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a b s t r a c t

Cosmogenic nuclides in river sediment have been used to quantify catchment-mean erosion rates.
Nevertheless, variable differences in 10Be concentrations according to grain size have been reported. We
analyzed these differences in eleven catchments on the western side of the Andes, covering contrasting
climates and slopes. The data include eight sand (0.5e1 mm) and gravel (1e3 cm) pairs and twelve sand
(0.5e1 mm) and pebble (5e10 cm) pairs. The difference observed in three pairs can be explained by a
difference in the provenance of the sand and coarser sediment. The other sandepebble pairs show a
lower 10Be concentration in the pebbles, except for one pair that shows similar concentrations. Two sand
egravel pairs show a lower 10Be concentration in the gravel and the other five pairs show a higher 10Be
concentration in the gravel. Differences in climate do not reveal a particular influence on the 10Be
concentration between pairs. The analysis supports a model where pebbles and gravel are mainly
derived from catchment areas that are eroding at a faster rate. The five gravel samples with high 10Be
concentrations probably contain gravel that were derived from the abrasion of cobbles exhumed at high
elevations. In order to validate this model, further work should test if pebbles are preferentially exhumed
from high erosion rate areas, and if the difference between pebbles with high 10Be concentrations and
sand decreases when the erosion rate tends to be homogeneous within a catchment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

This paper explores the differences in the mean 10Be content in
sand, gravel (1e3 cm) and pebbles (5e10 cm) covering a river bed.
The catchment-mean erosion rates were estimated from the mean
10Be concentration in several-hundred grams of a sand sample
gathered in a river at a catchment outlet. The 10Be concentration in
each sand grain is assumed to correspond to the 10Be production on
the hillside during stationary exhumation only. It is assumed that
the thousands of grains found within a sand sample come from
(S. Carretier).
everywhere in the catchment, meaning that their mean 10Be con-
centration provides information about themean catchment erosion
rate (e.g. Brown et al., 1995; Granger et al., 1996; Bierman and Steig,
1996; von Blanckenburg, 2005). This method could be improved by
separating clasts coming from different lithological sources. This
would allow us to determine the erosion rate of different patches,
opening theway tomapping erosion rates in different areas of large
and inaccessible catchments by sampling river bed material at its
outlet. More generally, the sampling of sediment deriving from a
specified source may improve our understanding of hillslope and
river erosion processes (e.g. Codilean et al., 2010; Gayer et al., 2008;
Nichols et al., 2002; Matmon et al., 2013; Carretier and Regard,
2011). These approaches require the sampling of clasts that are
large enough (>1 cm) in order to identify the selected lithology.
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Nevertheless, 10Be acquisition in coarse sediment such as this
can be different from that of sand. Previous studies have shown
either a positive correlation between the grain size and 10Be
concentration (Belmont et al., 2007; Clapp et al., 2002; Heimsath
et al., 2010; Hewawasam et al., 2003; Matmon et al., 2005b;
Reinhardt et al., 2007; Ouimet et al., 2009; Wittmann et al.,
2007, 2011b, 2011c, see the compilation in the supplementary
information provided by Codilean et al., 2014), a negative corre-
lation (Aguilar et al., 2014; Belmont et al., 2007; Brown et al.,
1995, 1998; Codilean et al., 2014; Derrieux et al., 2014; Insel
et al., 2010; Oskin et al., 2008; Matmon et al., 2003; Palumbo
et al., 2010; Puchol et al., 2014; Reinhardt et al., 2007;
Wittmann et al., 2007, 2009, 2011b, 2011c), or similar 10Be con-
centrations in the different grain size fractions (Binnie et al.,
2006; Clapp et al., 2000, 2001, 2002; Granger et al., 1996;
Kober et al., 2009; Norton et al., 2008, 2011; Palumbo et al.,
2010; Schaller et al., 2001; Stock et al., 2009; Wittmann et al.,
2011b,c). Different explanations have been given for these dif-
ferences or similarities, involving hillslope and river processes,
which are detailed in the next section. However, the differences
in grain size, climatic environment and slope analyzed in the
different studies make it difficult to compare them (e.g. Brown
et al., 1995; Belmont et al., 2007). The variations in cosmogenic
nuclide concentrations between the different grain sizes is
probably linked to differences in the rate of the hillslope and river
processes (Bierman and Nichols, 2004), but this link still needs to
be established.
Table 1
Details about the 10Bemeasurements and samples. Sample nameswith stars were prepare
The sample names with y are from Aguilar et al. (2014). Sample names with z are from C

