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Abstract We determined erosion rates on timescales of
10'-10* years for two catchments in the northeastern
Rhenish Massif, in order to unravel the Quaternary land-
scape evolution in a Variscan mountain range typical of
central Europe. Spatially averaged erosion rates derived
from in situ produced '°Be concentrations in stream sedi-
ment of the Aabach and Mohne watersheds range from
47 £ 6 to 65 = 14 mm/ka and integrate over the last 9—
13 ka. These erosion rates are similar to local rates of river
incision and rock uplift in the Quaternary and to average
denudation rates since the Mesozoic derived from fission
track data. This suggests that rock uplift is balanced by
denudation, i.e., the landscape is in a steady state. Short-
term erosion rates were derived from suspended and dis-
solved river loads subsequent to (1) correcting for
atmospheric and anthropogenic inputs, (2) establishing
calibration curves that relate the amount of suspended load
to discharge, and (3) estimating the amount of bedload. The
resulting solid mass fluxes (suspended and bedload) agree
with those derived from the sediment volume trapped in
three reservoirs. However, resulting geogenic short-term
erosion rates range from 9 to 25 mm/ka and are only about
one-third of the rates derived from '°Be. Model simulations
in combination with published sediment yield data suggest
that this discrepancy is caused by at least three factors: (1)
phases with higher precipitation and/or lower evapotrans-
piration, (2) rare flood events not captured in the short-term
records, and (3) prolonged periods of climatic deterioration
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with increased erosion and sediment transport on
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Introduction

One of the main factors controlling the topographic evo-
lution of mountain belts is the rate at which material is
eroded and removed at the Earth’s surface. In tectonically
active regions, erosion and rock uplift are acting as two
competing processes, and it has been suggested that oro-
genic systems will tend toward a steady state in which rock
uplift is balanced by erosion (Hack 1976; Willet and
Brandon 2002). On what timescales such an equilibrium
between erosion and uplift is reached and for how long
such a steady state can be maintained is a matter of debate.
An important prerequisite for resolving these questions is
the determination of accurate erosion rates over long
timescales. Until recently, however, estimates of erosion
rates have mainly relied on measurements of dissolved and
suspended load in streams, which typically integrate over
periods of a few years to decades (e.g., Milliman and Sy-
vitski 1992; Summerfield and Hulton 1994). For several
reasons such sediment gauging methods yield erosion rates
that may not be representative for natural erosion over
millennial timescales. First, the amount of dissolved load
does not only reflect the chemical weathering of rocks in a
given catchment, but also comprises atmospheric and
anthropogenic inputs. Second, the amount of suspended
load depends strongly on stream discharge, but quantifi-
cation of this relation is notoriously difficult (e.g., Lenzi
and Marchi 2000). Third, recent changes in land use and
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agricultural practices may have accelerated soil erosion
(e.g., Pimentel et al. 1995), thereby masking the natural
erosion rate. Fourth, most of the sediment may leave a
given catchment during infrequent flood events, which may
be not be captured in sediment gauging studies (e.g., Kir-
chner et al. 2001; Schaller et al. 2001).

One possibility to obtain natural erosion rates on time-
scales of 10°-10° years is to determine the volume of
sediment stored in lakes or valleys (e.g., Zolitschka 1998;
Hinderer 2001). Respective quantifications, however,
reflect exclusively physical (mechanical) erosion. Contri-
butions from chemical weathering appear as dissolved river
loads; hence, will not be captured by sediment storage
gauging (Hinderer 2001). In contrast, cosmogenic nuclides
allow the quantification of natural background erosion rates
in a quasi-holistic approach, considering the entire land-
scape evolution independent of the weathering type and on
timescales of 10°-10° years. A short introduction to cos-
mogenic nuclides is given below, further details can be
found in Brown et al. (1995a), Bierman and Steig (1996),
Granger et al. (1996), von Blanckenburg (2006), and
Granger and Riebe (2007).

Cosmogenic nuclides are continuously produced in the
uppermost layer of the Earth’s surface by the interaction of
cosmic rays with matter (e.g., Lal 1991). Underground, the
production rate of cosmogenic nuclides decreases rapidly
with depth and therefore, a steadily eroding bedrock surface
has a nuclide concentration that is inversely proportional to
the rate of erosion (Lal 1991). Likewise, the cosmogenic
nuclide concentration in alluvial stream sediment provides a
spatially averaged erosion rate for river catchments, if
nuclide production in the catchment is equal to nuclide
removal by erosion and transport out of the catchment via
streams (Brown et al. 1995a; von Blanckenburg 2006).
Most widely applied in erosion rate studies is the nuclide
'Be, which is for instance produced in the mineral quartz,
but cosmogenic nuclides such as *'Ne and 2°Al have also
been applied in erosion rate studies (e.g., Kober et al. 2007).
Determination of spatially averaged erosion rates with '’Be
requires (1) that quartz is distributed uniformly in the
catchment, (2) that fluvial sediment is well mixed and its
'Be concentration is representative for the erosion rate of
the hillslopes, and (3) that production of '°Be occurs pre-
dominantly on the hillslopes, whereas production and decay
of '""Be during sediment transport are negligible (e.g.,
Granger et al. 1996). Whether a catchment exposes only
bedrock or is covered by a regolith layer, in which biotur-
bation or other processes lead to vertical mixing of material,
is irrelevant for the application of the method. This is
because mixing of an eroding regolith leads to a spatially
averaged nuclide concentration in the regolith that is the
same as the nuclide concentration of a bedrock surface
eroding at the same rate (Granger et al. 1996; Brown et al.
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2003). Erosion rates determined with cosmogenic nuclides
integrate over a timescale required to erode about ~ 60 cm
of bedrock, commonly periods of 10°~10° years depending
on the erosion rate. Finally, it is important to note that these
erosion rates comprise the sum of physical erosion and
chemical weathering (e.g., Riebe et al. 2001).

In this study, we derived erosion rates for two catch-
ments in the northeastern Rhenish Massif using
cosmogenic 10g¢ abundances, the chemical composition of
river load and the volume of sediment trapped in two
reservoirs at the outlets of these catchments. Corrections
have been applied for dissolved loads resulting from
atmospheric and anthropogenic inputs, and time-integrated
suspended loads were quantified. The results obtained by
the different methods are compared with each other and
their implications for the Late Quaternary landscape
development are discussed.

