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Abstract

We have calculated long-term erosion rates of 20-100 mm/kyr from quartz-contained !°Be in the bedload of middle
European rivers for catchments ranging from 102 to 10°> km?. These rates average over 10-40 kyr and agree broadly
with rock uplift, incision and exhumation rates, historic soil erosion rates, and erosion rates calculated from the
measured sediment loads of the same rivers. Moreover, our new erosion rate estimates correlate well with lithology and
relief. However, in the Regen, Neckar, Loire, and Meuse catchments, cosmogenic nuclide-derived erosion rates are
consistently 1.5-4 times greater than the equivalent rates derived from measured river loads. This may be due to the
systematic under-representation of high-magnitude, low-frequency transport events in the gauging records which cover
less than a century. Alternatively the discrepancy may derive from spatially non-uniform erosion and preferential
tapping of deeper sections of the irradiation profile. A third explanation relates the high cosmogenic nuclide-derived
erosion rates to inheritance of an elevated Pleistocene erosion signal. Uncertainties associated with the cosmogenic
nuclide-derived erosion rate estimates are not greater than the potential errors in conventional estimates. Therefore, the
cosmogenic nuclide approach is an effective tool for rapid, catchment-wide assessment of time-integrated rates of
bedrock weathering and erosion, and we anticipate its fruitful application to the Quaternary sedimentary
record. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction land use. Understanding these feedbacks requires
quantification of erosion through time, specifically

Strong feedbacks exist between erosion and cli- at the catchment scale. Conventional techniques
mate, tectonics, topography, soil production and used to assess catchment-wide erosion rates con-

vert suspended and dissolved loads of rivers into

rates of downwearing of the landscape [1,2]. This

method relies on river gauging records limited to

the last hundred years or less. Such records do

not normally contain rare (centennial or millen-

* Corresponding author. Fax: +41-31-631-49-88; nial) flood events which transport large volumes
E-mail: mirjam@mpi.unibe.ch of sediment. Moreover, bedload transport com-
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Fig. 1. Map of middle Europe showing the location of the
Regen, Neckar, Meuse, and Loire catchments.

monly remains unrecorded. Rare estimates of
long-term (1 kyr), catchment-wide erosion rates
have been calculated from lake and reservoir fills
(e.g. [3]), and from rock volumes removed from a
landscape of known age and initial geometry (e.g.
[4]). Recently developed techniques make use of
geochemical mass balances of both dissolved and
suspended river chemistry to calculate catchment-
wide erosion rates [5,6].

Isotope geochemistry now offers an alternative
approach to erosion estimates, exploiting the nu-
clides produced within mineral grains due to bom-
bardment by secondary cosmic rays [7]. For ex-
ample, the concentration of '°Be in quartz at the
Earth’s surface is a function of the rate of erosion
of the host rock [8]. This may be used to deter-
mine exposure ages and erosion rates of bedrock
surfaces [9,10], and to constrain catchment-wide
erosion rates from alluvial sediments [11-13].
The latter application makes use of the mixing
of single bedrock surface samples by hillslope
and fluvial processes. This application has been
validated in small catchments (1-10 km?), for ex-
ample by comparing accumulation rates of allu-
vial fans with erosion rates derived from the cos-
mogenic isotope contents of sediments supplied
by the corresponding hillside catchments [12].

In order to apply this approach to intermedi-
ate-size catchments (10>-10° km?), we have
studied four rivers with well-constrained sus-

pended and dissolved loads. They are the Regen,
Neckar, Meuse, and Loire rivers. These rivers
drain middle European upland areas where the
fluvial topography ensures continuous transport
of sediment. Moreover, the middle European
uplands have enjoyed relative tectonic stability
during the Quaternary, and remained mostly
free of ice throughout this period. The four
rivers were selected to cover a range of catchment
sizes and lithological complexity. Here, we
present our results, and evaluate the complexities
introduced into the cosmogenic approach by po-
tential violations of the assumption of spatially
and temporally uniform erosion upon which it is
based.

2. Study areas and methodology
2.1. Study areas and sampling strategy

The Regen (SE Germany), Neckar (SW Ger-
many), Meuse (NE France, Belgium, Nether-
lands) and Loire (central France) are all situated
in the uplands of middle Europe (Fig. 1). Their
headwaters are typically located between 1000 m
and 1500 m a.s.l., in forested, fluvially dissected
hills with mostly regolith-mantled slopes. The sus-
pended and dissolved load of the upper Loire riv-
er has been analyzed by Grosbois et al. [14] and
Neégrel and Grosbois [15]. Tebbens [16] and Hui-
sink [17] have studied extensively the evolution of
the Meuse fluvial system and its sediment budget.
At first order, climate and land use are homoge-
neous across middle Europe, with precipitation
rates of 600-1500 mm/yr, and average annual
temperatures of 7-11°C (Table 1), and differences
in erosion rates between catchments are not ex-
pected to result from climatic forcing. By con-
trast, population density and lithology differ sig-
nificantly between the four catchments. Whereas
the Regen and Loire catchments are sparsely
populated (1-100 persons/km?), the Neckar and
Meuse drainage areas support greater population
densities (100-600 persons/km?). The Loire catch-
ment is dominated by agriculture while the Neck-
ar region is largely forested. Of the four drainage
basins, the Meuse is most urbanized. We expect
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Table 1
Characteristics of drainage basins
Regen Neckar Meuse Loire/Allier

Drainage area km? 2911 14447 31645 42637
Unit discharge 103 1/yr/km? 4.51 3.48 2.88 2.95
Relief km 1.13 0.93 0.69 1.89
Slope m/km 13.6 5.6 1.6 3.6
Hypsometric integral® 0.25 0.41 0.31 0.27
Mean annual temperature® °C 7 8 9 11
Mean annual rainfall in valleys® mm/yr 600 700-800 700-800 600-700
Mean annual rainfall in mountains® mm/yr 1400 1000 1100 1500
Population density® p/km? 1-100 100-600 100-600 10-100
Land use: agricultural land®d®f % 59 48 64 73
Land use: forestsdef % 28 38 29 20
Land use: urbanized land®d<f % 13 14 7 7
Lithology crystalline sediments sediments crystalline

schists sediments

volcanics
Last glacial maximum glaciation®"d cirque and minor cirque and minor no glaciation ice caps
valley glaciers valley glaciers

Quaternary tectonic uplift rate*'™  mm/kyr 100 60 75

2Loire hypsometry includes area upstream of Tours.
bKlimadiagramm-Weltatlas [41].

