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Abstrad

A rare datasetof in-situ 1®Be from high-resolution depth profiles, soils, rock outcrops and
stream sedimentss combined withgeochemical analysis amdodeling ofregolith evolution
to understandthe variability ofdenudation rates in a mountain watershed (Strengbach
critical zone observatojyHighresolution depth profilesare key to detect the presence of
mobile regolith and tahighlighthow it affects thecritical zone evolution The modeling of
regolith evolutionand 1°Be concentrationsalong depthprofiles allow to estimateboth the
cosmic ray exposure ag&9 ky) and the mean denudation rat€2 mm.kyr?) of the regolith
without any steadystate assumptionon ®Be concentrations.Comparison with maximum
denudation rates inferred fromopsoil samplescollected from the surface ofthe depth
profiles andcalculated using théemporal steadystate assumptionof 1°Be concentrations
highlightan overestimation of denudation by a factor wfo. Maximum spatid{-averaged
denudation rates determined from stream sediment sampkdso likely overestimate
denudation rates by a factor of twol'hese biases are significafdr investigatingthe
geomorphological evolution andenpropose a method to correct denudation ratesing the
inherited 1°Be concentrations and theosmic rayexposure age deduced from the high
resolution depth profilesA key result is also thatsteadystate of 19Beconcentrations and a
steadystate of regolith thickness are two different equilibrium states that do not necelsar
coincide.The ammparison betweenocallycorrectedand spatiallyaverageddenudation rates
indicates that the watershedjeomorphology is notn a topographicsteadystate but is
modulated byregressivdluvial erosion Nonethelessour study demonstrates that even in a
watershed where the steadgtate assumption of®Be concentrations is not verifiedhe
spatial variations of ksitu 1°Be concentrations in sedimensill carry qualitatively relevant

information on the geomorphologal evolution of landscase
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1. Introduction

Denudation, whichis defined as the sum ofhemical weathering and physical erosjosa
key processfor understandingthe Earth[ ssurface evolution Denudationexhumesfresh
bedrock, exerts a strong control dandscape structureand @rriesregolith particles from
watershedslopes torivers (Vanacker et al., 2007_upker et al., 2012Schoonejanst al.,
2016). Quantifyingdenudation rates ismportant for the understanding ofegolith residence
time (Foster et al., 2015)the sediment transport in rivers (Dongen et al.,, 2018)e
evolution of mountain rangegMeyer et al., 201Q)or the coupling between chemical and

physical processes in thogitical zone CZWest, 2012} arsen et al., 2024

In-situ terrestrial cosmogenic®Be is a powerful tool tstudy the Earth[ surface evolution
andto gather quantitative estimatesn denudation ratege.g.DixonandRiebe, 2014)Many
studies usedin-situ °Be to estimatewatershedscale averageddenudation rates from
stream or river sedimentge.g. Brown et al., 1995Granger et al., 1996This widely used
approach is based on sevelahportant assumptions (1) the denudationis uniform over
time and1°Be concentrationfiave reached steadystate, reflecting a balance betweéfiBe
cosmogenigroductionand °Be loss bylenudation and radioactive decag2) each eroding
areacontributes quartzto the mixedsediment sample in proportion to its erosion rgtealid
with a single lithology)(3) if several lithologies are present, the contributing rock types
contain similar grain size distribution§4) quartz is not enriched during weathering or
transport. (5)sediment storage is minimal in the watershe#ihd (6) the denudational time
scale is smallethan the timescale for radioactive dec@yon Blanckenburg, 200®unai,

2010).
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In parallelto the watershedscaleaveraged denudation ratesoil and regolithdenudation
rates werealso locally determined from in-situ 1°Be intopsoil samplege.g. Riebe et al.,
2003; Meyer et al., 201 However, alculationsbased on topsoil samplesnly provide
estimates of the minimumexposure age under the assumptionabhegligibledenudationor
estimates of the maximum denudation rate undethe assumption ofsteadystate °Be
concentrations(Braucher et al., 2009Soil denudation ratesre frequently converted into
soil or regolithproduction rates assuming ateadystate of regolith thickness(regolith
denudation at the soil level is balanced by the regolith production at deptpnHeimsath et

al., 1997).

One of the major issues is that the steadystate of denudation and in-situ °Be
concentrationsmay not be verifiedor watershedswith a complexevolution including the
transport of mobile regolith along slop&s complex exposure historigassumption 1, Von
Blanckenburg, 2005Many studies taking place in mountain regiomgh potentially young
surfacesand/or mobile regolithdo not quantify the impact othis assumption(e.g.Riebe et
al., 2003;Meyer et al., 201Q)primarily becausehe analysis 6 in-situ 1°Be in superficial
samples cannoindependentlydetermine bothregolith exposure age andenudation rate
(Norton et al., 201Q)Another problem is thelack of a clear distinction betweetiree
different equilibrium statesthat do not necessary coincide time: the steadystate of
denudation and'®Be concentrationsthe steadystate of regolith thickness, anthe steady

state of geomorphology and topography

Sampling of irsitu 1°Be depth profiles raises a new research perspedtvg. Schaller et al.,
2004; 2018;Ackerer et al., 2016Hidy et al., 2018 By gatheringregolith and bedrock

samplesand by combning the contributions from neutrons and muons in modeling
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approachesdepth profiles opened the possibility of determining batkposure age and
denudation rates (Braucher et al., 2009Pepth profiles also provided new opportunities to
investigatethe thickness of mobile regith, the mixing processes near the surface the

polyphaseevolutionof weatheringprofiles (Ackerer et al., @16; Schaller et al., 2018)

We supplement the databtainedby Ackerer et al. (2016) for l@gh-resolutiondepth profile
located on the summit ch mountainwatershed(the Strengbach watershedJwo new high-
resolutiondepth profilesin addition withtopsoik, rock outcrog and stream sedimeistwere
sampled across theStrengbachwatershedto gather a widedatabaseof mineralogical,
geochemical andn-situ 1°Be analysesThisrare combinationallows us to investigate (a)
how the mobile regolithis generated and howt affects the critical zone (CZgvolution, (b)
how the assumption ofsteadydenudation and'®Be concentrationsmpactsthe denudation
estimates (c) how denudation rates vartemporally andspatiallyin a mountain watershed
and (d) what are the timescales to reachteadystate for 1°Be concentrations,regolith

thickness angjeomorphology.

TheStrengbach watershed is a particularly walltedlocationto investigate these points as
it is a smalmountainwatershed (0.8 km3yith a complex evolutiomnda firstorder stream
(Ackerer et al., 2016)The bedrock is relativelgpomogeneous Kichter et al., 1998and
alluvial terraces or majozonesof sediment storagevere not observed in the watershed
(Cotel et al., 20B). Quartz enrichmentduring weatheringis not an issueand the
denudational time sale is clearly smaller than the timescale for radioactive d¢Aakerer
et al., 2016) By consequencenostof the assumptionglassically used to interpréfBedata
are validatedin this mountain watershedassumptions 2 to ;6Von Blanckenburg, 2005

with the exception of thecriticalassumptionof balance between the productions and losses



112  of ®Be within the watershed(assumption 1) Our study willthus allow to focus on the

113  specific impact of tis major assumptioon denudationestimatesin acomplexwatershed
114 2. Study site

115 Thisstudy was conducted in th8trengbach watershed (figure 1), one of the referesites

116 of the French critical zone network (OZCAR), where multidisciplinary studies have been

117 conducted since 1986~~K « EA 3}]JE ,C E}P } Z]Ju]«u o[ VA]E}vv |
118 Fichter et al., 1998; Viville et al., 2012; Ackerer et al., 2016; &02babaux et al., 2017;

119 2019; Pierret et al.,, 2018; Wilcet al., 20B; Ranchoux et al., 2021The Strengbach

120 watershed is a @adwater watershed (0.8 km?) located in the Vosges Mountains of

121 northeastern France at elevations between 883 and 1147 m (figures 1a and 1b).