Geological setting and description of the target
catchments

The Rhenish Massif is part of the Variscan mountain belt in
Central Europe (e.g., Franke 2000), and consists mainly of
very low grade to unmetamorphosed Devonian and Car-
boniferous sediments. It represents one of the best
documented cases of Cenozoic plateau uplift in Central
Europe (Fuchs et al. 1983). Since the Early Tertiary, the
Rhenish Massif experienced a prolonged period of slow
rock uplift locally accompanied by volcanic activity (Fuchs
et al. 1983). The uplift of the massif has been interpreted as
an isostatic response to the heating of the lithosphere by a
mantle plume located beneath the Eifel region (e.g., Gar-
cia-Castellanos et al. 2000; Ritter et al. 2001). Detailed
investigations of river terraces along the antecedent river
Rhine and its tributaries have revealed that rates of river
incision and rock uplift are spatially variable and differ in
fault-bounded crustal blocks (e.g., Meyer and Stets 1998;
Van Balen et al. 2000). In general, the highest uplift rates
occur in the western Rhenish Massif, where the elevation
of the main terrace level of the Rhine indicates an uplift
rate of about 250 mm/ka during the last ~800 ka (Meyer
and Stets 1998). Outward from this uplift center, the uplift
rates generally decrease to less than 50 mm/ka (Van Balen
et al. 2000).

We selected two watersheds, the Aabach and the Mohne
catchments, in the northeastern part of the Rhenish Massif
for the determination of erosion rates on different time-
scales (Fig. 1). Continued rock uplift in this region during
the Quaternary is evident from five terrace levels that
stretch along the river Diemel (Fig. 1), although the exact
age of the terraces is unknown (Wortmann 1937; Meiburg
1979). The highest terrace occurs up to 135 m above the
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Fig. 1 Geological map of the
northeastern Rhenish Massif
and the adjacent Cretaceous
Basin in the north and the
Lower Rhine Basin in the east.
The locations of the Aabach and
Mohne catchments shown in
Figs. 2 and 3, respectively, are
indicated by black rectangles

present river between the villages Marsberg and Westheim.
Assuming that the five terraces formed in the last 1.5-2 Ma
as a response to Quaternary climate fluctuations and that
river incision reflects rock uplift, they indicate rates of river
incision and rock uplift of about 65-90 mm/ka. Both target
catchments have not been glaciated and their soil-covered
hillslopes dip gently at 3-6°.

The small Aabach catchment (24 km?) has a relief of
150 m and is predominantly underlain by a thick, homo-
geneous sequence of intercalated greywackes and shales
(Fig. 2). It consists of two subcatchments drained by the
streams Grofle Aa and Kleine Aa. The Mdhne catchment has
a relief of 450 m and contains the two main subcatchments
Moéhne (379 km?) and Heve (85 km?). Apart from Late
Carboniferous greywackes and shales, the Brilon and
Warstein anticlines expose Devonian limestones, slates, and
sandstones (Fig. 3). In addition, a narrow belt of Cretaceous
sediments along the northern margin of the catchment
contains limestone, sandstone, and marl. Discharge in the
two target catchments is monitored continuously at six
gauging stations operated by three water agencies: Ruhr-
verband, Aabach-Talsperre, and Staatliches Umweltamt
Lippstadt (Table 1). Four of these gauges are located in the
Mohne catchment and two are situated in the Aabach
watershed (Figs. 2, 3). Land use pattern for both catchments
have been extracted from the Corine Land Cover map 2000
of the European Environment Agency (EEA®, Copenhagen
EEA 2000; http://www.eea.eu.int) at a resolution of 100 m,
listing 44 different categories of land use. We simplified
these categories into forest, pasture, farmland, and urban
areas (Table 1). In the Aabach catchment and the Heve
subcatchment forest prevails, whereas the three other

S
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subcatchments of the Mohne catchment have higher pro-
portions of farmland and urban areas.

Long-term erosion rates determined with '’Be
Sample collection and preparation

Samples of bedload material (4-6 kg) for '°Be analysis
were either collected from sand bars or directly from stream
channels. After washing and sieving, conventional mag-
netic separation techniques were applied to enrich quartz in
the 0.125-0.5-mm grain size fraction. This grain size frac-
tion was chosen, because it represents the dominant grain
size of quartz in the exposed lithologies. This was followed
by one etching step in 6 M HCI and several etching steps in
diluted HF/HNOj in a heated ultrasonic bath to obtain pure
quartz (cf. Kohl and Nishiizumi 1992). After dissolution of
~35 g quartz, Be was separated by successive solvent
extractions, precipitated as Be(OH), and transformed to
BeO at 1,000°C. Following mixing of the BeO with copper
powder for target preparation, the '’Be analysis was carried
out at the AMS facility of ETH Zurich (details of the AMS
measurements are given in Synal et al. 1997).

Quantification of erosion rates

In calculating erosion rates from the '’Be concentrations,
we have followed the approach described by Schaller
et al. (2002). Hence, erosion rates determined in this
study will be easily comparable with erosion rates pre-
viously determined for central Europe (Schaller et al.
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2001; Morel et al. 2003; Wittmann et al. 2007). Schaller
et al. (2002) explicitly consider the '’Be production by
muons, which is important because, although '°Be is
predominantly produced by neutrons at the Earth’s sur-
face, the relative contribution of muons increases with
depth and eventually becomes dominant (e.g., Gosse and
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Phillips 2001). As a consequence, neglecting the '’Be
production by muons leads to an underestimation of
erosion rates, which for the Rhenish Massif would be up
to 25% lower (cf. Brown et al. 1995b; Balco et al. 2008).
Schaller et al. (2002) used '°Be production rates by
neutrons, stopped muons, and fast muons at sea level and
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Table 1 Location of gauging stations and data on precipitation, water discharge, evapotranspiration, and land use in the Aabach and Mohne

catchments (Rhenish Massif, Germany)

Gauging Location Basin Precipitation® Discharge® Acquisition Evapotranspiration’ Land use® (%)
station area® (mm/a) (m%/s) period (mm/a)
Lat. Long. (km?) Forest Pasture Farmland Urban
51°N  8°E area
Aabach catchment
Grofie Aa 28/34” 4500”7 154 1,041 0.21 2002-2007 611 70.6 238 32 2.4
Kleine Aa 29'22" 45'04” 8.1 1,041 0.09 2003-2007 691 1000 0.0 0.0 0.0
Mohne catchment
Glenne 28/52" 2325”853 971 1.15 1959-2007 546 66.8 4.8 259 25
Belecke 29'11" 1822" 328.8 978 4.06 1964-2007 589 51.0 102 31.1 7.7
Mohne 28/33" 11'40" 378.6 978 4.51 1960-2007 602 51.3 9.2 30.6 8.9
Heve 27'20"  09'20"  85.1 1,047 1.09 1960-2007 643 86.0 3.0 9.8 1.2

 Basin areas were determined from 90 m SRTM digital elevation data

® Mean precipitation measured by the water agencies Aabach-Talsperre and Ruhrverband, and by Deutscher Wetterdienst