‘World Atlas of Agriculture [42].

dStatistisches Landesamt Bayern.

¢Statistisches Landesamt Baden-Wiirttemberg.
fCentraal Bureau voor de Statistiek, The Netherlands.
£Hantke [43].

hVan den Berg [29].

iRother [44].

iVeyret [45].

kZippelt and Milzer [46].

'Van den Berg [47].

MVeldkamp [48].

that land use and population density exert a com-
plex control on modern sediment yields from all
four catchments. A more permanent factor gov-
erning erosion is lithology. In order to assess the
potential effect introduced by different source
rock lithologies, we present data for two rivers
in sedimentary rocks (Neckar and Meuse) and
two catchments dominated by crystalline outcrops
(Regen and Loire).

Within each catchment, sediment samples were
collected at regular intervals along the trunk
stream and on major tributaries, immediately up-
stream of their point of entry into the main river.
Along the river Regen, samples were obtained
every 20-30 km. Sampling intervals were 30-70
km in the other catchments. Samples were col-

lected during low flow from exposed sand bars
in the active channel. Where no fresh sediment
accumulations were present, an Eckman bedload
sampler was used to obtain material from the
submerged channel side. All samples consisted
mainly of silt- to gravel-sized sediments.

2.2. Analytical techniques and data processing for
cosmogenic nuclide-derived erosion rates

The bulk samples were separated into narrow
grain size ranges (Table 2) and prepared for de-
termination of the !°Be concentration. For each
sample, approximately 50 g of quartz was puri-
fied, followed by the simplified element separation
method of von Blanckenburg et al. [18]. Acceler-



06 (44 (494 I'vl 60°0FL6°0 oIS 09¢ 0T o9 0€ oIS 4! 0CL ST OS1-now
'L 9 09 L0l 80°0F¥L0 oIS 09¢ 01 9 0€ oIS 4! 0CL ST O¢[-nawt
6C ¥ §0e 114 IroFerl oIS 0LC /0 o9 LT oIS 81 CLIST pl-now
86 8 I'LS [N IT0F98°L o0S 08¢ 9 oS /20 oIS 0¢ £6C 1T ggi-naw
9¢ (43 £9¢ See 0C0+S9°1 o0S 08¢ 9 oS €0 oIS 0¢ £6C 1T g[-nouwt
e L'c 0°81 9°¢e SE0FSET o0S 08¢ 9 oS €0 oIS 0¢ £6C 1T vel-nau
(187 e 6°1¢C 0°8¢ 0€0F96°1 o0S 08¢ .00 oS 9T 08 06 1181 O[-now
0¢ 4 98¢ LT YIOFVST o6F 00¢ ¥S ob 61 008 S6 L9T?l 6-nawt
|4 L1 0Ll 7433 STO+FTST o6F 00¢ £ oF ,00 o0 0Cl £6C6 L-nowr
91 €1 I'vl ey LTOFVOE o6F 0ce $0 oS 9¢ o6F 8S1 SLLE p-nowt
. 0¢ Sl LT 0°8¢ SI'0OFCIC o8¥ 0LE sy £C 81 08¢ $06 [-naw
ke
~
M,. S9 Y ey I'vl 8I'0FVY'1 o6F 01L /8¢ o8 JAS 8% 06¢ 86¢ 0[-3o°u
H i4! Cl Cll LS SO0F 670 oOF 01¢s il o6 .00 o6% S8l 1686 8-3ou
S L1 Sl 101 €9 80°0F¢S0 N34 09t /80 6 81 o6F 0S1 19LCl L-3du
%1 gel 911 6 89 LO'OFI9S0 o6F 09% 80 o6 81 o6F 0s1 19LC1 L-¥o°u
ES [ 6L 0°8S 601 1000+ 68°0 o6F oSy /8T o8 /8T o6V 0¢l S60€l d9-3o°u
= 801 76 8'L8 €L 90°0F65°0 o6F (1194 /8T o8 /8T o6F 0¢l S60¢€1 9-3oou
) VL 19 689 6 LOOFSLO o6F oSy /8T o8 8T o6 0¢l S60¢€l 9-o°u
m L6 €8 6°6L 08 LO0OFS90 oOF oSy /£S5 o8 ST o6V 0€l w9¢€l G-3dau
< 86 8 I8 L'L LO'0OF0L0 o8% 0LS YT o6 ST 87 0S¢ [43%3 p-yoou
m 61 8C1 016 69 60°0F€9°0 o8% 0LS YT o6 ST 8% 0S¢ [43%3 £-3o3u
w 0°¢l 11 G98 <L 60°0F1L°0 o8¥ 089 0P o8 YT 81 0ty 0S8 [ CEl
= £¢ (44 9°9v el Cro+eel o8¥ 00L iLE o8 180 8% 009 oy [-3ou
]
lm 9¢ 0¢C L'LT €'1C 8I'0F6V'C o6F 0L8 L1 o€l 10 o617 0LS 06¢ 0z-821
A ¥'e 81 6'¢C Sve CCo0F167T o6V 068 91 o€l €0 o617 065 LO1 61-81
m ST 6'1 0'v¢ 74 €C0F167C o6F 068 91 o€l 120 o6% 06S LOT 61-3a1
< ¢e 6C L6t 66l €C0F9¢C o6F 068 1 otl £0 061 009 9S1 asgi-sar
M 8¢ |4 L'9¢ 1'ce 1T0+79C B4 068 1 ol 1£0 o617 009 9¢1 81-321
- 6'C 0°¢ 6'SC LT S0F69C o6F 068 1 otl 1£0 o6F 009 91 V81-301
= 0¢ Sl 8°0C €8¢ 1T0F¢6C o6F 0CL 08 oCl1 80 o6% 0ly 0101 t1-801
S ST 81 6'ST 0°¢C LT'0OFLET o6F 0CL 08 oC1 RAN4 00¥ 6¢CC ¢1-8a1
Ha Y 34 8'¢C 0S¢ OT'0F¥ST o6F 01L Fr oCl AT o6Y 06¢ 861 agi-sar
m €T L'l L've I've LIOFSYT oOF 0IL WYY oCl JgT 61 06¢ 8Se 1 T1-821
“ 6C ¥'C 8'1C 0'¥¢ YCOFSY'T o6F 01L Y oCl JAT 067 06¢ 861 VI-8a1
= 0¢ Sl ol 01¢ 1T0+89C o6F 0¢s £V oCl ST o6F 08¢ 68¢ [1-8a1
€T 8’1 0°¢C 6'SC 61°0F¥P'C o6F 019 YT oCl JAT 67 0S¢ (48 %4 L-3a1
'y 43 8'¢C 1°s¢ €E0F1€C o6F 065 L0 oC1T .80 o6% (133 80LT g-gar
(mab)3
(foy/wum) (2K /o) (3£ /) (L) jswore 1) N () d N () ()
o(€) 5(2) el J3e (1) uonen opnine| opnine BIIE
JO1Id [B1O], Jouyg uoIsory judreddy  -usouod o UBIN UBIN apnine| apmny o3eurei(q Ldueg