Lat. Long. Name Size Number
of clasts

M
q

�13.0275 �76.1932 CAN2 [0.5e1] mm >1000 2
�13.0275 �76.1932 CAN3 [5e10] cm 6 4
�16.3476 �73.1344 OCO22 [0.5e1] mm >1000 4
�16.3476 �73.1344 OCO24 [5e10] cm 15 6
�16.3476 �73.1344 OCO25 [1e3] cm 31 3
�28.9911 �70.2782 HUA1z [0.5e1] mm >1000 3
�28.9911 �70.2782 HUA3y [5e10] cm 15 1
�28.5995 �70.7277 HUA12z [0.5e1] mm >1000 4
�28.5995 �70.7277 HUA14y [5e10] cm 30 1
�28.7031 �70.5512 HUA10z [0.5e1] mm >1000 3
�28.7031 �70.5512 HUA11y [5e10] cm 30 1
�28.7978 �70.4579 HUA7z [0.5e1] mm >1000 1
�28.7978 �70.4579 HUA9y [1e3] cm 34 2
�29.8477 �70.4938 ELK1z [0.5e1] mm >1000 4
�29.8477 �70.4938 ELK2z [0.5e1] mm >1000 1
�29.8477 �70.4938 ELK3 [5e10] cm 30 1
�29.8477 �70.4938 ELK5 [1e3] cm 40 2
�31.5999 �71.1131 ILL1z [0.5e1] mm >1000 1
�31.5999 �71.1131 ILL3 [1e3] cm 30 2
�31.5971 �71.4045 CHO0823Sz [0.5e1] mm >1000 1
�31.5971 �71.4045 CHO0823G [5e10] cm 30 3
�31.6628 �71.3000 CHO0822Sz [0.5e1] mm >1000 3
�31.6628 �71.3000 CHO0822G [5e10] cm 30 3
�31.6921 �71.2677 CHO1z [0.5e1] mm >1000 2
�31.6921 �71.2677 CHO2 [5e10] cm 30 3
�31.6921 �71.2677 CHO3 [1e3] cm 100 2
�32.8349 �70.5449 ACO1z [0.5e1] mm >1000 4
�32.8349 �70.5449 ACO3 [1e3] cm 100 2
�34.6767 �70.8713 TIN1z [0.5e1] mm >1000 3
�34.6767 �70.8713 TIN2 [1e3] cm 100 2
�34.6767 �70.8713 TIN3 [5e10] cm 30 2
�34.9863 �70.8649 TEN1z [0.5e1] mm >1000
�34.9863 �70.8649 TEN3 [1e3] cm 100 2
�35.1844 �71.1161 LON1z [0.5e1] mm >1000
�35.1844 �71.1161 LON2 [1e3] cm 100 1
�35.7274 �71.0209 MAU1z [0.5e1] mm >1000 4
�35.7274 �71.0209 MAU3 [5e10] cm 30 2
In this paper, we analyze the relationships between the 10Be
concentration and sediment size in the Andean catchments of
southern Perú and central Chile, covering a wide range of climates,
drainage areas, slopes and erosion rates. We separate the studied
grain sizes into three fractions, called sand (0.5e1 mm), gravel
(1e3 cm) and pebbles (5e10 cm). We are studying these coarse
fractions because we hypothesize that larger and systematic dif-
ferences in the 10Be concentration may emerge from larger differ-
ences in the grain size. We assume that by comparing the same
fractions in different climatic contexts, it will help to better un-
derstand the relative role of climate, landslides, provenance and
erosion rates on the grain size dependence of the 10Be concentra-
tion. The 37 10Be concentrations presented here include 15 10Be
concentrations in sand first published by Carretier et al. (2013) and
four 10Be concentrations in the coarse fraction from the Huasco
catchment first published by Aguilar et al. (2014) (Table 1). In this
contribution, we first report the literature on this topic, then we
describe the regional context, sampling procedure and geomorphic
parameters used to compare the catchments. Then we present the
differences in 10Be concentrations between the different grain sizes,
and we discuss the possible explanations for these differences,
based on previous studies.