¢ Mean discharge measured by the water agencies Staatliches Umweltamt Lippstadt, Aabach-Talsperre, and Ruhrverband during the specified

acquisition periods

4 Evapotranspiration was calculated by subtracting the discharge from the precipitation, taking into account the basin area

® Land use is based on the Corine Land Cover map 2000 of the European Environment Agency ( EEA®, Copenhagen, EEA 2000;

http://www.eea.eu.int)

high latitude (>60°) of 5.33, 0.106, and 0.093 at/g/a,
respectively, which are based on the total '’Be production
rate determined by Kubik et al. (1998) and data on muon
production (Heisinger et al. 2002a, b). Using the scaling
model of Dunai (2000), we adjusted these production
rates separately to the mean latitude and mean altitude of
the different subcatchments studied here. Topographic
parameters were determined from digital elevation Shuttle
Radar Topography Mission (SRTM) data with a spatial
resolution of 90 m. Quantification of topographic shield-
ing using the algorithm of Codilean (2006) indicates that
shielding is negligible (shielding factors for all catchments
>0.999, i.e., close to 1). The erosion rates calculated for
the Aabach and Mohne catchments range from 29.4 + 1.9
to 86.4 + 6.4 mm/ka (Table 2). We report two different
errors: the first one only includes the analytical error (10)
of the AMS measurement, whereas the second one takes
into account an estimated uncertainty on the total '’Be
production rate of 10%. The first error is appropriate for
inter-sample comparison, but the second one should be
used when comparing results from this study with erosion
rates determined by other methods.

Short-term erosion rates derived from river loads

Sample collection and preparation

For quantification of dissolved loads, rivers were sampled
twice at all six gauges in autumn 2006 at low discharge and

in spring 2007 at high discharge. The pH was measured in
the field, whereas HCO;~ was quantified via acid titration
within 24 h after sampling. Selected dissolved constituents
were analyzed with ICP-OES (Na®, K*, Mg®", Ca’",
Si4+) and ion chromatography (SO427, Cl~, NO3"). For
carbon isotope analyses of dissolved inorganic carbon
(DIC), water samples were poisoned with HgCl, and closed
air-tight in the field. Mass spectrometric measurements
were performed using a ThermoFinnigan Delta Plus XL
coupled to a GasBench II. The 6'*C values are reported in
permil relative to V-PDB. In general, only mean values are
reported for the dissolved load from both sampling periods
(Table 3).

The suspended load in rivers is strongly dependent on
discharge. Representative sampling for quantifying the
suspended load at different discharges was achieved by
collecting 5-10 samples at each gauging station between
autumn 2006 and autumn 2007. Emphasis was placed on
high-discharge events, when the suspended load is expec-
ted to reach maximum values. As the water agencies
measure the discharge every 15 min, it is well defined for
the sampling periods. The amount of suspended load was
determined by filtering 1 1 of each water sample through a
0.45-pm filter.

Correcting for contributions not related to natural rock
weathering

The dissolved river load results not only from the chemical
weathering of bedrock, but comprises additional natural
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Table 2 Sample locations, catchment characteristics, and erosion rates based on cosmogenic '°Be in quartz from stream sediment from the

Aabach, Mohne and Heve subcatchments (Rhenish Massif, Germany)

Sample Location Grain size  Basin area® Mean Mean 10Be” Erosion rate  Error® Total error
(mm) (km?) altitude® (m) hillslope® (°) (10° at/g) (mm/ka) (mm/ka) (mm/ka)
Lat. Long.
51°N 8°E
Aabach subcatchments
05D2 28'13”  45'04”  0.125-0.5 15.4 449 4.7 1409 £ 8.5 46.7 +3.0 +5.5
05D3 29'01”  45'23”  0.125-0.5 7.0 447 4.1 138 £ 24 477 +8.8 +10
Mohne subcatchments
05D1 29'07"  2824”  0.125-0.5 98.8 443 54 102+ 19 65 +13 +14
06D16 28'04” 20'32” 0.125-0.5 61.6 411 54 1148 £ 6.6 56.1 +34 +6.5
06D17 2833” 11'40” 0.125-0.5 378.6 393 5.1 745 +£ 53 864 +6.4 +11
06D19 28'52" 23/25” 0.125-0.5 85.3 435 5.8 217 £ 13 294 +1.9 +3.5
07D16 27'25" 26'07” 0.125-0.5 50.4 452 5.7 133 £ 11  49.6 +4.2 +6.5
07D17 28'58" 26/53” 0.125-0.5 13.6 400 54 116.0 £ 6.2 55.0 +3.1 +6.3
07D18  25'36"” 20'57” 0.125-0.5 14.3 480 6.3 127.8 £ 6.1 52.8 +2.7 +59
07D21 2911”7 1850” 0.125-0.5 323.7 410 5.2 1173 £7.0 5438 +34 + 6.4
07D23 28’57 25'05" 0.125-0.5 10.9 345 29 735+ 46 84.6 +5.5 +10
07D24 29'10" 21'10” 0.125-0.5 13.4 323 2.7 110.2 £ 6.7 548 +3.5 +6.5
Heve subcatchment
06D18 2720”7 09'20”" 0.125-0.5 85.1 387 5.5 1220 £ 7.6 51.7 +34 +6.2

? Basin areas, mean altitudes and mean hillslopes were determined from 90 m SRTM digital elevation data

® 10B¢ concentration with analytical error (10)

¢ Analytical error (1o) for inter-sample comparison

4 Combined analytical and estimated production rate error of 10% for inter-method comparison

and anthropogenic inputs. These must be subtracted from
the total dissolved load in order to determine short-term
erosion rates (Table 3).

A correction has been applied for the contribution of
HCOj3;™ in weathering solutions derived from the oxidation
of soil organic matter. For this, the carbon isotopic com-
position of dissolved inorganic carbon (Table 3) was
measured. In general, soil organic matter reflects plant
debris (litter). The organic carbon stems from photosyn-
thetic carbon fixation and is characterized by a §'°C of
about —25%o0 (Buhl et al. 1991). Pure oxidation of this
organic matter will not be accompanied by an isotope
fractionation. However, dissolution of CO, in water causes
a fractionation of about +7%. (Wigley et al. 1978), ulti-
mately leading to respective 0'°Cpic values of about
—18%o. In contrast, carbonate rocks typically have 6'°C
values of about 0%o (Kendall and Doctor 2003). Hence, the
proportion of HCO3™ in river water derived from soil
organic matter oxidation can be calculated as:

3B Cpic
3 3 (1)
0 "Csoc — 0 " Ccarb

where [HCO; |1 is the total HCO3;™ concentration in
river water, 513CDIC is the measured carbon isotopic

[HCOS_ ] soc™ [HCOS_ } Tot < (
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composition of the total HCO;™, 63Csoc is the carbon
isotope value for DIC derived from oxidation of soil
organic carbon (—18%o) (Buhl et al. 1991), and 8"3Cean is
the carbon isotopic composition of exposed carbonate
rocks (0%o0) (Kendall and Doctor 2003). Applying this
equation indicates that 50-66% of the total HCO3™ in the
streams of the Mohne and Aabach catchments originates
from soil solutions (Table 3).

