) dissolution and lateral
migration of Permian salt at depth, which led to surface low-
ering in the vicinity of the Harz Mountains.
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