2. Previous works on grain size dependence

Previous authors have given different interpretations of the
observed difference or absence of grain size dependence, as
d at the GET Toulouse laboratory, all otherswere prepared at Cerege, Aix en Provence.
arretier et al. (2013).

ass of
uartz (g)

10Be/9Be ±s 10Be (atoms/g) ±s

4.18 4.03E-13 2.54E-14 3.28Eþ05 2.07Eþ04
6.46 1.02E-13 1.49E-014 5.27Eþ04 7.8Eþ03
6.13 1.90E-13 2.35E-014 9.95Eþ04 1.26Eþ04
1.77 1.86E-14 3.08E-015 7.35Eþ03 1.2Eþ03
1.84 5.04E-014 3.10E-015 3.23Eþ04 2.2Eþ03
4.25 8.08E-013 2.28E-014 4.80Eþ05 1.4Eþ04
3.32 1.86E-013 8.26E-015 3.32Eþ05 1.8Eþ04
9.52 1.24E-012 3.60E-014 5.99Eþ05 2.5Eþ04
4.69 1.53E-013 6.13E-015 2.49Eþ05 1.2Eþ04
7.35 1.08E-012 3.03E-014 5.89Eþ05 1.7Eþ04
0.13 9.15E-014 7.43E-015 2.16Eþ05 1.9Eþ04
6.71 6.91E-013 4.43E-014 8.33Eþ05 5.4Eþ04
0.43 3.18E-013 2.41E-014 3.19Eþ05 2.7Eþ04
1.98 3.09E-013 3.97E-014 1.77Eþ05 2.3Eþ04
6.21 1.49E-013 1.21E-014 1.87Eþ05 1.7Eþ04
4.12 9.72E-014 8.62E-015 1.38Eþ05 1.2Eþ04
1.69 3.99E-013 3.21E-014 3.71Eþ05 3.0Eþ04
8.87 4.36E-013 1.24E-014 4.69Eþ05 1.3Eþ04
0.45 7.82E-013 6.50E-014 7.68Eþ05 6.4Eþ04
5.45 1.67E-013 6.98E-015 2.18Eþ05 9.5Eþ03
3.91 3.91E-013 1.24E-014 2.34Eþ05 7.8Eþ03
5.38 3.47E-013 9.91E-015 1.98Eþ05 5.8Eþ03
2.62 1.60E-013 9.34E-015 9.85Eþ04 5.8Eþ03
3.02 2.22E-013 7.52E-015 1.96Eþ05 6.7Eþ03
6.99 1.46E-013 5.67E-015 7.95Eþ04 3.1Eþ03
2.16 4.62E-013 4.17E-014 4.21Eþ05 3.8Eþ04
0.11 1.72E-013 2.13E-014 1.01Eþ05 2.9Eþ03
6.79 2.56E-013 2.48E-014 1.94Eþ05 1.9Eþ04
2.58 1.60E-013 8.42E-015 9.94Eþ04 5.3Eþ03
2.64 1.88E-013 1.56E-014 1.77Eþ05 1.7Eþ04
7.64 1.02E-013 1.68E-014 7.39Eþ04 1.35Eþ04
0.47 2.82E-015 8.91E-016 7.33Eþ04 4.81Eþ04
5.55 1.45E-014 1.61E-015 1.06Eþ04 1.4Eþ03
1.02 4.37E-015 1.26E-015 6.44Eþ04 2.91Eþ04
8.35 4.24E-014 1.06E-014 4.66Eþ04 1.17Eþ04
4.54 2.40E-013 2.65E-014 1.29Eþ05 1.5Eþ04
6.63 1.77E-014 3.13E-015 1.26Eþ04 2.5Eþ03
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illustrated by Fig. 1. In their pioneer study in Puerto Rican catch-
ments, Brown et al. (1995) showed that the coarsest sediment
(~8 mm) has a lower 10Be concentration than the smaller grains
because they are mainly derived from depth during landslides
(Fig. 1A). This interpretation is strongly supported by the similar
10Be concentration in coarse sediment and that of gravel-sized
saprolite material found at depths of 1.5e2 m and affected by
mass wasting (Brown et al., 1995). Belmont et al. (2007), in the
Clearwater River, westernWashington state, Aguilar et al. (2014) in
the arid Huasco catchment in the Chilean Andes, and Puchol et al.
Fig. 1. Different scenarios that could produce differences in the 10Be concentrations betwee
concentration (e.g. Brown et al., 1995; Puchol et al., 2014). B e Coarse sediment are prefe
