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1 Introduction

Understanding the relationship between chemical weather-
ing and physical erosion rates is an important issue for sur-
face and environmental science; both processes affect stud-
ies of soil and landscape evolution and water quality. The
determination of these relationships and the parameters
controlling chemical weathering and physical erosion can
be achieved by comparing weathering and erosion fluxes
measured at the outlet of small watersheds (e.g., GABET,
2007; MILLOT et al., 2002). If numerous studies of chemical
weathering fluxes exist, only a few of them focus on erosion

fluxes. This is the case, for instance, for the Strengbach
catchment, for which geochemical budgets have been estab-
lished since the mid 1980s (e.g., PROBST et al., 1992) but
for which physical erosion rates have been available only
very recently.

The aim of the present study was to assess the physical
erosion rate of the granitic Strengbach catchment along
with the dissolved flux carried by the streamlet. The data,
associated with the previously published weathering and
erosion rates of other basins, are used to discuss the reliabil-
ity of the relationships that have been determined between
weathering and erosion rates. For the Strengbach catch-
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Zusammenfassung

Am Auslass des granitischen Strengbach-Einzugsgebiets wurden zwischen 2004 und 2010 regelmiflige Beobachtun-
gen des Schwebstoff- und Geschiebetriebs sowie der gelosten Stoffe analysiert. Die Erosionsrate betrigt im Gebiet
5 tkm2.yr!, wobei zwei Drittel der physikalischen Erosion zugeordnet sind und ein Drittel dem Geschiebetrieb
entspricht. Die berechnete jihrliche Netto-Verwitterungsrate fiir das Einzugsgebiet variiert zwischen dem Kationen-
transport (4,76 t-km2.yr'!) und dem athmosphirenkorrigierten Transport (2 t-km2-yr'!) um den Fakror 2. Verglichen
mit anderen granitischen Einzugsgebieten liegen die Anteile der Verwitterungsprozesse (Verwitterung und Erosion)

Schlagworte: Schwebstoffe, physikalische Erosion, chemische Verwitterung, granitische Einzugsgebiete, Streng-

Summary

Regular observations of the suspended sediment and bedload flux and also analysis of the dissolved load have been
realized at the outlet of the granitic Strengbach catchment over the period 2004—2010. The physical erosion flux ex-
ported out of the catchment is of 3.3 t-km™2.yr"! and the erosion rate carried by the bedload (1.7 t-km2.yr'!) can reach
one third of the total erosion rate (5 t-km™2.yr!). The net annual weathering flux calculated for the watershed can
differ by a factor of two or more (from a weathering flux of basic cations of 4.76 t-km2.yr'! to an atmosphere-correc-
ted flux of 2 t-km2.yr'!). Compared to other granitic catchments, the weathering budgets fit the general trend defined
between the weathering rate and runoff, and the relationship between weathering and erosion rates does not differ

significantly.
Key words: Suspended sediment load, physical erosion rate, chemical weathering rate, granitic catchments, Streng-
bach.
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ment, the weathering rate is to be estimated from the flux
of basic cations exported from the watershed and is there-
fore labelled in the text as CW. The erosion rate is assessed
from the solid load carried by the stream, which consists of

the suspended sediment load (SSL) and the bedload.

2 Study area and methods

The small Strengbach (0.8 km?) catchment is located on the
eastern side of the Vosges massif (eastern France) at altitudes
between 883 m and 1,146 m a.s.l. (PROBST et al., 1990).
The up to 1-m-thick acidic soils overlay a < 10 m thick
saprolite and a Ca-poor granitic bedrock. Norway spruce
covers 65% and mixed beech and silver fir 35% of the
catchment. The climate is temperate oceanic-mountainous;
the mean annual precipitation is 1,400 mm, and the mean
annual runoff is 814 mm, with high flow rates during the
cold season. The site is well suited for multidisciplinary
studies in hydrological, geochemical and forest research.
The sampling, the analytical techniques and the fluxes de-
termination are described in VIVILLE et al. (2012).