122  Thecurrent climate is mountainous oceanic, with an annual mean temperature ‘6f @nd

123 an annual mean rainfall of approximately 1400 mm. An updated summary of the Strengbach
124 hydrologic and climatic features can be found in Pierret et al. (2018). The bedreck is
125 Herg/nian granite, fractured, hydrothermally overprintednd mainly composed of quartz

126 (35%), albite (31%), -f€ldspar (22%) and biotite (6%).he granite was affected by

127 weathering processes during the Quaternary (Ackerer et al., 2ahd)the watershedis

128 currently covered by a 50 to 100 ethick soil overlying a0.5to 8 mthick regolith (Weill et

129 al, 2019; Ackerer et al., 2020a)he regolith is defined herby the layer of weathered

130 material that has lost a physical coherence with the bedrock in plEwegranitic bedrock is

131 outcroppingat few locations with torslocated on the summit of the northern slopand at

132  mid-elevation onthe southern slopes (figure 1).

133 The watershed geomorphology wadtkely affected by periglacial processesluring the

134 Quaternaryasthe Vosges massif experienced Pleistocene glaciafidescier et al., 1999;
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Heyman et al., 2013)ld conditionslikely persistedat the elevation of the Strengbach
watershedafter the Late Glacial Maximum (LGM), and tbeest coverprobablydeveloped
only at thebeginningof the Holoceng(Leroy et al., 2000)The Strengbackvatershedwas
affected by anthropogenic deforestation associated with pastorabsfiore the 20" century
(Etienne et al., 2013pndthe return to adense forestis due to the planting of spruce stands

at the beginning of the 20century(Fichter et al., 1998)
3. Methods
3.1 Sampling methods

Samples were collected at different locatioms explorethe variability of denudation rates
within the watershedfigure 1b). Wo new highresolutiondepth profilesextending from the
topsoil (0 m) to the granitic bedrock-@m)were realizedby digging pitsn the slopebelow

the depth profile located orthe summit and analyzed by Ackerer et al. (20T6)e® new
depth profilesare located on a gentle slope of the southern part of the watershed where no
modern perturbations are visible (figure 1&pur highresolution samplingincludes (1) a
highnumber of samples (1 15), (2) adetaileddensity ofsampling(lonemeasure evernis-

25 cmmaximun) to identify specific zones along the vertical direction and (3) a sampling not
neglecting the lower part of the depth profiles (th@wver regolith and tle bedrock), as this
part contains important information for the long term muonic exposure and the inherited
10Be. The three depth profilesre named P1, P2 and Rfggures 1b and 19. Observatiors
were performed to study the CZ structuead to estimate sib and regolith thicknessesn

the three profiles.

In addition, topsoil samples were collected at different places in the watershnith

independent topsoil samples taken on the top of depth profikes] other samples taken at
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lower elevatiors and on the summit of the northern part of the watershed (figure 1b). Two
rock samples were also collected granitic tors outcroppingiearby the surmit of northern
slopes and at micklevation location on southern slopegqfigure 1b). 8eam sediment
samples werefinally collected along the Strengbach streamrmetwork before and at the

watershed outlet (figure 1b).
3.2 Analytical methods

For samples collected idepth profiles,depth, major element concentrations mineralogy,
densityandin-situ 1°Be concentrations were characterizéthble 1, supplementary tables S1
and S2. For topsoil, rock outcrop and stream sediment samples, only deasiyn-situ °Be

concentrationswvere characterizedtable 2).

Bulk densies of regolith samples collected from depth profilesene estimated by
combining measurements of fine fraction and block densities (Ackerer et al., Zadr6gach
sample in the upper part of profiles {0 cm), the fine fraction density was obtained by
weighing a known volume of regolith sampled with a stedihder. The proportion of blocks
was estimated via macroscopic description and photos and a constant density at@¥ g
was usedor the granitic bedrockThe bulk density of each sample was then calculated by
combining the fine fraction density anddtdensity of blocks with respect to the proportion

of blocks in the horizon.

Quartering and sequential crushingovided representative subsamples aggolith bulk
samples.These sbsampleswere used for mineralogical, maj@ement, and in-situ 1°Be
analyss following the methodology detailed iAckerer et al. (2016Mineralogical analysis
was performedby Xray diffraction and major element concentrations were determined by

tetraborate alkaline fusion followed by IGPS and ICRAES analys at ITESlaboratory



181 (Institut Terre et Environnement de Strasboufgance Gangloff et al., 203 4Prunier et al.,
182 2015 and BRGM (Bureau des Recherches Géologiques et Minieres, Orléans,.Hraace)
183 analytical accuracy was checked by measuring the J8aguin soil standard (NIST SRM

184 2709a), andhe overall uncertaintyvas<5 % for major elemerntoncentrations.

185 Forin-situ °Be, subsamples consist of approximately 150 g of-860 um sievedgrains
186 Purified quartz vas obtained from regolith sampleshy fdlowing the approachinvolving
187 sequential HCI and HF leachittgremove oxides, organic matter and meteoric beryllium
188 (e.g. Kohl andNishiizumj 1992). After addition of a®Be carrier,beryllium separation
189 purification, hydroxylation andtargeting, thel®Be/°Be ratios were measured by accelerator
190 mass spectrometry at ASTER (CEREGE laboratance. Thel°BelBe ratios of the blanks
191 and samplesvere approximately 1x1®° and 1x16, respectivelyand the overall analytical

192 uncertainty for'®Be concentrationsvas<5 %(table 1).
193 3.3 Quantification of diemical mobility and volumetric variations in depth profiles

194 To quantify the mobility of major elements within eackepth profile, masstransfer
195 coefficients (ypwere calculatechs(Brimhall et al., 1991; Riebe et al., 2003):
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A 8Z EJvP Jv 8Z % E}(]o Wi IradditEn,lundetrio XttdiniindéxX Xwas
calculated toquantify the volumetric variations within eacthepth profile as(Brimhall et al.,
1991):
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4. Analytical esults
4.1 Qubdivision of depth profiles
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4.2 Mineralogy, chemical mobility and densityn depth profiles
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Bulk density imssumedconstant in the bedrock of the three profiled=2.7 g.cnt®) before
decreasing in théower regolith (d=1.8-2.6 g.cn3) and inthe soil (=0.9-1.8 g.cm3, table 1
and figure 3).Bulk density primarily follows the soil amdgolith thicknesgs. s}opu S&]
A E&] §]}ve & o]Juld ]v SZo}A @)} EWR}IEFEZE % ve]}v } HEe* ]Jv §Z