444

BIEP )1 UOISOId dpI[onu druoowso))

¢ QIqeL



445

M. Schaller et al. | Earth and Planetary Science Letters 188 (2001) 441-458

“10119 9)e1 uononpoid pue 10108) FuIedS ‘(%) SPMINE [RONA[BUER PAUIQUIOD :UOSLIBAWOD POYISW-IAUL 10 ],
"10119 10308J Suless pue (v,6) apnine qesnifeus poulquods :uosteduwod ojdwes-19ur 10,
“JOLID [ONA[BUR UJM UOHBIUIIUOD 3f () q
W [—G°() 9ZIS UlelS = 1939 OU ‘WW §7'(~§Z['Q d2ZIS ureIs = q ‘ww ¢'(-gg'(Q dzIs ureis = ‘ww g—| azis urers =y,

x4 91 881 1'ce 1T0F¢e¥T 354 06¢ 81 oC .00 9¥ 0ce 0S1 96-10]
£¢ ¢c 8'6¢C £0¢ 90+ 681 %4 029 61 oC AT 9P LET S9LT ¢e-101
L1 el 991 0°9¢ IT0+8LC 4 01y 00 o7 0€ 9F [4%4 166¢C yS-101
x4 91 £'¢C 09¢ SI'0FSIC oLV 0Ly Y of 1€ 9P SIT 9¢L [l
01 L0 ol 9'LS 8CT0F68¢ oLV ove LT oE LY 9F c61 9LE [G6-10]
91 'l S'LI 9pe SI'0Fer'e oLV 06C 0€ of 08 9¥ 061 Slvl 0s-101
01 L0 L0l 8¢ €C0F I8¢ oLV 06C €1 of /20 oLY S8l 08¢ 6101
(43U 0€°0 s 9101 6£0F00°L oLV 08¢ il ot /80 oL¥ c0¢ 161 81-10]
0¢C 91 061 LT IT0+v6'1 o817 OrT 9l ol 0€ oL¥ S9 ecel Sv-10]
e 4 Y4 L€t 1T0+SIT 354 066 FS ot 0€ 9P 0€C 1€LTI I¥-10]
S9 ¢S VLY 6Cl II0FLEL oSY 08L /£0 o7 100 9% 08¢ 1059 ov-101
S8 0L 79 86 CI'o+60'1 oSV 08 <l ob SV oSP 43 €06 v 6¢-10]
L0l 68 L €8 SI'0F0T'1 594 OLTT /SS of /€S oPP SLL (1184 LE-10]
vy 3 8¢t V'Ll 9C0FSYT oSY (1381 1S of VY obb 006 4! 9¢-10]
9¢C 6’1 9T 9'¢C 9C0+LEE oSV 0STI VT ot 100 oS¥ OSTI 0l ye-10]
(44 123 ree L'LT STO+¥SC oSV 0STI /€T of 9S oPP 0STI 0l £e-I0]
g¢ 8¢ (U3 y6l CC0F9¢C oSY 056 8l of F0 oSP 056 S (4
8¢ 0¢ L'ty 8¢l 61'0+59°1 oSV 06 9T ot 180 oS¥ 0Ly [43! 6¢-10]
€9 I's 1404 1'cl LTOFSO'I 594 0011 /6T of L0 oSP 06t 998 1 el
¥'9 s 8¢Sy 0¢l 0C0F8L1 oSY 001T /6T of L0 oSP 06t 998 1 VeT-1o]
43 6'¢ 'Ly 87CI EI0FSS'1 oSY 056 LT o€ /8T oSY S6¢ L66¢ £CI0]
Sy 8¢ vl 061 9C0FSIT 354 0S8 iLE o AV oSP ovy 0SL 1c-1o]
'8 99 98¢ ¥0l EI0FLIT oSY 098 /LT ot SS oSP 08¢ w9 61-10]
(44 3 €8¢ 6°C1 YIo+¢9'1 4 0€L LT ot LS oSY 08¢ 8¢S 1 81-10]
(44 0¢ L'y 9v1 AN 594 06L /8T ot $0 9P 09¢ €206 L1-10]
9 s vor el SI'0Fee’l %4 0cL 61 of YT 9P ¢ee 0€8CI SI-10]
8¢ 8P I'Le 91 1T0+29°1 4 069 bl ot 168 9F S61 IeS €l y1-10]
8¢ 8P 6’1y 9v1 LTOFVYI 394 069 b1 ot 168 9P sol 1es €l V1-10]
LS 8P 1404 ¢Sl LTOFOV'] 394 099 $0 o LS 9F SLI 1399 4! Cl-1o]
Y 9v V'LE €91 610+ LS'T 4 099 $0 o LS 9F SL1 134941 Cl-1o]
129 14 L'8C ¢le woF107T 354 00¢ 160 of 165 9P SLI 0cy 81 11-10]
Sy Le 6'0¢ L'61 IT0F9L1 394 0LS $0 o 00 oLY OLT Y66 C¢ 01101
L'e I'e 6'6C ¥'0C 8I'0F+9L'1 4 0gs /00 oC /€S oL¥ 00T 06¢ LE L10]
Y LYy 9°9¢ 691 8I'0+0v'1 4 081 /65 0 9T oLV 59 celcy [
6y |4 9°9¢ 691 II0F6¢'1 %4 08 168 0 9T LY 1S9 celey (Al
(z1b)3