Another contribution to the dissolved river load stems
from precipitation and its chemical inventory. Quantifica-
tion for this atmospheric input was achieved by using
respective data from Beilke et al. (2003) who determined
the chemical composition of precipitation over Germany.
For the control station Hilchenbach in the Rhenish Massif
(for location see Fig. 1), the total concentration of solutes
amounts to 4.6 mg/l. The final contribution to the dissolved
river load, however, is affected by evapotranspiration
causing an increase in concentration. For the six sub-
catchments upstream of the gauges, the water balance
indicates that 56-66% of the precipitation is lost by
evapotranspiration. To correct for the associated increase
of solutes in surface waters, we calculated a mean evapo-
transpiration factor Fgr for the entire study area according
to Négrel et al. (1993):
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Table 4 Erosion rates derived from river load gauging data for six subcatchments of the Aabach and Mdohne catchments (Rhenish Massif,

Germany)
Gauging Total Atmospheric  Anthropogenic  Corrected Suspended Estimated Total Erosion rate from
station dissolved input® (mg/l) input® (mg/l) dissolved load® load® bedload”  erosion rate? suspended and bedload
load® (mg/l) (mg/1) (mg/1) (mg/1) (mm/ka) only® (mm/ka)
Aabach catchment
GroBe Aa  139.1 56.2 9.1 73.8 £ 14.8 70+21 1.0+05 130+24 13+£03
Kleine Aa 115.3 47.0 3.0 65.4 + 13.1 47+14 0704 92+17 07+£02
Mohne catchment
Glenne 202.8 78.4 21.0 103.3 £+ 20.7 169 +51 25+13 193+34 31+08
Belecke 321.6 101.3 90.3 1300 £ 260 163 +49 244+12 2154+38 27+£07
Méhne 396.8 126.7 1159 1542 £30.8 239+72 36+18 253+44 38+£1.0
Heve 88.9 28.4 9.2 51.3 £ 103 192+58 29+14 11.0+18 33+09
# Mean dissolved load concentrations from measurements in autumn 2006 and spring 2007
® Including HCO3 from the oxidation of organic matter
¢ Including NaCl groundwater from the river water of the gauging stations Belecke and Mohne
4 Dissolved load corrected for atmospheric and anthropogenic input. Assumed error, 20%
¢ Suspended load corrected for organic input. Assumed error, 30%
" Assumed error, 50%
& Rock density in the catchments is assumed to be 2.7 g/cm®
400 A
i Pi
Fer = =211 2 = | B Mshne
S [} > —~
i=1 A; = -
. L . . . o 3007 — M Belecke
where P; is the precipitation, Q; is the discharge, and A; is g 5 P ~
the area of the respective watersheds (Table 1). Note that = | R“=0.90
groundwater discharge has been neglected in this water 2 200 _
. o] ® Glenne
balance, and therefore, the value for Fgr of 2.56 is a 3 {GroBe Aa -~
maximum estimate. Subsequently, we multiplied the con- % . [ I
centration of solutes in the precipitation by 2.56 and o 100 ¥Kleine A.aH ove
subtracted these evapotranspiration-corrected concentra- .
tions from the total dissolved load (Table 3). As the factor 0
Fgr is a maximum estimate, the non-atmospheric dissolved 0.0 0.2 0.4 0.6

loads are minimum values. In summary, the total atmo-
spheric inputs, including the contribution of HCO3;™ from
oxidation of organic matter, in the respective subcatch-
ments vary from 28 to 127 mg/l, which is equivalent to 31—
41% of the total dissolved load (Table 4).

Anthropogenic pollution constitutes another input
source that needs to be corrected for when determining the
natural dissolved load in rivers. In general, the amount of
dissolved load in rivers is considerably higher in urban
areas compared to sparsely populated regions (Flintrop
et al. 1996). In the Mohne and Aabach catchments, the total
dissolved river loads increase with the proportion of
farmland and urban areas (Fig. 4). Higher dissolved loads,
especially in the subcatchments having a high percentage
of farmland, are influenced by anthropogenic inputs.
Likely, all NO5;™ is ultimately derived from agriculture and
was subtracted from the measured total dissolved load
(Table 3).
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(Farmland + Urban area) / (Forest + Pasture)

Fig. 4 Relationship between total dissolved loads and land use,
described as the ratio between farmland and urban area divided by the
area with forest and pasture, for the subcatchments of the six gauging
stations. The four land use categories are given in Table 1

In addition to atmospheric inputs, CI™ in river water
originates from weathering of evaporites and/or from direct
anthropogenic inputs (e.g., Roy et al. 1999). In the absence
of evaporites in a given catchment, C1™ is commonly used
to identify the magnitude of anthropogenic pollution (e.g.,
Négrel et al. 1993). No evaporites are exposed in the
studied areas, hence, no direct contribution from evaporite
dissolution can be expected. However, from the western
part of the Warstein anticline, situated within the Mohne
catchment, groundwater is delivering NaCl to the Wester-
bach stream (Fig. 3) (Koch et al. 1974). Very likely, this
contribution is causing the increased Na® and Cl~
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concentrations at the gauges Belecke and Mohne (Table 3).
The NaCl-containing groundwater originates in the Brilon
anticline, where streams trickle away in the karst (Busch
and Ewald 2000). We assume that after correcting for the
input from precipitation, the remaining C1™ is derived from
NaCl-rich groundwater and from anthropogenic sources
such as communal and industrial effluents, i.e., road salts
and fertilizers. Similarly, Na™ is a dominant pollution ion
(Flintrop et al. 1996). Hence, after correcting for the
atmospheric contribution, the remaining C1~ and the stoi-
chiometric proportion of Na® are subtracted from the
dissolved river loads. We acknowledge that this is still a
rather simplified correction, as other major ions in addition
to Na™ could result from anthropogenic inputs, such as K™,
Mg®" and Ca®" commonly present in fertilizers.