3 Results
3.1 Fluxes of suspended and bedload sediments

The mean SSL concentration is of 3.69 mg-L'! (n = 213
samples, SD = 3.62 mg-L'!). An important part of the SSL
is exported during the major flood events in the snowmelt
periods; for example, during March and April 2006, the flux
was approximately half of the yearly flux out of the catch-
ment (Fig. 1). Expressed in specific flux, the mean annual
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value is 3.3 tkmZyr! and varies between 2.6 and
4.2 tkm2.yr'!. This value is intermediate between the low-
est values associated with low runoff observed in boreal
zones and the highest values associated with the great
amount of runoff in tropical zones (MILLOT et al., 2002). In
addition to the suspended sediment fluxes, a yearly bedload
deposit has been estimated for the period between October
2009 and September 2010 and correspond to a bedload
mass flux of 1.4 t-yr! (1.7 tkm2.yr'!). Meanwhile, further
bedload determinations are necessary to constrain this
value, which is usually characterised by a great inter annual

variability.

3.2 Dissolved fluxes

Similar to the estimations of the SSL fluxes, the mean an-
nual output fluxes of basic cations (Na, Ca, Mg and K) are
1.56,2.14, 0.44 and 0.62 t-km™2.yr'!, respectively. The sum
of these basic cations, which is used to estimate the CW
flux, is 4.76 t~km'2~yr'1. This value is in the range of the
values yet observed for the Strengbach catchment (PROBST
et al., 1992; PROBST & VIVILLE, 2001). The output of the
basic cation flux from the Strengbach watershed appears to
be quite well correlated to the water fluxes.

The comparison of these new data of the Strengbach
stream with those previously obtained by PROBST et al.
(1992) point to a strong decrease in SO, concentration
(110 to 60 pmol-L!) along with Ca (93 vs. 66 pmol-L)
and Mg (30 vs. 23 pmol-L!) concentrations over the last
20 years, while the Na concentration has been stable
(85 pmol-L1). The variation observed for the past 20 years
could be related to the release of sulphate that accumulated
in the catchments during decades due to an acidic atmos-

Suspended Sediment Load (g.L‘1)

Suspended Sediment Load (SSL), daily and sampled
discharge from January 2004 to September 2010
Abbildung 1: Schwebstofffracht (SSL), Tagesabfliisse und Bepro-
bungsabfluss von Januar 2004 bis September 2010

Figure 1:
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pheric deposition similar to that of regions in Europe and
northern America (HARRIMAN et al., 2001; STODDARD et
al., 1999); for almost all of these regions, a basic cation de-
crease has been observed.

4 Discussion
4.1 Robustness of the estimated mean fluxes

The estimation of chemical weathering and physical erosion
implicitly depend on the classical assumption that these
fluxes are representative for the values actually exported out
of the catchment. In the Strengbach catchment, the dis-
crete data set (213 values) corresponding to the discharge
measurements at the time of the water and sediment collec-
tion yields a mean discharge value of 18.0 L-s1; it is similar
to the mean discharge calculated by using the continuous
discharge record for the period 2004-2010 (17.9 L-s7!),
suggesting that the variances are homogeneous.

The influence of the sampling time step on the SSL flux
estimation has been studied at a daily time step basis for
large watersheds (COYNEL et al., 2004; MOATAR et al.,
2006). The results show that the reliability of the flux deter-
minations strongly decreases when the time lag increases;
but a weekly or even a fortnightly sampling is sufficient to
allow the determination of fluxes at a +20 % level, in com-
parison with a daily sampling and for a great number of
rivers, as shown by MOATAR et al. (2006). We therefore sug-
gest that the estimated suspended sediment flux in the
Strengbach catchment, which is based on a fortnightly sam-
pling, yields a first and realistic value with an accuracy of

+209%. On the other hand, the reliability of the bedload
determination could be questioned further. However, at this
stage, it is the first bedload flux given for the Strengbach
catchment, representing approximately 50% of the sus-
pended flux; it is therefore not negligible.

The dissolved load fluxes of the Strengbach waters do not
significantly differ (e.g., < 1% for Ca and Na) due to the
weak variation of the concentrations (Coefficient of Varia-
tion < 10 % for almost all of the elements). Therefore, the
accuracy of the determination of the dissolved load can be
considered very reliable.