(y/ww) - (1A ) (aKy/uw) (1ky)  jswore ) N () q N () (zuy)

() 5(2) RN o3e q(1) vonen opnine| apnine BIIR
10113 [B1O], Jouyg uorsorg jusreddy  -udouod of UBIN URIA apmine| pnIny J3eurerq Lrdueg

(panurjuod) 7 91qeL



446 M. Schaller et al. | Earth and Planetary Science Letters 188 (2001) 441-458

ator mass spectrometry (AMS) was carried out at
the PSI/ETH facility in Ziirich and the measured
10Be/Be ratios were corrected as described in Ku-
bik et al. [19]. The calculated '°Be concentrations
and the corresponding analytical errors are listed
in Table 2.

To calculate the erosion rates and apparent ex-
posure ages of Table 2, the '"Be production rate
of Kubik et al. [19] has been used in a modified
form (for details see Appendix 1 in the EPSL
Online Background Dataset!). The new spallation
production rate is 5.22 +0.22 atoms/g(qtz)/yr. An
accurate representation of both stopped and fast
muon contributions is important in erosion rate
studies, where material is exhumed from great
depth. For the muon surface production rates
we have used 0.12 atoms/g(qtz)/yr for stopped
muons and 0.027 atoms/g(qtz)/yr for fast muons
[20]. Including muons, this results in a total sur-
face production rate at sea level and high latitude
(SLHL) for °Be of 5.37+0.22 atoms/g(qtz)/yr.

For each sample listed in Table 2, the local sur-
face production rates due to nucleons and due to
muons were calculated by separately scaling the
respective SLHL production rates to the mean
altitude of the upstream catchment area (see text
below for reasoning).

For the calculation of the °Be production be-
low the surface, the nucleonic and the muonic
components are again treated separately. For
the nucleonic production below the surface the
depth dependence of Masarik and Reedy has
been used [21]. A zenith angle dependence similar
to that in the atmosphere [22] has been taken into
account. The depth dependences of the stopped
and the fast muons have been extracted from Hei-
singer [20].

To be able to express the relation of measured
concentration to the steady-state erosion rate
in the conventionally used exponential format
[8], the complex depth dependences of both the
nucleonic and the muonic components were devel-
oped up to a depth of about 400 m into a series of
exponential functions. For each production mech-

! http://www elsevier.nl/locate/epsl; mirror site: http://www.
elsevier.com/locate/epsl

anism, a series of four exponential functions were
sufficient to reproduce the depth dependence
of the total production down to any depth to
better than 1%. This complexity of four exponen-
tial production terms is regarded as necessary in
the case of nucleons to adequately describe sur-
face interface effects [21] and the zenith angle de-
pendence [22]. In the case of muons, inclusion of
the fourth small exponential term is required to
accurately describe the production at great depth.
The measured concentration can then be con-
verted into erosion rates with the following equa-
tion:

a;

C = Pnyc(0) * Z(p*E + Pustopped(o)*
= ( )

Here, E (cm/yr) is the erosion rate, A (/yr) is the
decay constant, p is the rock density (g/cm?), and
Pruc(0), Pyustopped(0) and Pypasi(0) are the local sur-
face production rates of cosmogenic nuclides by
spallation, stopped and fast muons, respectively.
a;jx (dimensionless) and b;;x (g/cm?) are the co-
efficients for the depth scaling of the production
rates (Table 3). The b;;x should not be thought of
as real physical l/e attenuation lengths or mean
absorption paths but only as parameters in the
development of the complex depth functions
into an exponential format.

It might be expected that inappropriate produc-
tion rate altitude scaling in terrains with consid-
erable relief and spatially variable erosion rates
introduces a potentially large bias in catchment-
wide erosion rate estimates. However, if a trunk
stream consists of sediment from several tributa-
ries with individual production rate P, and area
Ay and the flux of sediment Fj is at steady state
with the erosion rate Ej, then it can be demon-
strated that the concentration of cosmogenic nu-
clides in the trunk stream from each of the pro-
duction mechanisms explored above, and ignoring
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Table 3
Coefficients for the development of the depth dependence of production rates into a series of exponential functions
Index Production mechanism a b
g/cm?
i=1 nucleons 0.0491 0.003
i=2 Py=522 —0.1264 3.221
i=3 atoms/g(qtz)/yr 0.3494 81.34
i=4 0.7275 140.22
j=1 stopped muons 0.4050 900
j=2 Py=0.12 0.5240 1330
j=3 atoms/g(qtz)/yr 0.0820 4000
j=4 0.0020 14000
k=1 fast muons —0.3566 870
k=2 Py=0.027 0.8619 1668
k=3 atoms/g(qtz)/yr 0.4136 6931
k=4 0.0791 24 500
radioactive decay, equals: tude of the upstream catchment area, and an
" uncertainty determined from the difference of
PiATA . .
ZM the used Lal scaling to the recently published scal-
Co Flog =1 P @) ing algorithm of Dunai [23]. Error (3) for the
 Fit  Eor * Aot erosion rate includes also an uncertainty for the

p is the rock density (g/cm?), A (g/cm?) is an ab-
sorption mean free path, and Py (atoms/g(qtz)/yr)
is the respective local surface production rates of
the cosmogenic nuclide. Fiy is the total flux of
sediment, F,,,, is the cosmogenic nuclide flux
leaving the system, Eiy is the total catchment’s
spatially averaged erosion rate and # is the num-
ber of tributaries. At steady state '"Be leaving the
system equals that produced by cosmogenic irra-
diation. Therefore, if Py can be determined ac-
curately for the entire catchment area the total
concentration of 'Be is independent of the differ-
ences in the tributary’s erosion rate Ej.