}( §Z SZE %o @ E¥D.5>1.4, figure 3b).
4.3 In-situ °Bevariationsin depth profiles

At first order,in-situ 1%Be concentrations increase towards the soil surface within the three
depth profiles(table 1, figure 3a) 1°Be concentrations are similar in tlgganitic bedrock for
all profileswith concentrations around 250080000atoms g qtz®. The exponential increase
of 1®Be concentrations is continuous within the bedrock and ltheer regolithof P2, while
10Be concentrations show a linear trend in theil of P1 (figure 39. For P2 and P@rofiles
10Be concentrations show an exponential trend within the mobile regolith, but
concentrations are systematically high#ran the concentrations measured in tHewer
regolith of P1 1°Be concentratiors arealsohigher in the soil of P2 and R®mpared to P1
with scattered concentrations ithe soil of P3(figure 3a).Similarly to the profile subdivision
and major elementst®Be concentrations point to a relatively continuous evolutiofPinand
more complex variations in P2 and.H8iscomplexitytends to increase from the summit to

the lower part of the hillslope.
4.4 In-situ 1%Bevariationsin topsoils, rock outcrops and stream sediments

In-situ 1°Be concentrations measured in topsoil samples tend to decrease ingtieasing

elevation, with concentrations around 1800A90000atoms g qtz! near the main crests
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and concentrations around 2000€€20000 atoms g qtz! at mid-slope table 2. °Be
concentrations in rock outcrops are the highest measured in the Strengbach watershed with
valuesof approximately220006230000atoms g qtz* (table 2). For the stream sediment
samples,1%Be concentrations are comparabla the upper part of the strean{around
190000atoms g qtz!, table 2). The stream sedimensamplecollected at the watershed
outlet stands out with the lowest°Be concentration measured surface samples acrofise

watershed (table?).
5. Modelingmethods

Mean denudation rate and cosmogenic exposure agprofile P1 vere determined froma
numerical inverse procedure iAckerer et al(2016). Due to the complex structure dhe
two new depth profilesP2 and P3an accurate estimation alenudation rates and exposure
ages is not possible from a numerical inverse proceduos these profiles We therefore
propose a direct modeling of the evolution die depth profiles P2 and PBtegrating
regolith production, denudation, and the effect of the regolith mobility dfiBe
concentrations. This direct modeling of regolith evolution at the depth profile scale is
supplemented bydenudation ratesderivedfrom topsoil, rock outcrop and stam sediment

samples.

Our modeling approachesre based on thesame generaldifferential equation describing

the evolution of'%Be concentration (Qs a function of depth and timg.g. Lal, 1991):

(‘)%L2 .’p“’Fé\,/AE@O% 506 U
5P s@—_ o\}:ao Tu;

with 2the total surface production rate (in atoms. g dtzyr'), Pthe cosmic ray exposure

age of the profile (in yr),Vthe depth (in cm),éthe integrated density (in g. cf), - the



293 attenuation length of cosmic ray particles (g. &n @he mean denudation rate of the
294 surface (in cm. y¥) and athe radioactive decay constant of tH8Be (in y&). This general
295 differential equation 3 was adapted for thiaterpretation of °Be concentrations from depth

296 profile, topsoil, rocloutcrop and stream sediment samples.

297 5.1 Modelingof 1°Be concentrations imlepth profiles

298 By consideringonstant value®ver timeof inherited concentration from previous exposure
299  %and of respectiveproportions of secondary neutrons, negative muonsidast muons in
300 1%Be production, theevolution of1®Be concentration $pas a function of time B, depth (VY
301 and integrated density (Efor a given denudatiorrate (d) along a depth profilecan be

302 determined from equation &s(adapted fromSiame et al., 2004):

Fav
303 % PAVée, L%¢§’FaPE @ 81— pIsF¢§’IFP—@Eapp
28 FéV é

304 E ,32‘“‘ +81—plsF131FP @Ea;pp
e@Ea -aa -aa
aa
28 FéV

305 g 2%a 1§ F——GFsF 13’ FFP—@EaGG 'V
e@Eé “Ua “Ua
“Ua

306 with Py, Phm and Pm the relative contributions of 97.85, 1.5 and 0.65 % to the total
307 production rate 2 and K, Kim and Kn the effective attenuation lengths of 150, 1500 and
308 5300 g.cr?, for secondary neutrons, negative muons and fast muoespectively (Braucher

309 etal., 2009).

310 - Modelingof depth profiles

311 Adirect modelingwas developedo determine the variations of soil and regolith production

312 rates, soil and regolith thicknesses, and bulk and integrated densities during depth profile
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evolution (flow chart in supplementary figure S8mulations based on a finite difference
scheme wereerformed for each depth profile along a 1D vertical directiime CZ vertical
structure was subdivided into three parts: the solil, the lower regolith and the bedrock.
During simulations, a constant mean denudation ra@as imposed at the soil surfacd

each profile by following:

@asew 200l @U@ P:w,
with % ase 2 U dldgselevation of the soil surfacén parallel, the soil is formed from lower
regolith weathering and the lower regolith is formed from bedrock weathg Calculation

of soil and regolith production rates was based on a law of exponential decline with

increasing soil and regolith thicknesses (e.g. Heimsath et al.; R4 @t al., 201D

(eak (4 FS!'FUDean X

(agd- (4 +8FUDgy :y;
with Dy 3@nd D 4 the soil and regolith thicknesses (in ¢, sand (3 g the production
rates of soil and regolith (in.gm2.yrl), (,the maximum soil and regolith production rate
when soil and regolith thicknesses eqaaro (in gcn2.yr?t), and Uand Uthe depth scaling
factors of soil and regolith production rates (in €m Dy sand D, 5 were actualized at each
new time step during simulations by considering the competition between soil surface
lowering due to denudation and soil and regolith productidror the parameter (4
governing the maximum soil and regolith production rate, we used for all profiles a high
producton rate determined by Egli et al. (2014) on a very thin regolith from a mountain

environment (table S3). Scaling factodand Ucontrolling the exponential decrease of soil

and regolith production rates with soil and regolith thicknesses were adjuBiedeach



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

profile to obtain the best agreement between modeled and observed thicknesses at present

time.

We assumed that bulk densities of topsoil, soil base and granitic bedrock remained constant
through time and we used present day measurements of derisitgfhese three interfaces
(values intable S3).Bulk density variations throughout the regolith were calculated by a
linear interpolation between topsoil, soil base and bedrock densities. The integrated density
at a given depth washen calculated by taikg the average of bulk densities along the

regolith column above the given depth.

- Initial state and inherited°Be

Previous modeling of’Be concentrations in the depth profile P1 located at the summit of
the watershed indicated that a major erosion evem®moving the soil and part of the
regolith occurred at approximately 19 kyr BP (Ackerer et al., 2083.major erosion event
removed approximately 2 m of materiahd was followed by a much more staldgposure
period during the Holocenelheinherited 1°Be concentrationsre derived fronthe deeper
bedrock samples( @5000 abms g qtz'), that would correspond to a longerm muonic

component equivalent to aexposure age of approximately 150 kyr.

Based on theeasults of Ackerer et al. (2016) ralic regolith in place and a bedrock in place
were taken as initial state for the direct modeling of P1 at 19 kyr BP (parameters in table S3).
Given the proximity of the three profiles, P2 and P3 were also probablytedfdry the

major erosion event at 19 kyr BP. In addition, a mobile regolith within profiles P2 and P3 was
highlighted byprofile sectiondescriptions and geochemical data (section 4). We therefore
used an extremely thin soil after erosion, a mobile re@aditabilized on the slopesnd a

bedrockin placeas initial state for P2 and P3 at 19 kyr BP (table S3).
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The inherited'®Be concentration from previous exposuré4in equation 4) was adapted for
each depth profile in agreement with their initial states. In the bedrock of all depth profiles,
%was set to have an inheritetfBe concentrations from a loAgrm muonic preexposure

of 150 kyr (table S3). The samgwas used for the lower regolith of the profile P1, as the
relic regolith probably experienced the same muonic exposure. By contrast, in the mobile
regolith of P2 and P3%values represent thé°Be concentrations in the regolith transported
along the slopeand stabilized on P2 and P3 after the important erosive evéftvalues in

the mobile regolith of P2 and P3 are unknown and were adjusted to obtain the best

agreement between modeled and measuréBe concentrations in these profiles.