4.2 Determination of the CW flux

As presented in §3.2, the flux of basic cations out of the
Strengbach catchment is of 4.76 t-km™2-yr!. This value can-
not be directly associated with the weathering flux of the
watershed because part of this flux includes atmosphere-
derived material. As the watershed is largely covered by for-
est, the canopy collects a significant part of this “occult”
material (particles, gas, dust). These deposits are leached by
rain from the canopy and thereby brought by throughfall to
the global chemical flux exported from the watershed.

The estimation of the atmospheric contribution to the
chemical budget of the Strengbach waters is not so straight-
forward. Here, we decided to use the approach proposed in
previous studies of the same site (PROBST et al., 1992): the
wet deposits are estimated from open field rainwater
collected on one site of the watershed and the “occult”
deposits are calculated from the analyses of throughfall
corrected for biological cycling according the procedure

Precipitation (P) 1.03
Occult deposits (OD) 1.75

Streamwater Streamwater
(SWO) 4.76 (SWO) 4.76
Figure 2: Chemical weathering rate without (left) and with CWR =SWO CWR = SWO- (P+0D)
atmospheric correction (right) Nonco"eCtEdQ 1 Corrected 2 4
Abbildung 2: Chemische Verwitterungsrate ohne (links) und 4,76 t.km .yr 1.98 t.km .yr
mit atmosphirischer Korrekeur (rechts)
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of LINDBERG et al. (1986). The atmosphere corrected CW
fluxis 1.98 t-km™2.yr! for the period 2004-2010 and is thus
much lower than the streamwater output of 4.76 t-km2-yr'!
(Fig. 2).

This corresponds to a global atmospheric contribution of
approximately 50 %. Indeed, the mean atmospheric contri-
bution is approximately 2.78 t-km2.yr! for the 2004-2010
period. This value is similar to that determined for the pe-
riod 19861990 but is higher than the values obtained in
the 1990s. It seems that, more recently, the throughfall has
increased significantly for some elements (K, Na). The rea-
sons for these changes remain unclear and further investiga-
tion is needed to clarify this matter.

Nonetheless, whatever the value and parameters used for
calculation of the CW flux, an important result is that this
flux increases with increasing runoff. Such a relationship
probably indicates that, even for a watershed disturbed by
recent acidic atmospheric inputs, the main parameter con-
trolling the weathering intensity remains the water flux cir-
culating through the watershed. This does not mean that
the anthropogenic impact has no influence on the weather-
ing processes in the watershed, but that this impact is of a
second order of importance (VIVILLE et al, 2012).

The chemical fluxes calculated for the Strengbach catch-
ment fit the general trend defined by the other granitoid
watersheds as shown in the diagram of CW rate vs. runoff
(Fig. 3). The data set results from the compilation of MIL-
LOT et al. (2002) and of data from other watersheds in
which dissolved fluxes were available (VIVILLE et al., 2012).
The consistency between these data confirms the above in-
terpretation that the main parameter triggering the inten-
sity of weathering flux is the runoff of the watershed.

100

4.3 Comparison of chemical weathering rate and
physical erosion rate

A total erosion value of 5 (3.23 + 1.75) t-km™2.yr'! can be
calculated from the SSL and bedload values for the Streng-
bach catchment for the year 2009-2010. This value is low
compared to other granitic catchments, but it falls within
the range of their sedimentary flux (and hence the erosion
rate). This shows that the export of sediments in the Streng-
bach catchment is important; it is of at least the same order
of magnitude as the export of dissolved load and is likely to
be of greater importance if the atmospheric impacts are
considered.

Ataglobal scale, it has been found that a positive relation-
ship exists between the CW and erosion rates; which cor-
responds to the widely accepted idea that physical erosion
and chemical weathering are interrelated processes.