The production rates of samples measured in
this study have been determined for the mean up-
stream catchment altitudes, which were estimated
for each sample with a 30" digital elevation model.
The mean altitudes used in this study should be
accurate to within 5%.

Table 2 lists the calculated erosion rates with
associated errors. Error (1) is the analytical un-
certainty of the measured nuclide concentration
(AMS counting statistics and standard correction,
blank correction). Error (2) for the erosion rate
includes an uncertainty for P(0) based on the
5% uncertainty for the estimate of the mean alti-

SLHL production rate by nucleons. Error (3)
is appropriate for inter-method comparisons,
while error (2) is sufficient for inter-sample com-
parison.

The following parameters influence the erosion
rate estimates, but have not been corrected for
because either they amount to corrections far
smaller than analytical uncertainties, or they are
difficult to quantify exactly in catchments of the
investigated sizes. The error on the surface pro-
duction of '°Be by stopped and fast muons could
not be quantified. Also for the depth dependence
of both production mechanisms no error has been
determined. The latter uncertainty should, how-
ever, be small, as the depth dependences are based
on a vast amount of experimental data. However,
one can estimate the effect that different SLHL
muon production rates would have on the erosion
rates. A 50% increase in both muon P(0) SLHL
results in a 17% increase in erosion rate, while a
100% increase in both muon P(0) increases the
erosion rate by 34%. The influence of a varying
geomagnetic field intensity through time on the
cosmogenic nuclide production rate is negligible
at latitudes of the study areas [24,25]. Decreasing
cosmic ray flux intensity due to the dip angle of
the irradiated surface in a catchment with a mean
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Fig. 2. (A-D) Sample locations and erosion rate estimates (in mm/kyr) calculated from cosmogenic '’Be in quartz for the Regen,
Neckar, Meuse, and Loire catchments. Samples with a grain size range of 0.5-1 mm taken from main streams are shown as

squares; samples taken on tributaries are shown as circles.

slope of 10° leads to a reduction of the production
rate of less than 1% [19]. Furthermore, corrections
of shielding by snow or vegetational cover are
negligible based on the production rate profile
of Masarik and Reedy [21]. The selective dissolu-
tion of regolith, and the consequent relative en-
richment of quartz, should be addressed in basin-
averaged erosion rate studies [26]. As the analyzed
catchments contain a great variety of lithologies
and regolith thicknesses no generally applicable
correction factor can be determined. For a sub-
catchment dominated by granites, where a rego-
lith thickness of 1 m and a quartz enrichment of
two from bedrock to regolith is assumed, the cor-
rected erosion rate is 40% higher than the uncor-
rected one. For a catchment containing also sand-
stones where no regolith dissolution is expected,
this correction would be an overestimate. There-

fore, all reported erosion rates are not corrected
for regolith dissolution and are minimum erosion
rates. Density is strongly related to lithology and
therefore not exactly determinable in medium-
scaled catchments. The overall used density of
2.7 glem? for granites instead of 2.2 g/cm?, which
would be appropriate for sediments, again results
in a minimum erosion rate. This does not affect
the comparison between methods, as both river
load gauging erosion rates and cosmogenic nu-
clide-derived erosion rates make use of the same
density.

Special attention has to be paid to loess mixed
into the regolith by solifluction. Late Pleistocene
loess is abundant in some of the studied catch-
ments, mainly the Neckar and Meuse [27]. This
wind-blown component is not represented in the
grain size fractions analyzed in this study. As a
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Fig. 2 (continued).

result, late addition of loess would not affect the
cosmogenic results. Therefore, in easily erodible
loess areas, cosmogenic nuclide-derived erosion
rates will reflect the erosion before loess deposi-
tion, even if the actual erosion is much higher at
present. In contrast, if loess has been admixed to
the regolith before the onset of the erosion inter-
val detected by cosmogenic nuclides (e.g. several
10 kyr), the nuclide concentration will have ad-
justed to the loess-dominated erodibility and cor-
responding erosion rates will reveal the actual ero-
sion rate of the mixture. This is because the
admixture of loess influences the cosmogenic nu-
clide-derived erosion rate indirectly by providing
additional shielding from cosmic rays.

2.3. Estimation of river load gauging-derived
erosion rates

The combined solid and solute load of a river
can be used to calculate a catchment-wide erosion
rate. The used loads have been obtained from the
river authorities of the regions under investiga-
tion. Because in Section 4.2 we present a detailed
comparison between methods it is important to
analyze all sources of uncertainty carefully. The
procedures for correction for anthropogenic and
atmospheric contributions are detailed in Appen-
dix 2 in the EPSL Online Background Dataset'.
River loads and derived erosion rates are pre-
sented in Table 4.
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3. Results
3.1. Cosmogenic nuclide-derived erosion rates

Erosion rate estimates based on cosmogenic nu-
clide analyses (Ec) are presented in Fig. 2. The
principal observations are as follows. In the Re-
gen catchment, Ec ranges from 19 to 28 mm/kyr.
The highest values were observed in the head-
waters of the catchment, the lowest on a tributary
with relatively subdued local relief. Where several
grain size classes of a sample were analyzed, no

resolvable differences were found between appar-
ent erosion rates.