- Final*°Beconcentations

The surface total°Be production rates were determinetbr the three depth profiles
following Martin et al. (2017jscaling LAERA Musch)After this step}°Be production rates
along depth were calculated for each time step frequation 4andfrom the time evolution
of the integrated density Final'®Be concentrations were computed by taking the sum of
10Be produced during simulation time, and exposure age aenudation rate can be
estimated by comparing modeled and observé®Be concentrations.Best fits were
identified with the help of Klingsupta coefficients (Gupta et al., 2009verall, the
denudation rate @s inferred from equation 4 with the help ¢ie direct modeling of depth
profile evolution that does not rely ona steadystate assumption for thelBe

concentrations.

5.2 Modeling denudation rates fromtopsoil, rock outcrop and stream sedimersiamples

In-situ °Be concentrations are alswidely used to estimate local or catchmentde

denudation rates from their analysis in topsoil, rock outcrop or stream sediment samples



381 (e.g. Granger et al., 1996; Meyer et al., 20B0rtenga and Bierman, 201 By assuming that
382 there is no inherited®Be concentrationthat 1°Be concentration has reachedsteadystate,
383 and that the exposure age is much longer than the effective irradiation tite (6 ¢ yvith

384 6z 0 -

————; Lal, 199}, the '%Be concentrationfor a surface sample (z=@gan be

385 expressed agharreau et al., 2039

2, 21, 25
386 %V, L éé@% E éé@a%la E éé@a?_a 1Z:
—TL0ep g =F=H0€E 3 —‘OGEé
T4 Taa “Ua

387 with @g@ethe maximum denudation rate inferred from the surfasample A good
388 knowledge of spatial variations éfBe production rates is necessary for the calculation of
389 @psand for the comparison of its valumferred from samples collected at different
390 locations.The @g sestimates were calculated similarly to Mariotti et al. (2019) using the GIS

391 toolbox Basingaeveloped by Charreau et al. (2019), whe@s «iSs approximated by:

28y -4 _ 285 -aa - 280a _-0a

m

{;

393 We used a 5n resolution digital elevation model (DEM) of the Strengbach waterdgtoed

394 the French National Geographic Institute (IGRGE ALTI® version)Z0mbined withthe

395 QGIS software to determine the geomorphological features (elevatior},% U (@&crogs Y ¢
396 the watershed.Secondary neutrons, negative and fast muons were considered and we used
397 the Lal/Stonetime-dependent scaling model (Lal, 1991; Stone, 2000) and revidea

398 production rates (Martin et al., 2017%hielding effects Imited in the watershed andvas

399 estimated by following the method from Codilean (2006).

400  For topsoil and rock outcrop samples, loé¥e production rates were calculated at each

401 location andequation 9gives the maximum denudation rate at the sample locafie@fierred



402 aslocal @gpa. The local @gps obtained from a single topsoil sample independently
403 collected on the surface of a depth profile can then be compared to the denudation@ate
404 inferred from equation 4 to quantify the impact of the assumption stéadystate 1°Be

405 concentrations.

406 For stream sedimensamples average elevation was used to calculate the avertpe

407 production rate within eachsubcatchment Equation 9 gives the spatiallyaveragel

408 maximum denudation rate of the catchmeabovethe sampling poin{referred asspatialy-

409 averaged @ga. This calculationis basedon steadystate °Be concentrations at the
410 catchment scalend on theother assumptions statedh the introduction(assumptiors 1 to

411 6). Finally, spatialy-averaged @g s Obtained from stream sediments can be used to
412 determine subcatchment maximum denudation rates between two sampling points

413 (Granger et al., 1996):

@owte F Qowts
414 @06 226 0@mEHC a—y ‘ST

415 with #gand #ghe areas of downstream and upstream catchmeméespectively.

416 One of the important issue for the calculation @ g sfrom equation 9is the choiceof
417 densityof the eroding material. Apart for thease ofgranitic tors for which the density of
418 2.7 gcm?is relatively obvious, several possibilitiagse for topsoil and stream sediment
419 samples. One possibiliig to use the current aerage densities ofopsoil (@ g.cm®, as in
420 Meyer et al., 201pand of stream sediment samplgs2.2 g.cm®) for the calculation of local
421 and spatidly-averaged @ga s Another approachis to use the current average density of
422  regolith (@.7 g.cm?®) for both casesarguing that this density could bebetter estimate for

423 the available erodible materials at the surfaddowever, it must be recalled thahe
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assumption ofsteadystate 19Be concentrationsmplies a long time of cosmic ray exposure
(P( 6z y@nd thispoint must be kept in mind for the choice of densities. If soils are young
and thin, and if most of thel®Be accumulationoccurs in the deeper regolith on ithe
bedrock,using lower density values measured from topsoils is biasing the denudation rates
inferred from equation 9 toward higher values A strategy more coherent with this
assumptionisto use the bedrock density (2¢.cm?) for all calculationsThis reflectghat at
longer timescales, all the surface processes (soil development during interglacial and soil
scraping during glacial times) are averaged out and what is erodimgffed the underlying

bedrock We quantitativelyevaluate these three approaches bellow.
6. Modeling results
6.1 Bvolution, exposure age and denudation rates of depth profiles

Modeled soil production rates are variable between profiles and tendnirease with
decreasing elevation (from P1 to P2 and B@justed parameters in table 5By contrast,
regolith production rates are much lower profiles P2 and P3 due to the thicker regolith
already present at the initial state (table S3Jodeled soil thicknesses rapidly increase
during the first 5 kyr before reaching more stable values after 10 kyr of simulation time
(illustration for profile P1 in figure 4%o0il thicknesses at present time reach 50 cm for P1 and
75 cm for P2 and P8 accordancevith measurementsFinalsimulated bulk and integrated
densities arealsoconsistent with measurements from all depth profiles (figudes 4b,5a,

5b, 6a and 6b).

The best agreement between modeled and measu&# concentrations are obtained with
the same cosmic ray exposure ageldf kyr, the same muonic prexposure age of 150 kyr in

the bedrock, and the same denudation rat@f 22 mm.kyr?! for the three depth profiles
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The %Be concentrations inherited from muons are presented in figure 4d. The best fit of
data was characterized by Klu@upta coefficients of 0.96, 0.95 and 0.82 for P1, P2 and P3
profiles, respectively (Gupta et al., 2008).profile P1,'°Be concentrations inthe bedrock

and the lower regolith arewell explained by the direct modeling (figure 5dhe 1°Be
concentrations are well explained in the whole profile P1 after considesirrgcent soil
expansionconstrained bythe volumetric strain indexXby expandinghe soil layers towards
the surface;as inAckerer et al., 2016jgure 5d). In P2 and P3 bedroéfBe concentrations

are well explained by the direct modeling, similarly to the P1 bedrock (figures 6¢ and 6d).
Accurate fitting of'°Be concentrations in P2and P3 regolith is more challenging due to
impact of mobile regolith within these profiles. High®¥Be concentrations in the mobile
regolith of P2 and P3 are explained by the inheritée from mobile regolith prexposure
(%in table S3). Best agreants between modeled and measuréfBe concentrations in P2
lower regolithare obtained with a full mixing of mobile regolith duritige transport event

that occurred before 19 kyr BP, implyiagonstant % value over depthn P2 lower regolith
(table S3, figure 6¢). Best results in|B&er regolithare obtained witha limited mixing of
mobile regolith and a variable@g value over depth (table S3, figure 6d). Scattetége
concentrations probably due to surface mixing i3 soil is not described by our direct

modeling approach (figure 6d).