For two reasons, the applied correction for anthropo-
genic inputs leads to geogenic dissolved loads that are
maximum estimates. First, the difficulty to identify all
anthropogenic sources may underestimate the anthropo-
genic inputs. Second, anthropogenic inputs such as SO,*~
and NO;™, which decrease the pH value in soils, lead to
increased chemical weathering (Drever 1994). The
anthropogenic inputs in the six watersheds, including the
contribution of NaCl from groundwater, constitute 3—
116 mg/l or 3-29% of the total dissolved river load
(Table 4). Thereby, the rivers within the Belecke and
Mohne subcatchments show the highest proportions of
anthropogenic pollution, because they receive NaCl-rich
groundwater.

Following all applied corrections, the dissolved river
loads considered to result exclusively from rock weath-
ering range from 51 to 154 mg/l or 39-58% of the
measured total dissolved loads (Table 4). Still, the con-
centrations of Ca’" and HCO; ™ in the three watersheds of
the Mohne (Glenne, Belecke, and Mohne in Table 3) are
higher than in the Heve subcatchment and the two sub-
catchments of the Aabach catchment. These high
concentrations of Ca’" and HCO;™ are presumably a
consequence of the Devonian limestones exposed in the
Warstein and Brilon anticlines and exposed Cretaceous
carbonates north of the Mohne valley (Fig. 3). Corrected
dissolved loads are reported with an estimated uncertainty
of £20% (Table 4).

Determination of suspended load and estimation
of the bedload

In general, the amount of suspended load is positively
correlated with discharge, and infrequent flood events may
transport large amounts of sediment (e.g., Schmidt and
Morche 2006). This is also apparent in the present data set,
as suspended loads during high-discharge events are more

than one order of magnitude higher than during low dis-
charge (Fig. 5). In order to quantify this relationship,
regression analysis using either polynomial or power
functions were performed (Fig. 5). Applying these func-
tions, we calculated time-integrated suspended loads in
milligram per liter (SPMp,y for polynomial functions and
SPMp,,, for power functions) within the respective periods
of 5-49 years during which discharge has been monitored
(Table 1):

YL 0ix (ax QP +bx Q)
Z?:l 0

Do Qi x (ax Qf))
SPMp,y, = 7
’ Zi:l 0

where n is the number of days since the water agencies
started to record discharge, Q; is the daily mean discharge,
and a and b are coefficients from the respective rating
curves (Fig. 5). The suspended loads must be corrected for
modern particulate organic matter in order to quantify the
suspended river load solely derived from rock weathering.
Kaspar (1993) determined this organic component in a
river of comparable size draining a low mountain range in
southern Germany. She concluded that organic matter
accounts for 5-30% of the suspended load, depending on
the season and vegetation cover. We applied an average
value of 15% organic matter for correcting the suspended
river loads, resulting in a range of 5-24 mg/1 for the M6hne
and the Aabach. For all six gauges, the corrected suspended
loads are considerably smaller than the dissolved loads
(Table 4).

In general, the sediment peak during individual high-
discharge events commonly precedes the peak discharge
and follows a clockwise hysterisis loop (Lenzi and Marchi
2000; Rovira and Batalla 2006). Owing to the individual
characteristics and location of active sediment sources in
different catchments, as well as the variable time interval
during two subsequent high-discharge events, the rela-
tionship between suspended load and discharge is often
more complex (Lenzi and Marchi 2000). Therefore, we
estimate an uncertainty of £30% for the suspended loads
(Table 4; Fig. 5).

In general, bedload transport in streams occurs within
well defined hydrographic thresholds, however, a well-
established formula for calculating the bedload is lacking
(Rickenmann 1997; Martin 2003). Many studies in low
mountain ranges consider a value of 10% of the total
suspended load in order to approximate bedload (e.g.,
Judson and Ritter 1964; Summerfield and Hulton 1994).
Kaspar (1993) determined comparable values of 10-20%
for the bedload in a river draining Jurassic mudstones,
whereas in a granitic watershed the bedload amounted to
40-50% of the suspended load. As the Mohne and Aabach

SPMpy = (3)

(4)
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catchments drain very low grade to unmetamorphosed
sedimentary rocks, we estimate the bedload to be 15% of
the suspended load and assume an error of 50% (Table 4)
to account for the bedload range observed previously in
sedimentary rocks (e.g., Kaspar 1993).

For converting the concentrations of the different river
loads to total erosion rates [mm/ka], we considered a
bedrock density of 2.7 g/cm®, the respective basin areas,
and the discharge recorded by the six gauging stations over
periods between 5 and 49 years. These short-term erosion
rates of the Aabach and Mo6hne catchments range from 9 to
25 mm/ka (Table 4).

Discussion

Comparison of long-term and short-term erosion
rates in the Rhenish Massif

. . .1
The long-term erosion rates derived from cosmogenic '°Be

concentrations of stream sediments in the Aabach and
Mohne catchments are very homogenous and range from
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46.7 £ 5.5 to 65 £+ 14 mm/ka, with the exception of three
samples to be discussed below (Table 2; Figs. 2, 3). The
determination of erosion rates with '’Be is potentially
complicated by the storage and remobilization of sedi-
ments, because during storage additional '°Be is generated
near the surface, whereas '“Be is lost due to radioactive
decay, if sediment is shielded at depth. However, the net
effect on cosmogenic nuclide concentrations will be small
as long as the mean residence time of the sediment in
storage and transport is shorter than the time during which
1Be is produced on the hillslopes (Granger et al. 1996).
Long-term deposition of sediment and subsequent irradia-
tion would result in a progressive downstream increase in
the concentration of cosmogenic nuclides and a decrease of
erosion rates (cf. Schaller et al. 2001). Such a downstream
decrease in the erosion rates is not observed along the
Mohne river and its tributaries (Fig. 3). Especially the high
erosion rate of 86 = 11 mm/ka recorded by sample 06D17
from the outlet of the Mdhne catchment indicates that long-
term deposition of sediment in the floodplain and sub-
sequent irradiation does not play a detectable role. The
Kitzelbach stream, draining a subcatchment containing a
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large proportion of Cretaceous sediments at the northern
margin of the Mohne catchment, also yields a relatively
high erosion rate of 85 £ 10 mm/ka (sample 07D23).
However, this likely reflects the presence of weakly con-
solidated Cretaceous sediments comprising alternating
layers of sandstone, marl, and limestone (Clausen and
Leuteritz 1984). In the Glenne subcatchment, a low erosion
rate of 29.4 £ 3.5 mm/ka was recorded for sample 06D19.
In principle, long-term storage and irradiation of sediment
at a shallow depth of <2 m, possibly in karstified lime-
stones of the Warstein anticline, could explain the high
'Be concentration of this sample. However, a sample from
the Westerbach stream, which traverses the Warstein
anticline about 5 km farther to the west, yielded an erosion
rate of 56.1 &+ 6.5 mm/ka (sample 06D16), i.e., very sim-
ilar to most other samples. Thus, the uniquely low erosion
rate for the Glenne subcatchment remains unexplained at
present.