A more heterogeneous erosion pattern emerged
in the Neckar catchment. There, apparent erosion
rates vary between Ec =47 mm/kyr and Ec =112
mm/kyr. The lowest rates were found in the sand-
stone-dominated uppermost part of the catch-
ment: one tributary, entirely in sandstone, has
an estimated erosion rate of Ec =43 mm/kyr.
Parts of the catchment with predominantly carbo-
naceous or evaporitic substrates have significantly
higher apparent erosion rates. Several locks have
trapped sediment along the Neckar in recent dec-
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ades, and this has resulted in poor downstream
mixing of the solid load. Local lithological con-
trols on erosion rate therefore are reflected more
in the Neckar data set than in results in less com-
partmentalized systems.

In the Meuse catchment, erosion rate estimates
for the grain size 0.5-1.0 mm range from Ec =14
mm/kyr to Ec=31 mm/kyr, the highest rates
being confined downstream of the Ardennes
mountains. Smaller grain sizes yielded higher ero-
sion rates (up to 60 mm/kyr) for the river section
downstream of this upland area. This is attributed
to admixture of Tertiary sands (grain size <0.5
mm) from the channel base in the Roer Graben
area. These sands have been shielded from irradi-
ation since their deposition in the Late Tertiary
and cosmogenic '°Be has radioactively decayed.
Samples thus affected are excluded from the dis-
cussion.

Cosmogenic nuclide-derived estimates of ero-
sion rates in the Loire catchment decrease steadily
along the trunk stream, from Ec =72 mm/kyr in
the headwaters to Ec =29 mm/kyr at the conflu-
ence with the Allier. This decrease is caused by
admixture of material with a high '°Be concentra-
tion from tributaries draining areas with subdued
erosion rates of Ec =5 mm/kyr to Ec =23 mm/
kyr. In the drainage basin of the Allier, apparent
erosion rates were more uniform, with values
ranging from Ec =31 mm/kyr to Ec=59 mm/
kyr. In contrast to the Tertiary sand deposits of
the Meuse catchment, the sand-rich formations
from the Tertiary in the Limagne Graben have
been lithified and are subjected to weathering
and surface erosion processes as all other rock
formations are.

Cosmogenic nuclides yield estimates of the
average erosion rate over the time the sampled
material resided in the shallow subsurface, within
one absorption depth length (~ 60 cm [8]). This
residence time varies widely between and within
the four catchments: Regen 20-30 kyr; Neckar 5-
15 kyr; Meuse 20-40 kyr; and Loire and Allier
10-20 kyr.

3.2. River load gauging-derived erosion rates

The corrected total load of the river Regen re-

sults in gauging-derived erosion rates (Eg) of
7 mm/kyr (Table 4). In the Neckar catchment,
values for Eg for individual gauging stations are
around 25 mm/kyr. It is worth noting that the
solute load of the Neckar River is greater than
its solid load, due to the abundance of carbonates
and evaporites in the catchment. Stations along
the Meuse display a downstream decrease of Eg
from 18 mm/kyr at Tailfer to 11 mm/kyr at Kei-
zersveer. In the Loire catchment we have found
an apparent downstream increase of the solid
load. This may be due in part to the low fre-
quency of river gauging in that catchment (loads
are recorded at monthly intervals). As a conse-
quence, many short-lived, high-magnitude dis-
charge and sediment transport events are not re-
corded by upstream stations. Because such events
tend to diffuse downstream and concatenate with
signals from other tributaries, records from down-
stream stations are more comprehensive, even at
low sampling frequencies. The relatively strong
increase in the total dissolved load is attributed
to the transition from magmatic and metamorphic
rocks upstream to mainly sedimentary rocks
downstream. As a result of these trends, Eg varies
from 3 mm/kyr at upstream gauging stations to
10 mm/kyr downstream.

The Eg for both catchments dominated by
crystalline rocks, Regen and Loire, are 5-10 mm/
kyr, and values for catchments in sedimentary
rocks are higher by a factor of 3 (15-30 mm/kyr).

4. Discussion
4.1. General significance of erosion rate estimates

We believe that the measured cosmogenic nu-
clide concentrations faithfully record erosion rates
at the time scale of the apparent exposure of the
sampled material, that is 1040 kyr (Table 2).

Firstly, our cosmogenic erosion rate estimates
agree well with other, independent estimates. (1)
Reported Ec and Eg values are of the same order.
This coincidence is not necessarily expected, given
the differences in techniques and sampled time
scales. (2) Our Ec values are similar to Late Ter-
tiary and Quaternary uplift rates of 60—70 mm/kyr
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in the Massif Central and the Ardennes (Table 1).
(3) They agree with average long-term (300 Myr)
exhumation rates of 25-50 mm/kyr, estimated
from Variscan rocks in the Regen area, Massif
Central, and the Black Forest [28]. (4) Late glacial
and Holocene erosion rates derived from sediment
accumulation in a non-Alpine lake in the Massif
Central range from 50 to 120 mm/kyr [3]. (5) In-
cision rates calculated from the elevation of
Meuse river terraces of known age are 60 mm/
kyr for the Quaternary [29]. Using the terrace
stratigraphy of Larue [30] and of Pastre [31], in-
cision rates of 70 and 90 mm/kyr have been cal-
culated for the Allier basin for the last 0.6 Myr
and 1 Myr, respectively. (6) Finally, Bork et al.
[32] derived an erosion rate of 80 mm/kyr for the
last 2 kyr from soil catena reconstructions in non-
Alpine Germany.

Secondly, the high degree of uniformity of E¢
within the Regen catchment, where differences in
lithology and relief are small, demonstrates con-
sistency and reproducibility of our estimates.

Thirdly, substantial downstream increases of
the nuclide concentrations are not observed.
This corroborates our assertion that further irra-
diation during sediment storage within the studied
catchments is insignificant. Long-term (> 10 kyr)
deposition of sediments and subsequent irradia-
tion would result in a progressive downstream
increase of cosmogenic nuclide dosage [12], and
an associated decrease of apparent erosion rates.

Fourthly, in most samples, '°Be concentrations
are uniform across grain sizes (Table 3). This is to
be expected where hillslope processes mobilize
material across the spectrum of particle calibers.