6.2 Maximum denudation rates from topsoils, rock outcrops and stream sediments

Maximum denudation rates inferred fromguation 9are shown in figure 7 for topsoils, rock
outcrops and stream sediments. For this calculation, we used a constant granite density of
2.7 g.cm® for all samples. Calculated spalyahveraged @ g sare similar for all the stream

sediments 86-40 mm.kyr?), apart from the sediments collected at the outlet that indicate
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higher denudation rate @mm.kyr?, table 2, figure 7a). The highest spdfiaveraged @ &
(56 mm.kyr?) is calculated for the closestibcatchmentto the watershed outlet (equation
10, figure 7a)Local @ g sfor rock outcrops are lower (384 mm.kyr?), while local @ g sfor
soils range betweeB0 and 42 mm.kyr! with higher denudation near the crests (figura)7
Local @g scalculatedfor topsoil samples independently collected at the surface of depth
profiles (34-42 mm.kyr?) are approximately wo times higher than the denudation rate®
determined from the direct modeling of the higlsolution depth profileg22 mm.kyr?).
Other choices of densitfor topsoil and stream sediment samples (section 5.2)jncrease
the biases observed betweethe local @@ determined on depth profies and the
denudation rate @letermined on the same depth profiles from the direct model{from a

factor three to four)

We find no relation between catchmenimean slope orientationsand denudation rates
(figure 7b,data in table S4), suggesting a limited role of differences in freg¢hag cycles
between north facing and south facing slop&@ere is also no cleaelation between
catchment mean slopes and denudation ratBgure 7ctable S4): similar@ s zare obtained
for catchments with moderate mean slopes {12°) and only above a threshold of around

20° higher denudation is observéar the outlet subcatchmentfigure 7 and table S4).

7. Discussion

7.1 Origin of mobile regolith

Our study on theStrengbach watershed indicates that two different types of mobile regolith
can occur along a slop€l) a deep mobile regolith able to transport tlseil andthe lower
regolith and (2) a near surface mobile regolith generatiag expansioror a mixing of soil

layers



493 For thedeep mobile regolithmodelingresults obtained for thehree depth profiles indicate
494  that regolith mobilizationoccurred around the last glacial maximum (LGivhund 24-19
495  kyr). The homogenizationof mobile regolith was totalit P2) or partial i6 P3) during
496 transport,and stabiliation occurredalong the slope around9 kyrBP.Given the moderate
497 slopes around the three depth profiled(12°),the probablelack of vegetationand the
498 prevalence ofttold conditionsat the elevation of the Strengbach watershed during the LGM
499 (Leroy et al., 2000Heyman et al., 201)3the transport of deep mobile regolithis probably
500 explained byperiglacial solifluction and cryoturbation processes Studies of periglacial
501 processesn present daycold environmens indicate thatrock debriscan be transported at
502 velocitiesup to 10-50 cmyr! (Kaaband Vollmer, 2000Wangensteen et al., 2006)Vith a
503 similardownward velocity during the LGM, thdistance of200 m betweenPl1, P2 and P3
504 profileswould becovered byrock debrisin only 4002000 years.These estimates indicate
505 that the transport ofmobile regolithin a periglacial contextan be fascompared tothe 1°Be
506 production timescaleexplaining why'°Be concentrations within théhree profiles are well

507 modekd by the same exposure agel®f kyr.

508 Study ofcreepingvelocity for regolith particles in avarmer and drier environment was
509 conducted byHeimsath et al(2002. Much slower velocitywas inferred for the downward
510 migration of regolithparticlesby processes analogous tliffusive erosion(6 et 12 mkyr?;
511 Heimsath et al., 2002). By taking a mean velocit§@fn.kyr!, 19 kyr would beneededfor
512 regolith particlego cover thedistance 0200 m betweerP1, P2 and P@rofiles. Thstime is
513 too longandincompatiblewith the similar'®Be concentration®bservedin the upper part of
514 all profiles (table 1)and with the modelingesults pointing to a similar exposure age across
515 the slope(table S3)Therefore, thedeep mobile regolith observed in the watershed is most

516 likely explained byapid peri-glacialprocessesccurringduring the LGM (episodic erosion;
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Norton et al.,,2010) and not bycontinuous creepgng as suggested in other mountain

catchments (West et al., 2013)

In contrast, the near surface (< 1 m of depth) regolith mobility is probably a recent
mechanism (Holocene to actuah longer cosmic ray exposure of a lska profile would
inexorably produce a simple exponential decreasé’®& concentrations with depth, which
is not observed in P2 and P®&iven themoderate slopesand the dense forest cover
currently presentaround the depth profiles recent erosion processes are probably
dominated by diffusive erosiofMontgomery and Brandon, 2002) and soil layers ardylike
impacted by bitogical processegWilkinson et al., 2009)in P1,the linear trend of1°Be
concentrationsobservedin the soilis explained by thevolumetric expansiordue to the
incorporation of organic mattefAckerer et al., 2016)n P2 andP3 the soil mixingappears
incomplete as'®Be concentrationgre not homogenized over depth as illustrated by Dixon
and Riebe (2014). This soil mixiadikely relatedo recentdiffusive erosionbioturbation by
living organismstree throw, or anthropogenicperturbations during the last centuries

(Etienne etal., 2013).

The differences between superficial and deep mobile regolith are rarely discussed in the
literature (e.g. Dixon and Riebe., 2014; Schaller et al., 0D8 reason ighat most of
studies investigaté shallower depth profile®r that samplingesolutionin the deeper part
of depth profilesis too lowto highlightcomplex®Be concentration trends antthe presence
of deep mobile regolithWe therefore emphasize the importance of a higsolution
sampling in the lower part of depth profilde identify deep mobile regolith and tbetter

constrain the longerm evolutionof the regolith alonghillslopes.

7.2 Role of mobile regolithin CZ evolution
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Our data and modeling results indicate that the mobile regolith has a keyimalee CZ
evolution as it modifiesand complexifiegshe CZ structurgsummaryfigure 8). Firstly, the

occurrence of deep mobile regoliimplies a disconnection between théedrock in place
and theregolith. Thisinduces a greater heterogenejtgxplainingthe sharper variations of
mineralogical and chemical compositiah the bedrockregolith interface within P2 and P3
profiles (figure 2).The deep mobile regolithalsomodifies the inherited®Be concentrations
(figures 3and 8, increasing®Be concentrations in theegolith of profiles locateciownslope

(P2 and P3).