Erosion rates determined with '’Be integrate over the
period that is required to remove about ~ 60 cm of bedrock
with a density of 2.7 g/cm® or an equivalent mass of less
dense soil, which is present in the investigated catchments.
For the investigated catchments this is a period of 9—13 ka.
As cosmogenic nuclides are quite insensitive to short-term
changes in erosion rate, i.e., to temporal violations of the
steady-state assumption, they should provide a robust
estimate of the natural background erosion rates (von
Blanckenburg 2006). Consequently, the '°Be-based erosion
rates determined here should not reflect any recent changes
in land use. This is quite variable at present, for example,
the subcatchment of the Kleine Aa is completely forested,
whereas the Mohne subcatchments comprise 30% farmland
and only 50% of forest cover (Table 1). Despite these
pronounced differences the long-term erosion rates in the
Mohne and Aabach watersheds do not show any correlation
with land use; a conclusion that is comparable to previous
studies in other climatic settings (Hewawasam et al. 2003;
von Blanckenburg 2006; Vanacker et al. 2007). In addition,

the '°Be erosion rates are also independent of catchment
size.

The short-term erosion rates derived from the river loads
in the Aabach and Mdhne catchment integrate over the
period for which discharge data are available, i.e., between
5 and 49 years (Table 1). The samples collected at the two
gauging stations in the Aabach catchment and the Heve
subcatchment yield similar erosion rates between 9 and
13 mm/ka. In contrast, river loads from the Glenne, Bel-
ecke, and Mdhne subcatchments are about twice as high,
resulting in erosion rates of 19-25 mm/ka (Table 4). This
difference is most likely caused by limestone exposures in
the Warstein and Brilon anticlines of the Mohne catchment
(Fig. 3) that are affected more strongly by chemical
weathering and contribute large amounts of Ca*" and
HCO;™ to the dissolved load (Table 3). The volumes of
sediment trapped in three storage basins located in front of
the reservoirs of the Mohne and Aabach catchments pro-
vide an independent check for the erosion rates derived
from river loads over periods of 13, 16, and 28 years,
respectively (Table 5). However, when comparing these
two data sets it must be kept in mind that the sediments in
the storage basins reflect only the sum of suspended and
bedload, but do not account for the dissolved load. Con-
sequently, the erosion rates calculated from the sediment
storage are expected to be considerably lower than the rates
derived from river load data. More precisely, the reservoir-
based erosion rates should mirror those determined from
the suspended and the bedload. This is seen for the reser-
voirs in the Mohne and Heve subcatchments, with
respective erosion rates of ~2 and ~4 mm/ka, compared
to ~25 and ~ 11 mm/ka, respectively (Tables 4, 5). For
the subcatchment of the GroBe Aa, however, the erosion
rates determined from sediment storage, i.e., ~10 mm/ka,
and based on river load, ~ 13 mm/ka, are nearly identical.
The large volume of sediment deposited in the Aabach
storage basin between 1983 and 1996 results from higher
suspended load and bedload fluxes than today. The strong

Table 5 Erosion rates based on the volume of sediment in reservoirs of the Aabach and Mohne catchments (Rhenish Massif, Germany)

Reservoir Basin area® Volume of Period of Accumulation rate Erosion rate®
(kmz) sediment® (m3) observation (a) of sediment (m3/a) (mm/ka)

Aabach catchment

GroBle Aa 16.6 4,700 1983-1996 362 10.3

Mohne catchment

Mohne 398.3 21,760 1982-1998 1,360 1.6

Heve 118.5 26,132 1969-1997 933 3.7

 Basin areas were determined from 90 m SRTM digital elevation data

" Volumes of sediment measured by the water agencies Aabach-Talsperre and Ruhrverband

© To convert the sediment volume deposited in the reservoir to an erosion rate a we used a density of 1.5 g/cm® for the sediments in the
reservoirs. The organic fraction buried with the trapped sediment was assumed to be 15%
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decrease of the particulate loads over the two decades since
the completion of the Aabach dam in 1983 can be
explained by reforestation measures that were undertaken
to reinforce the river banks (Milde 1996). In summary, the
erosion rates derived from the amount of sediment stored in
the reservoirs of Aabach and Mohne agree with the erosion
rates from respective river loads that integrate over
approximately the same time period. The conformity of
both results suggests that increased export of suspended
load and bedload during flood events in the past decades is
appropriately captured by the rating curves used to calcu-
late the short-term erosion rates (Fig.5; Table 4).
Nevertheless, short-term erosion rates derived from river
loads in the Mohne and Aabach watersheds are only about
one-third of the erosion rates derived from cosmogenic
nuclides (Tables 2, 4). In the next section we suggest
possible reasons for this discrepancy.

Discrepancy between short- and long-term erosion rates

Several authors have argued that rare flood events, which
are not captured in the relatively short acquisition period of
discharge data, are responsible for higher long-term erosion
rates as compared to short-term erosion rates (cf. Schaller
et al. 2001; Kirchner et al. 2001; Ferrier et al. 2005). In this
section we performed two model simulations to explore if
flood events or higher average rates of precipitation can
explain the discrepancy between the erosion rates on dif-
ferent timescales. In both simulations, we assumed that the
mismatch is entirely caused by the low amount of the
particulate load (suspended load and bedload). For both
model simulations, we used the rating curves relating dis-
charge and suspended load (Fig. 5) to calculate by how
much the discharge has to be increased in order to raise the
short-term erosion rates to the average long-term rate
recorded with '°Be (~57 mm/ka). In the simulations the
concentration of the dissolved load is held constant,
because the degree of chemical weathering does not
depend on the annual precipitation (Riebe et al. 2004).
Because discharge data for the Aabach catchment are only
available for the last few years, we restricted the models to
the four subcatchments of the Mohne watershed for which
discharge data are available for the last 44—49 years
(Table 1). In the following, we explain both model simu-
lations in detail.

In the first model, the daily mean discharge is increased
over the entire duration of the model run (44-49 years).
This simulation shows that in order to attain short-term
erosion rates of 57 mm/ka by increasing the solid load, the
mean discharge must be 1.9-2.7 times higher than the
measured discharge. All other factors being equal, this
implies an average precipitation during the Holocene of
1,900-2,800 mm/a, which is about two to three times
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higher than the present-day precipitation of about
1,000 mm (Fig. 6a). Given that climate conditions in the
Holocene have been relatively stable, the very high pre-
cipitation values required imply that the discrepancy
between short- and long-term erosion rates cannot be
explained by a higher precipitation in the past.