P
Fig. 3. Cosmogenic nuclide-derived erosion rates (solid
squares) and river load gauging-derived erosion rates (open
triangles) plotted against drainage area upstream of sampling
location. Errors of cosmogenic nuclide-derived erosion rates
include uncertainties introduced by analytical errors, uncer-
tainties in surface nucleonic production rates, an altitude un-
certainty of 5% and a propagation of uncertainties in the at-
mospheric scaling of production rates. The error bars
associated with river load gauging data represent minimal
and maximal values (see Appendix 2 in the EPSL Online
Background Dataset'). The cosmogenic nuclide-derived ero-
sion rates are generally higher than river load gauging rates
by a factor of 1.5-4.
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Assuming that mass wasting introduces a depen-
dence between cosmogenic nuclide concentration
and grain size [11], we infer that hillslope trans-
port processes in middle Europe are dominated by
mechanisms such as slow creep and surface wash,
and that landsliding does not play an important
role. The latter process would preferentially pro-
duce large grains with low cosmogenic nuclide
concentrations relative to the finer components
of a random sediment sample [11].

The sum of this evidence gives us confidence
that our Ec values are robust. We proceed to
discuss the results in more detail based on this
premise.

4.2. Comparison between methods

At any of our sample locations, Ec and Eg
differ by a factor of 1.5-4 (Fig. 3). Even when
we take into account all major uncertainties asso-
ciated with river load gauging as discussed in Ap-
pendix 2 in the EPSL Online Background Dataset'
(e.g. an addition of 30% to the total solid load
representing the unmeasured bedload in catch-
ments with a crystalline basement), the two meth-
ods yield distinctly different results, with the no-
table exception of the Meuse. Moreover, these
differences cannot be explained fully by the un-
certainties associated with our method for esti-
mating erosion rates from cosmogenic nuclide
concentrations (Section 2.2). Most appropriate
corrections for potential biases in erosion rate es-
timates would further increase the discrepancy be-
tween results obtained by the two methods. For
example, differential dissolution may cause a rel-
ative enrichment of quartz in long-lived regoliths.
Quartz enrichment by a factor of two ina 1 m
thick regolith, as commonly observed in middle
Europe, would demand an upward correction of
Ec by 40%. Another potential complication de-
rives from the variation of quartz concentration
in the substrate across a catchment. Because the
weatherability and erodibility of bedrock tend to
decrease with increasing quartz content [33], an
overrepresentation of quartz-rich source rock in
the river load would also demand an upward cor-
rection of Ec. A third cause of bias is the depo-
sition of loess across some of middle Europe dur-

ing the Late Pleistocene [27]. As discussed in
Section 2.2, the late addition of highly erodible
loess would increase Eg, but does not affect our
Ec estimates because they have been derived from
coarser material only. The difference between Eg
and Ec would be smaller in loess-rich areas than
elsewhere: inflation of loess does not explain the
observed discrepancy between Eg and Ec.

One reason for a downward adjustment of our
Ec values would be the sudden vertical mixing of
a regolith profile with a nuclide concentration that
decreases with depth. This would result in a tran-
sient deficiency of nuclides at the surface [12]. The
magnitude of this depletion for a typical middle
European, 1 m thick regolith which was at steady
state before mixing would be 40%. However, even
if such mixing had occurred throughout our four
catchments, the resulting 40% excess in Ec would
not explain the up to four-fold excess of measured
Ec over Eg.

Three principal explanations for the phenomen-
on remain.

1. River load gauging and sampling time scales:
Part of the observed discrepancy may derive
from the systematic underestimation of Eg
[34]. River load measurements typically span
between 10 and 100 years. At this time scale
rare, but volumetrically important floods may
not be captured. The cosmogenic nuclide meth-
od integrates over 10-40 kyr and does cover
the entire spectrum of discharges and loads.
Bork et al. [32] have illustrated the importance
of high-magnitude, low-frequency erosion
events in intensively farmed middle Europe:
between 1961 and 1990, soil erosion rates
were ~ 80 mm/kyr; for the flood-rich year
1342 they calculated an erosion rate of 23 000
mm/kyr.

2. Spatially non-uniform erosion: The model as-
sumption of surface erosion is violated by epi-
sodic spatially non-uniform erosion, and selec-
tive tapping of deeper segments of the
irradiated substrate. Exhumation of material
from depths with lower nuclide concentrations
than at the undissected surface may lead to
overestimation of Ec as compared to Eg. Lin-
ear dissection of the middle European land-
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scape caused by rilling and gullying on agricul-
tural plots [35] has been caused by changes in
land use during historic times [32].

3. Enhanced erosion during the Late Pleistocene:
The difference between Ec and Eg may be due
in part to relatively high pre-Holocene erosion
rates. A pre-Holocene erosion signal may have
been inherited in two ways. (1) Following a
change in erosion rate, time is required to
achieve a new steady-state nuclide concentra-
tion. Thus, a transient time lag exists between
the apparent nuclide erosion rate and the ac-
tual erosion rate [11,36]. For example, a step
change from an erosion rate of 30 mm/kyr to
no erosion at 10 kyr would result in an appar-
ent maximum erosion rate today of 20 mm/kyr
(Fig. 4). Vertical regolith mixing [12] would
obscure the change in measured erosion rate
even further. (2) Our samples may contain
some re-entrained, pre-Holocene floodplain
sediments, carrying a late glacial nuclide signal.
Because this material has been irradiated since
deposition, the pre-Holocene signal has been
diluted: 10 kyr of irradiation at the surface
of a terrace would cause a reduction of the
apparent erosion rate by 25% (Fig. 4). If the
storage time is short compared to the half-life
of “Be, the reduction of the nuclide concen-
tration due to radioactive decay is negligible.
Both scenarios imply that an important com-
ponent of the nuclide signal in our samples was
produced under pre-Holocene conditions. In
non-glaciated areas of middle Europe, the
Late Glacial was characterized by enhanced
mechanical weathering due to frequent
freeze—thaw transitions, reduced biomass, and
pervasive solifluction on hillslopes [37]. Some
reported late glacial erosion rates were more
than twice their Holocene equivalents [3].