The dep mobile regolith also impacts soil and regolith production ratdgyher soil
formation ratesfrom lower regolith weatheringire modeledin P2 and P3 profileection
5.2), and thicker and more evolved soils (ochric podzatg) observed within profile
developed on aleepmobileregolith (figures 1 and). These points are potentially explained
by a faster weathering of the transportedaterial found in the mobileegolithcompared to

the direct weathering of alower regolithin place By contrast, modled values of regolith
production rates from bedrock weathering are faster at the summit (P1) than at lower

elevation along the hillslope (P2 and P3).

Ma et al. (2010) focusedn a watershed affected by periglacial processes and based-on U
series isotopesalso concluded that regolith production rates decrease witicreasing
regolith thickness and distandeom the crests. Our results support this scheared show

that one posdile explanationof this functioningis the deposition of mobile regolith along
slopes In fact, tis process igxplainingboth the thickening of regolithat lower elevation

and the protection of bedrock from weatheringhich reducesegolith production rate
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The deep mobile regolith haglso implicatiors on the hydrological processes anaater
storageacross landscapét induces a thickening of weathered material the lower parts of
the watershed which tends to enhancewater storage capacityHigher water storage
capaciy at mid-slope locationcompared to crestsvasidentified asan important feature to
correctly model thehydrogeochemicafunctioning of the watershedWeill et al., 209;

Ackerer et al., 2020a).

Many studies investigating th&CZevolution pictured that the mobile regolithis relatively
superficial, affecting s@| and mplying an almost complete mixing of soil layers.d.
Anderson et al., 20QDixon and Von Blanckenbyrg012 Riebe et al., 20173challer et al.,
2018) If a near surfacemobile regolith is typicallyidentified, the deep mobile regolith
extending below the soil is too often neglected to understand the CZ structure and its
evolution. As shown by theletailed modehg of depth profilesthe deep mobile regolithis

not always well mixedsuggestinghat a depth dependenttransport lawas proposed by
Heimsath et al(2005 is also validn the context of shallow gradient slope$ watersheds
affected by periglacial processeshe nobile regolith may also change the relationship
between physical erosion and chemical denudation rates across landscape, by complexifying
the idealized soil mated hillslope where soil is directly produced from bedrock weathering

(e.g.Ferrier and Kirchne2008).

7.3 Impact of theassumptionof steady-state 1°Be concentrationsn denudation rates

The results show thathe denudation rate @22 mm.kyr!) determined from the direct
modeling of depth profiles withouany steadystate assumptionon °Be concentrationss
approximatelytwo times lower thanthe local @ g &(34-42 mm.kyr?, figure7a) calculated on

the sameprofiles with independent topsoil sampledhis bias riss to a factorof three or



585 evenfour when consideringurrent average regolith or topsoil densiti€<t.7 g.cm®and @

586 g.cm? respectively instead ofthe bedrock density(2.7 g.cm®) in the calculation of local

588 This biads explained by the fact that in the Strengbamdtchment,the 1°Be concentrations
589 are currently not atsteadystate, i.e. production, denudation and radioactive decag not
590 balanced Additional simulationswere performed on the profiles for the next 5,000 or
591 10,000 yearsindicatinga significant increase if¥Be concentrations in the soil, regolith and
592 bedrock for all depth profilesSuch behaviois related to the short cosmic ray exposure age
593 of the regolith.Calculation of the effective irradiation timesg ;) jndicates thathe exposure
594 age should be longer than 4D kyrto validate the assumption ofteadystate °Be
595 concentrations which is not the casgiven the important erosion event thaaffected the

596 profilesat around19 kyrBP(i.e. PO 64 )y

597 A key finding is thatthe depth profiles, although not irsteadystate for the °Be
598 concentrations, are close to steadystate for their soil and regolitithicknessegfigure 4)

599 The simulated regolith production ratesre close to the simulated denudation rategthin

600 the Holocene tim&ame. This conclusion is supported by the observation tat simulated
601 regolith production rate in Plapproximately 14mm.kyr! over the last 15 kyr, table S3) is
602 consistent with the regolith production rate independently determined on the millennial

603 timescale from WUrhRa isotopes (approximately h2m.kyr!, Ackerer et al., 2016).

604 We also highlight the importance of consideringoit expansion (nofisovolumetric
605 weathering) when deciphering the evolution of depth profiles. In,Pdsteadystate of
606 regolith thicknessaand mass balanckas been reachedith a regolith production rate of 12

607 mm.kyr! and a denudation rate of 2&nm.kyr': the weathering of a given thickness of



608 bedrock produces approximateljwice more thickness of soidue to the volumetric
609 expansion andhe decreasein density When considering the differensdn density and
610 expansionprocessesregolith production and denudationates expressed in specific mass
611 fluxesare in fact similarin P1(30+10 and 3715 T.km2.yr?l, respectively; Ackerer et al.,

612 2016).

613 We therefore advocate for a clear distinctidretweentwo different equilibrium states: a
614 steady sate of!°Be concentrations achieved whetBe production is balanced by
615 denudation and radioactive decay, andteadystate of regolith thickness (or mass lbace)
616 reached wherregolith production is balanced higtal denudation.Our results demonstrate
617 that these twosteadystates are not necessdy reached over thesame timescaleln the
618 case of the Strengbach watershed and nearby the crests,sthadystate of regolith

619 thickness is reached before that of th#e concentrations.

620 One way to correct the bias induced by the assumption of stesale 1°Be concentrations

621 on the local @g &is to rather estimate denudation rate@rom equation 4, at z=Qusing the

622 inherited 1°Be concentrations and the exposure age both deduced from the modeling of
623 highresolution depth profile. The determination of these correctedenudation rates@an

624 be done with a numericainverse procedure(Ackerer et al., 2016)by minimizing the

625 difference between!%Be concentrationsmeasured in samples ane#Be concentrations

626 calculated fromequation 4

627 Onour depth profiles,the corrected local @rom topsoil samplesndicate that denudation
628 ratesrange between33 mm.kyr! (in P1) andl4 mm.kyr! (in P2), much more consistent with
629 the value of 22mm.kyr! estimated bythe direct modeling ofdepth profiles (table 2) We

630 used for this calculation the average regolith density of @.@m° as this density is
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representative of the eroded regolith during thene-window from 19 kyrBP to present.

The scattering of the revised denudations is certaaffgcted by the mixing processes of the
shallow samples. Even though the corrected denudation values are only calculated for 3
samples, it is interesting to note that the average of these th@alues is 22nm.kyr?, i.e.
identical within error to the value derived from the modelling of depth profiles. This result is
consistent with the classical approach that recommends averaging the denudation rates of

several samples for a given area, rather than relying on dessagnple estimate.