The second model assumes that most of the solid load is
transported out of the catchments during rare flood events.
We simulated a single flood with highly elevated discharge
lasting 1 week to increase the solid load such that the short-
term erosion rates in the four subcatchments attain the
long-term erosion rate of ~57 mm/ka. The required dis-
charges are 4-17 times higher than the maximum
discharges during the respective measured periods (44—
49 years) and range from 140 to 900 m*/s (Fig. 6b). Note,
that in order to balance short-term and long-term erosion
rates, a flood of the simulated size would have to occur
once every four to five decades. Such a high frequency of
flood events exceeding the magnitude of events recorded in
the last 4-5 decades by a factor of 4-17 is considered
highly unlikely, especially in the light of stable environ-
mental conditions during the mid-Holocene recorded by
rather low sediment yields in Central Europe (Zolitschka
2002). In summary, the two model simulations suggest that
the discrepancy between short-term and long-term erosion
rates can only partly be explained by periods of increased
discharge, due to a higher mean precipitation, and rare
flood events.

Past variations in the erosion rate, i.e., a deviation from
the steady-state assumption underlying the cosmogenic
nuclide approach, could also contribute to the observed
discrepancy between short-term and long-term erosion
rates. This is illustrated by numerical models which sim-
ulate stepwise changes in the rate of erosion through time
and show that the erosion rate recorded by '’Be always lags
the actual erosion rates by some time (Bierman and Steig
1996; von Blanckenburg 2006; Heimsath 2006). These
models suggest that '°Be concentrations may contain a
signal of the earlier phase of more rapid erosion even
thousands of years after a sudden drop in erosion rate.
Indeed, such an elevated Late Pleistocene erosion signal
has been inferred for the rivers Allier and Meuse from the
'Be concentration in modern stream sediments and terrace
deposits (Schaller et al. 2002). In the following, we
describe some evidence for temporally changing erosion
rates in the Rhenish Massif and other central European
mountains.

A detailed analysis of varved sediments in Lake Hol-
zmaar in the western Rhenish Massif has shown that
sediment yield varied considerably during the last ~ 14 ka.
For instance, during the Younger Dryas, the Roman
Empire, and the Middle Ages sediment yields were more
than twice as high as the average rate over the last 14 ka
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Fig. 6 Results of two model simulations that quantify the increase in
discharge and precipitation required to increase short-term erosion
rates (based on river loads) to the mean long-term erosion rate of
~57 mm/ka (derived from '°Be). The models focus on four
subcatchments of the Mohne watershed for which discharge data
are available for the last 44-49 years (Table 1). Both models use the
rating curves relating discharge and suspended load along with their
estimated uncertainty of +30% (Fig.5). Hence, the required

(Zolitschka 1998; 2002). The clearance of forests by the
Romans and later in the Middle Ages destabilized soils and
led to sheet erosion on hillslopes, which explains the high
sediment yields during these periods (Zolitschka 1998). A
decreasing evapotranspiration owing to deforestation may
have increased surface runoff and provides a positive
feedback mechanism on erosion (e.g., Bork et al. 1998).
During the Younger Dryas cold phase the presence of
tundra-like vegetation made soils more susceptible to ero-
sion, while frozen ground inhibited infiltration during
spring-time melting and also intensified erosion (Zo-
litschka 1998). A similar picture of increased sediment
yield in the Middle Ages and the Younger Dryas emerges
for the Lac Chambon watershed in the Massif Central
(Macaire et al. 1997). In addition, higher erosion rates
during the Younger Dryas and the last glacial maximum
were presumably caused by the rapid down-slope

Heve

discharge and precipitation values are shown with an uncertainty of
+30% for both models. a The first model assumes an increase of the
mean annual discharge (shown in blue); the annual precipitation
required to reach this higher discharge is shown in red. b The second
model assumes a single flood event with a duration of 1 week. The
required discharges of the simulated floods (shown in blue) are
compared to the maximum discharges measured during the last 44 to
49 years

movement of periglacial cover deposits (cf. Matsuoka
1998), which were described in many parts of central
Europe (e.g., Semmel 1968; Volkel 1995; AK Bodensys-
tematik 1998). We suggest that the enhanced erosion rates
during these prolonged cold periods and the associated
lower 'Be concentration of exhuming bedrock and rego-
lith are still partly inherited today. Although the '°Be-based
erosion rates may therefore slightly overestimate the
Holocene erosion rates, they should provide a reasonable
constraint on the time-integrated erosion rate during the
last glacial-interglacial cycle.

Comparison of erosion rates in the Rhenish Massif
to other studies in central Europe

The comparison of the short-term erosion rates derived
from river loads in the Rhenish Massif to other studies in
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central Europe is hampered, because of different approa-
ches that were used to correct for atmospheric and
anthropogenic inputs and for quantifying the solid load
(i.e., suspended + bedload). However, erosion rates for
central Europe determined in a comparable way from river
loads vary from 6 to 28 mm/ka (Roy et al. 1999; Schaller
et al. 2001) and are generally lower than long-term erosion
rates by a factor of about 2—7 (Fig. 7a). The short-term rate
of ~16 mm/ka for the Meuse watershed, which is located
in the western Rhenish Massif and drains similar sedi-
mentary rocks as present in our study area, agrees well with
the average erosion rate of ~17 + 3 mm/ka for the Aa-
bach and Mohne catchments (Fig. 7b). The highest erosion
rates of ~28 and ~26 mm/ka were reported for the Seine
and Neckar catchments, which both contain a significant
proportion of readily weathering carbonates. Catchments
with crystalline rocks such as the Loire watershed and the
Regen catchment, a small subcatchment of the Danube,
yield significantly lower erosion rates of ~6 and ~7 mm/
ka (Fig. 7a). This compilation supports our conclusion that
short-term erosion rates are clearly dependent on the
exposed lithology.

In order to allow for a direct comparison between ero-
sion rates based on 1OBe, it is of crucial importance that
different studies use the same procedures with respect to

scaling and muon contribution. Following Schaller et al.
(2001, 2002) and Morel et al. (2003), our erosion rates for
the Rhenish Massif can be directly compared to the ones
reported in these studies (note that the original erosion rates
in Schaller et al. (2001) were recalculated by Schaller et al.
(2002), who first applied the approach that we also use
here). To enable a simple comparison between these dif-
ferent studies, we calculated mean erosion rates and
standard deviations for suites of samples from different
river catchments (Fig. 7a). The mean erosion rate derived
for the Aabach and Mdhne catchments is 57 £+ 15 mm/ka.
Comparable erosion rates have been obtained for the large
river basins of the Loire (43 + 19 mm/ka) and the Meuse
(36 = 16 mm/ka) (Schaller et al. 2001, 2002). The Regen,
which drains crystalline rocks, yielded a slightly lower
erosion rate of 31 &+ 3 mm/ka than the catchments in the
Rhenish Massif. In contrast, the Neckar catchment con-
taining many carbonates and evaporites displays a higher
erosion rate of 100 + 30 mm/ka (Schaller et al. 2001,
2002). The control of lithology on rates of erosion is also
reflected by 19Be data from the Black Forest, where the
Wutach and the Danube watersheds yield mean erosion
rates of 15 &+ 4 mm/ka in areas with well-lithified Triassic
sandstones and 51 + 25 mm/ka in crystalline gneisses and
granites (Morel et al. 2003) (Fig. 7a).
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boundaries