Although there is abundant evidence of major
increases in erosion rates due to anthropogenic
activities [35], a surprising result of this study is
that we observe the opposite. Taking the reported
erosion estimates from river loads at face value,
our nuclide-derived estimates of long-term erosion
rates suggest that today’s human impact on spa-
tially averaged erosion is insignificant compared
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Fig. 4. Evolution of cosmogenic nuclide-derived erosion rates
after a step change of erosion rate at 10 kyr from 30 mm/
kyr to lower values of 20, 10 and 0 mm/kyr. The maximum
possible decrease in erosion rate is 35%. The bold line repre-
sents an erosion rate calculated from re-irradiated and re-
worked terrace material with a prior erosion rate history of
30 mm/kyr.

to the effect of climate change from Pleistocene
to Holocene time.

Regardless of the actual cause of the inter-
method discrepancy, we are dealing with a sys-
tematic effect that is likely to affect all catchments
to the same extent.

4.3. Controls on erosion and weathering rates

Long-term erosion rates vary between the
studied catchments by up to a factor of three.
We briefly explore the possible causes of this var-
iation.

Today’s climate and land use do not differ sig-
nificantly between the four catchments (Section
2.1, Table 1). Therefore, they can be excluded as
governing controls on erosion rate. Lithology and
relief remain as possible controls. The effect of
lithology is evident from the elevated Ec values
found in the Neckar catchment, which contains
some easily abradable and dissolvable rock types
(Table 4). Within the Neckar catchment, sample
localities dominated by sandstones have lower E¢
values than those in chemical sediments. The Re-
gen, Loire, and Meuse (with the exception of its
southernmost component which is located within
the Paris Basin) catchments are situated in rock
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Fig. 5. Time-averaged, cosmogenic nuclide-derived erosion
rate versus a relief parameter AHpyean. AHmean 1S the mean al-
titude (from DEM) minus the minimum altitude of a catch-
ment. This approach differs from the relief parameter used
by Ahnert [39] (mean of maximum minus minimum altitude)
because catchments in this study are too small to infer statis-
tically meaningful mean reliefs. AHpe.n of tributaries is based
on their entire catchment’s area. AHpye,n for main streams is
averaged over DEM models of several upstream subseg-
ments. All rivers draining chemical sediments (Neckar, up-
stream Meuse) have been excluded. The linear regression
yields a slope of 0.1 Myr™'.

types of comparable erodibility and solubility. We
propose, therefore, that differential dissolution
has not been a major cause of the differences in
Ec between and within these catchments. Instead,
topography may be the dominant control on ero-
sion rate (cf. [35,38]). This is confirmed (Fig. 5) by
the clear, positive correlation between Ec and a
measure of the relief, AH e, (Mean minus mini-
mum altitude of the catchment area upstream of
the sample location) (cf. [39]), and may reflect
some tectonic control on catchment-wide erosion
(cf. [40]).

From the slope of the linear best fit to the Ec—
AHpean plot (Fig. 5), an erosion time constant, 7,
can be calculated, where 7 is the time required to
lower AHean to 1/e times its initial value. For our
data, the slope is ~0.1 Myr~!. This implies that
in the middle European uplands, 7= 10 Myr. In-
terestingly, this erosion time constant lies between
that of 2.5 Myr calculated for active orogens, and
that of 25 Myr calculated for tectonically stable
areas [38]. This intermediate time constant might

reflect the non-orogenic, Neogene uplift of the
middle European uplands.

An important advantage of the cosmogenic nu-
clide method lies in the long time scales over
which the measurements integrate. This enables
us to look beyond the complications caused by
climate change, land use change, and rapid infla-
tion or deflation of loess. These effects are essen-
tially smoothed out at the 10* yr time scale of this
method. Therefore, the measured rates capture
pre-anthropogenic erosion in a much more accu-
rate manner than previous estimates. Moreover,
at the 10* yr time scale, bedrock erosion rate
will approach the rate of weathering. Ec estimates
may therefore reflect the rates of soil formation.

5. Conclusions

The agreement to within less than half an order
of magnitude between erosion rate estimates de-
rived from cosmogenic nuclide concentrations in
river sands (Ec) and erosion rates calculated from
measured solid and dissolved sediment fluxes in
rivers (Eg) suggests that the former are reliable
at sampling scales of 10°-10° km?. Ec estimates
are relatively uniform within the studied middle
European catchments. This demonstrates that the
nuclide concentration in well-mixed river sands is
governed by the residence of the sediment in the
hillslope weathering and mass wasting system,
rather than by fluvial transfer.

Cosmogenic nuclide-derived erosion rate esti-
mates are consistently higher than their river
load-derived equivalents. Three likely causes for
this discrepancy are: (1) systematic underestima-
tion of modern river loads; (2) spatially non-uni-
form erosion (e.g. linear dissection) and selective
tapping of deeper segments of the irradiation pro-
file; and (3) inheritance of a Late Pleistocene ero-
sion signal. At this stage we cannot discount any
of these explanations.

The cosmogenic nuclide concentration in an ir-
radiation profile is insensitive to Late Holocene
changes in erosion rate. Thus, cosmogenic nu-
clides can be used to constrain the natural back-
ground erosion rate in areas strongly affected by
recent changes in land use. Moreover, such nu-
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clides allow the evaluation of climatic and tecton-
ic forcing of erosion back through time. In middle
Europe, lithology exerts a strong control on ero-
sion. In areas with similar rock mass properties,
relief governs erosion. Our data suggest that in
the middle European uplands the erosional time
constant for reduction of relief is ~10 Myr.
Under the assumption that erosion is weather-
ing-limited at the time scale sampled by this meth-
od, the cosmogenic nuclide-derived erosion rates
are likely to represent bedrock weathering rates.

In conclusion, we propose that, if the compli-
cation of sediment storage can be overcome, cos-
mogenic nuclides offer the opportunity to con-
strain continental denudation from a limited
number of samples from selected large or sedi-
ment-laden rivers of the world.
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