The bias induced byhe classical assumption dfteadystate ®Be concentrations(an
overestimation oflocal denudation rates bya factortwo to four) hasprobably a limited
consequence for studies dealing with fumider estimates ofdenudation ratesandor
comparingseveralwatersheds with very differentdenudation ratesHowever, this bias is
significant for studies attempting to better understand the geomorphologicalugiam of a
watershed, as for example studies comparing local denudation of ridge crests with
watershedscale averaged denudatiof@.g. Meyer et al., 20100ur study showghat the
assumption ofsteadystate 1°Be concentrations should be used vegrefully in mountain
environmens where regolitls with short cosmic ray exposure agare present.Combining
high-resolution depth profiles with local regolilnd topsoilsamples is a way to quantify the

impact of ths assumptioron denudationestimates

7.4 Spatiotemporal \ariability of denudation rates and geomorphological implications

The temporal variability of denudation cdinstly be estimated from the direct modeling of
depth profiles. Denudation rates likely strongly decreased between the &@Nhe last 19
kyr, as indicated by the cosmic ray exposure age of depth profiles pointing to important

erosion events beforé&9 kyrBP and a period of relative stability afteé® kyrBP(figure 8) A
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second comparison can be made from the modern measerdgm of denudation. The
research conducted in the Strengbach watershed shdkat the current denudation
determined from solute and solid fluxes at the outlet (around I&mR.yr?, with 5T.km2.yr

1 of solute exports and 10.kmz2.yr* of solid exportsover 20 yr of recorgViville et al., 2012;
Cotel et al., 2016; Ackerer et al.,Z)) is lower than the longerm denudation inferred from
10Be data (around 3T.km2.yrl, determined on thdast19 kyron P Ackerer et al., 2016 A
general trend of denudation decreasath time isthen highlightedfrom the LGMo the last
19 kyr, and from this 19 kyr time&indow to present A probabk explanation is the
progressivedevelopment ofvegetation during the Holocenat this elevation(Leroy et al.,
2000) and the dense forest cover observed today in the watershed (Pierret et al., 2018).
Another explanation whictcannot be excluded is that modern measurememisre not

affected by rarebut high magnitude erosion eventas suggested biirchner et al. (2001).

The spatial variability of denudation can be discussed by the comparison of denudations
rates determined from depth profile, topsoil, rock outcrop and stream sediment samples. As
discussed in section3, the assumpion of steadystate 1°Be concentrations is not applicable

for these sites. This suggests that the same assumption is probably too strong for the
determination of denudation ratesrém other soil, outcrop, or sediment samples in the
watershed and that theletermined @ ¢ svalues are biasedrhe approacho correct theses
estimatesdevelopedin section7.3 has been applied for these different samples to estimate
more realistic denudation rates frod¥Be concentrations. For all the Strengbach samEe
corrected denudation rate @has beendetermined by numerical inverse procedurigom
equation 4 with the assumption that the entire watershed is characterized by the same

exposure age and the same inheritéBe concentration asstablished on depth pfiles.
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Comparison of correctedenudation ratesinferred from topsoil, rock outcrop and stream
sediment samplesllows fora detailed understanding ahe evolution of thewatershed
geomorphology (figure Stable 2. On the upper part of the watershedpwer denudation
rates on rock outcrops compared to soil and sediment denudation rates indicate an ongoing
individualization and growth of bare rockBhe observation that rock outcrops have lower
denudation rates than other parts of the basin is cladsicanvoked to explain the
prominence ofthesestructures in the landscap@Riebe et al., 2003; Heimsath et al., 2010)
With denudation rates ofiround 22 mm.kyr?! for the regolith and 4 to 9mm.kyr! for the

tors, in 19 kyrthe topographc difference betweenthe soil surface and toraould be a few

tens of cm, consistent with field observations for the STR. kite. However, these values
are far too low to explain the morphologies observed at site STRWhere the bedrock
outcrop surface overhangs the maunding soils by nearly 2n. With the estimated
denudation rates presented above, such topographic differences would require nearly 150
kyr to be obtained, i.e. the time of the penultimatstrong denudation event of the site
based on the interpretation®f Ackerer et al. (2016). We therefore propose that bedrock
outcropsin these areas result from their exposure during stripping events of locally resistant
bedrock portiors, accounting for denudation at lower rates in these areas compared to
other rocks. Tis interpretation remains to be validated by detailed studies of these tors,

which is beyond the scope of this study.

It canalso benoted thatin the upper part of the watershedhe highest local denudation
rates are observed on the crests (38 mm.kyr?), with values significantly higher than the
local rate determined above thenain catchmentknickpoint (i.e. STR1Z; 12 mm.kyr?;

figure 9. By comparing corrected spatilaveraged @rom sediments from the upper part

of the stream with corrected locai@rom soils on crests (as in Meyer et al., 2010), the relief
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decrease between the crests and above the river knickpoint would be aroGimdnd.kyr?.
However, itmust be noted that this relief variation is close to uncertaintiésye consider
the substantialvariability of local denudation ratedeterminednear the crestat the surface
of depth profiles(33-14 mm.kyr?; figure 9).Therefore,exceptthe significanttopographic
growth of local granitic outcrops, the upper part of the watershedlilely affected bya

limited relief variation.

This isclearlyin contrast with the variability ofdenudation rates at the scale of the entire
watershed. The lower part of the watershed stands &oim the rest of the watershed, as
the highest denudation rate in the whole watershed is undeniably determined for the outlet
subcatchment (99nm.kyr?, figure 9).With the above assumptiong.e. same exposure age
and inherited 1°Be for the entire watershexl the high denudation rate of the outlet
subcatchmenttompared tothe onesdetermined from the sediments collected in the upper
part of the stream (2318 mm.kyr?) impliesthat a regressive erosion from the bottom of the
valleysteepens the topography nearby the stream outlet. By comparing corrected dpatial
averaged @n the outlet subcatchment with corrected loc&drom soils on crests, the total
watershed relief increase would be around 68n.kyr?, following the approach given in
Meyer et al. (2010). From the above discussion, italao beproposed thatthe Strengbach
watershed issubdivided ito two different geomorphological systems, with an upper part
with a nearly constant relief @ha lower part characterized by a relief increase localized near

the stream incision

Different quantitative estimates would be determined for the geomorphological evolution of
the watershed from denudation ratesncorrected ordifferently corrected. The lowest relief

changebetween crests and outlet would be obtained with uncorrected denudation rates



724 (@0 mm.kyr?, figures 7). But from a qualitative point of view this would not rudpe the
725 conclusion that theStrengbachwatershed is marked by @oticeablespatial variability of its
726  denudation with an upstreansubcatchmentwith limited relief changeand a downstream
727 one with a localized regressive denudation near the stream outlet. Sinengbachcase
728 therefore illustratesthat even ina watershedwhere the steadystate assumption of°Be
729  concentrationss not verified( PO 64 )y the spatial vagtions of in-situ 1°Be concentrations
730 in sedimentsstill carry qualitativelyrelevantinformation on the geomorphologicavolution

731 of landscaps.

732 8. Conclusion

733  We presented in this study a rare combination iofsitu 1°Be data from high resolution
734  depth profiles, soils, rock outcrops and stream sediments in a small mountain watershed.
735 Thehighresolution of depth profile samplinggas a key point to understand hotlve mobile

736 regolith is generated and how it affects the CZ evolugsmmmary figure 8)Two different

737 types of mobile regolithwere identified a deep mobile regolith explained by periglacial
738 processegxclusively occurrinduringthe LGManda superficialmobile regolith generating a
739 recent expansionor mixing of soil layers. Deep mobile regolith clearly medifi’Be

740 concentrations and mineralogical, geochemical and physi@lolution of the CZ.The

741  modeling of regolith evolution and éfBeconcentrations along depth allosto estimate the

742  cosmic ray exposure agd9q ky) and the mean denudation rate (22m.kyrY) of high-

743  resolution depth profiles without any assumption dofteadystate 1°Be concentrations.