Erosion rates [mm/ka]
derived from:

°Be from
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Fig. 7 Compilation of short and long-term erosion rates and rates of
river incision in low mountain ranges of central Europe. Errors given
for the '°Be-based erosion rates are standard deviations calculated for
several samples from the respective river catchments. a Erosion rates
for the Loire, Meuse, Neckar, and Regen watersheds are from
Schaller et al. (2001, 2002). The erosion rate values in SW Germany
are reported by Morel et al. (2003) and refer to catchments with
Triassic sandstones (15 + 4 mm/ka) and Paleozoic crystalline rocks
(51 £ 25 mm/ka), respectively. The short-term erosion rate of the
Seine catchment is based on river load data (Roy et al. 1999), whereas
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the long-term rate for the Rhine basin, without the Alps, has been
determined from the volume of Holocene sediments stored in
floodplains (Hoffmann et al. 2007). b Contour lines indicating rates
of river incision in the Rhenish Massif were derived from river
terraces (Meyer and Stets 1998; van Balen et al. 2000). The incision
rate of 65-90 mm/ka in the northeastern part of the massif is based on
terraces described by Wortmann (1937) and Meiburg (1979).
Denudation rates obtained from apatite fission track analysis for
regions west and east of the Rhine are from Glasmacher et al. (1998)
and Karg et al. (2005), respectively. See text for further explanation
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For the entire Rhine catchment, without the Alps, a
Holocene erosion rate of 39 4+ 11 mm/ka (Fig. 7a) has
been estimated from the volume of sediment stored in
floodplains and the delta (Hoffmann et al. 2007). Our
'Be-based erosion rates for the two studied catchments
range from 46.7 & 5.5 to 65 = 14 mm/ka (neglecting
three values discussed above) are somewhat higher than
the Holocene rate of Hoffmann et al. (2007), although
they integrate over the same time period. For three rea-
sons, the slight discrepancy is not surprising. First, the
investigated catchments in the Rhenish Massif are located
in a mountainous region of the Rhine catchment with a
higher relief and slightly steeper slopes than the average
subcatchments of the Rhine. Second, based on a sensi-
tivity analysis and literature data Hoffmann et al. (2007)
interpreted their erosion rate as minimum estimate. Third,
a lower contribution of muons to the '°Be production and
a lower total '°Be production rate as assumed in our
approach would decrease our '’Be erosion rates by 10—
20%.

Implications for landscape evolution in central Europe

The long-term mean erosion rate 57 4+ 15 mm/ka derived
for the northeastern Rhenish Massif during this study is
similar to the local rate of river incision of 65-90 mm/ka,
roughly constrained by the five terrace levels along the
Diemel (Wortmann 1937; Meiburg 1979) (Fig. 7b). Hence,
if the rate of incision equals the rock uplift rate, then our
'9Be data imply a steady state between uplift and erosion in
this part of the Rhenish Massif. A similar agreement
between rock uplift, catchment-wide erosion, and river
incision has recently been inferred for the Apennines over
the last ~1 Ma (Cyr and Granger 2008).

Denudation rates on timescales of tens of million of
years can be inferred from thermal modeling of track
length distributions of fission tracks in apatite (e.g., Las-
lett and Galbraith 1996). Such data indicate that the
northern Rhenish Massif east of the Rhine experienced
denudation rates of about 20-70 mm/ka in the Mesozoic
and Cenozoic (Karg et al. 2005). Accelerated cooling
rates since the early Tertiary suggest that Cenozoic ero-
sion rates were higher than those in the Mesozoic (Karg
et al. 2005); probably in the range of 40-70 mm/ka. A
similar average denudation rate of ~50 mm/ka since
~ 120 Ma has been inferred from fission track data in the
northern Rhenish Massif west of the Rhine (Glasmacher
et al. 1998) (Fig. 7b). As these denudation rates integrate
over many millions of years, temporal variations in the
rate of erosion are smoothed out and cannot be detected
by this method. Although the inferred thermal histories
have a considerable uncertainty, and their conversion to
denudation rates assumes a stable geothermal gradient,

the fission track data yield long-term denudation rates that
are similar to our '°Be-based erosion rates, which inte-
grate over the Holocene epoch. This observation suggests
that also on a timescale of tens of million of years the
landscape remained in or close to a steady state. Cenozoic
exhumation and cooling have been interpreted as an iso-
static response to former erosion and to a major base-
level fall caused by the subsidence of the lower Rhine
Basin in the Tertiary (Karg et al. 2005).

In the central part of Rhenish Massif, which belongs to
the Eifel region, river terraces along the Rhine indicate that
rock uplift has accelerated during the Pliocene and Qua-
ternary and attained a maximum value of ~250 mm/ka
during the last 800 ka (see Fig. 7b) (Meyer and Stets 1998;
van Balen et al. 2000). In this central part of the Rhenish
Massif, the presence of narrow, up to 200-m-deep valleys
incised into older low-relief surfaces characterizes a land-
scape that is clearly in disequilibrium, not in a steady state.
The strong uplift signal in this region is presumably a
combined effect caused by heating of the lithosphere above
a mantle plume (e.g., Garcia-Castellanos et al. 2000; Ritter
et al. 2001), and the isostatic response to long-term erosion
(Karg et al. 2005). Hence, the Rhenish Massif provides an
excellent example of a landscape where both equilibrium
and disequilibrium landscapes did co-exist over the last
several hundred thousand years.

Conclusions

Erosion rates were quantified for two catchments in the
northeastern Rhenish Massif, utilizing different analytical
approaches: 10g¢ abundances, river loads, and sediment
accumulation in storage basins. Resulting short-term rates,
integrating over the past 50 years, are about one-third of
the long-term millennial-scale erosion rates. Supplemen-
tary modeling clearly indicates that enhanced sediment
export during flood events alone cannot explain this dis-
crepancy. Instead, climatic factors such as precipitation/
evapotranspiration and related changes in vegetation cov-
erage/soil exposure appear to be of additional importance.
The present study further indicates that a full understanding
of weathering and erosion, hence, the interaction between
atmosphere, hydrosphere and lithosphere, is best achieved
via a multidisciplinary approach covering different
timescales.
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