To illustrate this point, we have added to Millot’s initial
compilation five new granitoid catchments for which both
the CW rate and the physical erosion rate have been esti-
mated. All these catchments fit in the granitoid trend de-
fined in the diagram, which plots the CW flux against run-
off (Fig. 3). By contrast, when the data points are plotted in
the diagram of the CW rates versus physical erosion rate, the
correlation defined by the granitoid watersheds is clearly
deteriorating compared to that defined without the newly
added five watersheds (Fig. 4). The Strengbach catchment
plots above the granitoid catchment trend, for example, but
the bias is actually very dependent on the value obtained for
the CW flux. This bias is important when the CW flux is
the rough flux calculated without atmospheric correction,
whereas it is much smaller when corrected for atmospheric
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Runoff (mm.yr’ 1) bach)
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deposition. The fact that the atmospheric corrections have
not (or have differently) been performed for all watersheds
may explain the scattering of some of the data points in
Figure 4. In some cases, corrections for atmospheric deposi-
tions have been performed by using a Cl-budget approach
or a method using the Na/Cl ratio; in other cases, correc-
tions have been performed by taking into account precipita-
tion and throughfall (the Storbergsbicken, Hubbard Brook
and Strengbach catchments) whereas no corrections have
been performed for the two remaining watersheds (the
Tinkisso and X8 catchments). Furthermore, the biomass
uptake is taken into consideration only in a restricted
number of catchments (Hubbard Brook and Storbergsbick-
en). In addition, the sampling strategy retained for estimat-
ing the fluxes differs from one watershed to another; these
strategies are derived from annual averaged budgets or from
spot samples, a fact that influences the reliability of the mass
balance calculations. Therefore, some doubts remain about
the reliability of the theoretical laws established up to now
to describe the relationship between weathering and erosion
rates. To confirm or refine these laws, it is now essential to
have a set of watersheds for which all the components neces-
sary for drawing up the weathering and erosion budgets are
available and known with a sufficiently good accuracy. This
would permit to correctly take into account the erosion flux
transported as bedload, which, as for the Strengbach catch-
ment, is not negligible. In future studies one should also
determine more precisely the budgets by taking into ac-
count the atmospheric input, the biomass uptake and the
biomass output when forested harvesting occurs.

5 Conclusions

The continuous determination of dissolved, suspended
matter and bedload fluxes has allowed the first estimation
of the whole budget of the weathering and erosion balance
for the Strengbach catchment. These results show that the
erosion rate is at least equivalent to the chemical weathering
rate of basic cations (CW) and could be twice this rate, de-
pending on the corrections applied in estimating this CW
rate. The erosion rate based only on suspended matter cal-
culation, without considering bedload, induces an under-
estimation of approximately 30 %.

The results emphasise the importance of the determina-
tion of the whole solid fluxes exported from the catchments
for the precise assessment of erosion rates. They also indi-
cate that, to evaluate the net impact of a forested cover on
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Figure 4:

Relationship between the rates of chemical weathering
and physical erosion (SSL) in granitoid catchments (other
catchments; Storbergsbicken: Northern Sweden (LAND
& OHLANDER, 2000); Tinkisso: West Africa (ORANGE,
1992); W6-Hubbard Brook; New England (KIRCHNER,
1992; MARTIN et al., 2000); X8 Salacova Lhota at Trnav-
ka: Czech Republic (JICINSKY & PACEs, 1980))
Abbildung 4: Bezichung zwischen chemischer Verwitterungsrate und
physikalischer Erosion (SSL) im granitischen Einzugs-
gebiet (andere Einzugsgebiete: Storbergsbicken: Nord-
schweden (LAND & OHLANDER, 2000); Tinkisso: West-
afrika (ORANGE, 1992); Wo6-Hubbard Brook; New
England (KIRCHNER, 1992; MARTIN et al., 2000); X8 Sa-
lacova Lhota at Trnavka: Tschechische Republik (Jicinsky
& PACES, 1980))

the biogeochemical cycles, the weathering budgets need to
be improved regarding the fluxes influenced by the vegeta-
tion. This is necessary for the correct estimation of the rela-
tionship between physical erosion and CW.

For the Strengbach catchment, the data show that the
runoff is the main factor controlling the weathering flux
interannual variations. Meanwhile, a slight decrease of the
mean CW flux has been observed for the past twenty years
and might be related to environmental modifications. Fi-
nally, this study indicates that the relationship between CW
and erosion rates determined for the Strengbach catchment
does not significantly differ from those established for other
previously studied granitoid catchments.
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