744  Comparison with maximum denudation rates inferred from topsoil samples independently
745 collected at the surface of depth profiles amerpreted under the assumption ofteady

746  state 19Be concentrations shows thathis assumption leads to aaverestimation of local



747  denudation rates by a factor of approximatelyd. One important conclusion of our study is
748 to show that if one wants to estimate denudation rates by following the classical approach
749 (i.e. single topsoil sample, assumption sfeady-state 1°Be concentrations), the best
750 estimates are obtained when using the density of the bedrd®&sults also indicate that
751 maximum spatidy-averageddenudation rates determined from stream sediment samples
752 overestimate denudation rates by a factorafproximately two. These biasare significant
753 to understand the precise geomorphological evolution of a watershed,va&dgropose a
754 method to estimatecorrected denudation ratesThe cmmparison between corrected local
755 and spatidly-averageddenudation ratesindicates that the watershed geomorphology is
756 evolving and that regressive erosion increases rieef nearby the outlet.A key finding is
757 also that asteadystate of 1°Be concentrationsand asteadystate of regolith thickness (or
758 massbalance) are two different situations that do not neceslyasverlap. In the case of the
759  Strengbach watershed crests,steadystate of 1°Be concentrations is not achieved while
760 regolith thickness tends to steadystate. However even in a watershed where the steady
761 state assumption ot°Be concentrations is not verifiedPO 6y )y the spatial variations of
762 in-situ 1%Be concentrations insediments still provide relevant information on the

763 geomorphological evolution of landscape
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Figure caption

Figurel: study watershed and sampling location. (a) Strengbach watershed location in northeastern
France. (b) Sampling location ‘8Be samples including topsoil, rock outcrop, stream sediment and
high-resolution depth profile samples. (¢) Photography of the ¢htéghresolution depth profiles
realized on the southern part of the watershed. Yellow rectangles represent collected samples of soil,
regolith or bedrock. Blue diamonds represent samples for which mineralogical, geochemiéand
analysis were perfored. The profile P1 was investigated by Ackerer et al. (20\86}. litter is
defined by a thick mat of undecomposed to partially decomposed litter that is not significantly
incorporated into the soil, present in coniferous forests. Moder litter is definedriundecomposed

and partially decomposed remains of brel@dved deciduous forest litter that is shallowly
incorporated into the soil.

YiUp i g 0 x 8 Vi1
b100-8Y%101Y0I% g1 for the three highresolution
YiUipivuidiYipigOxp

depth profiles on the southern slope of the watershed. (a) Subplot for the depth profile P1. (b)
Subplot for the depth profile P2. (c) Subplot for the depth profile P3.

Figure 2: chemical mobility coefficients;(L |

Figure 3:1%Be data, volumetric variations, and bullensity from the three highesolution depth
profiles (P1, P2 and P3). {8e concentrations measured in bulk samples. (b) Volumetric strain index

(YL YIDIYUIOIDIYUI%FQ (C) Bundenslty

YiYipig0xppi@0x

Figure 4: direct modeling of the evolution of P1 profile. Black lines represent from top to bottom, soil
surface, soil base and bedrock interfaces. (a) Bulk density evolution. (b) Integrated density evolution.
(c) 1°Be production rate evolution. (dBe ®ncentrations from muonic prexposure (150 kyr).
Calculations of the muonic pmxposure consider the erosion of regolith over time, and especially
the important erosion event that removed approximately 2 m of regolith during the Last Glacial
Maximum (Ackrer et al., 2016).

Figure 5: modeling results for the P1 profile. (a) Measured and modeled bulk density. (b) Measured
and modeled integrated density. (c) Comparison between measured and simufiBxl
concentrations. (d) Comparison between measured amaukited °Be concentrations including a
correction of soil expansion.

Figure 6: modeling results for P2 and P3 profiles. (a) Measured and modeled integrated density for
the profile 1. (b) Measured and modeled integrated density for the P2 profile. (c) &mop
between measured and simulaté@Be concentrations for the P2 profile. (d) Comparison between
measured and simulate§Be concentrations for the P3 profile.

Figure 7: slopes, catchments of stream sediments and spatial variability of denudationnrates
Strengbach watershed. (a) Map of the watershed. Maximal denudation raes J written in black
are inferred from°Be concentrations measured in topsoil, rock outcrop and stream sediment

samples with the GIS toolbox Basinga (Charreau e2@19) using equation 9@g s N @—A—“
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éﬁ%”m E é‘%%ﬂﬁ and under the assumption of steady stdfe concentrations. A constant

bedrock density of 2.7.gn® was used in all calculations. The denudation rate written in blue is
determined through the modeling of higiesolution depth profiles without the assumption of steady
state 1%Be concentration{ @equation 4). The denudation rate written in bold black fhe outlet
subcatchment is calculated from equation 10. Denudation rates are expressaunikyr! and
uncertainties include the uncertainties on th€Be concentrations, blank correction, arifBe
production rates (uncertainties in table 2). (b) Spatfaleraged @g s calculated for stream
sediment catchments as a function of mean catchment aspect (° from N). (c) Syataakged @ ¢ &
calculated for stream sediment catchments as a fiomc of mean catchment slope (°). Error bars
represent one standard deviation of data.

Figure 8: summary diagram of the four major stages of the CZ evolution along the southern slope of
the Strengbach watershe&tage (1) around 25 000 BP: presence of@al®files with inherited in

situ 1%Be concentrations in the bedrock corresponding to the long term muonic exposure during
approximately 150 kyr. Stage (2) around 24-200000 BP: major erosion event removing the paleo
profile soil and regolith in P2 a3 but keeping in place part of the regolith in P1. Stage (3) around
19 000 BP: stabilization of deep mobile regolith on the bedrock of P2 and P3 profiles. P1 is still
covered by part of the usitu regolith. Stage (4) from 19 000 BP to present: perioith Wawer
denudation rates explaining the soil development and the exposure age of 19 000 yr determined for
all profiles. In P1, a thin soil was developed from the weathering of in situ regolith and was affected
by near surface mobile regolith and volumetexpansion. In P2 and P3, thicker soils were formed
from the weathering of deep mobile regolith and were affected by near surface mobile regolith and
surface mixingSlopes and distances are purely illustrative but height variations were represented in
accordance with modeling results.

Figure 9: corrected denudation rates calculated from equation 4 by assuming a uniform cosmic ray
exposure time across the watershed equal to the exposure time determined on depth profiles (t=19
kyr). Corrected denudation rates written in black are inferfein 1°Be concentrations measured in
topsoil, rock outcrop and stream sediment samples. We used in calculations the densitygah®7

for rock outcrops and the average regolith density of .63 for topsoil and stream sediment
samples. Denudatiomate written in blue is determined through the modeling of high resolution
depth profiles without assumption of steady staf#8e concentration @equation 4). Denudation

rate written in bold black for the outlet subcatchment is calculated from equatidnDenudation

rates are expressed irmm.kyr' and uncertainties include the uncertainties on théBe
concentrations, blank correction, aftBe production rates (uncertainties in table 2).

Table caption

Table 1: sample type, depth, bulk density, integrated density*3el data for the three high
resolution depth profiles from the southern part of the Strengbach watershed.

Table 2: sample type, location, elevation dff8le data for topsoil, rock outcrop and stream sediment
samples collected across the Strengbach watershed. Maximum denudation @tgs;fvere

inferred from the GIS toolbox Basinga (Charreau et al., 2058y equation 9 and assuming a steady
state of'%Be concentrations. A constant bedrock density of@ci® was used in@ g «calculations.
Corrected denudation rates d were calculated without assuming a steady st&@eof
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concentrations (equation)by using inherited’Be and cosmic ray exposure age determined on
depth profiles. The density of 2gicm® for rock outcrops and the average regolith density of 1.7
g.cm for topsoil and stream sediment samples were used in corrected d calculations.
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