concentration than sand (e.g. Belmont et al., 2007; Aguilar et al., 2014). C e Coarse sedim
concentration than that of sand (e.g. Matmon et al., 2003). D e Pebbles or gravel come from
(e.g. Wittmann et al., 2011c), or because their size reduction by attrition is such that the dista
10Be concentration in the pebbles. On the other hand, this process can decrease the 10Be co
than the sand on the hillslopes (e.g. Belmont et al., 2007). E e If the mobile soil is very thi
concentration is lower than that of sand (e.g. Aguilar et al., 2014). F e On gentle slopes, pebb
10Be concentration than sand (Codilean et al., 2014).
(2014) in central Himalayas proposed a similar explanation for
the smaller mean 10Be concentration in larger pebbles compared to
that of sand (0.5e1 mm). Aguilar et al. (2014) proposed that the
difference in the 10Be concentration between these larger pebbles
and sand may be used to quantify the mean erosion rate of catch-
ment areas dominated by landslides (Fig. 1A). The lack of grain size
dependence in low-slope rivers and in arid catchments (e.g. Clapp
et al., 2000, 2001, 2002; Granger et al., 1996; Schaller et al., 2001)
seems to be consistent with theminor role of mass wasting in these
catchments: for example, Clapp et al. (2001) proposed that in a
n sand, gravel and pebbles. A e Landslides exhume coarse sediment with a lower 10Be
rentially produced on steep slopes that are eroding faster, resulting in a lower 10Be
ent comes from a lithology present only at low elevations, resulting in a lower 10Be
low elevations, either because of selective deposition upstream of more distant clasts
nt pebbles have been entirely crushed (e.g. Carretier et al., 2009). This results in a lower
ncentration in fine sand (dilution) if the distant pebbles had lower 10Be concentration
ck, and if the pebbles are derived from the attrition of boulders, then their mean 10Be
les eroded from a resistant lithology, and then moving slowly in the river, have a larger
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semi-arid catchment located at the southern edge of the Colorado
plateau, sediment of different sizes moves at the same velocity on
the hillslope and differential transport in rivers dominated by flash-
floods is less likely. Nevertheless, the data given by Reinhardt et al.
(2007) for a catchment in southern Spain do not fully support this
interpretation. In the steep (25e90�) and fast eroding part of this
catchment, dominated by mass wasting, two river sediment sam-
ples show smaller 10Be concentrations in the [8e16] mm size
fraction compared to the [0.25e5] mm size fraction, but another
sample shows the reverse. Furthermore, in the low slope (<25�)
upper part of the catchment, the [8e16] mm size fraction has a 10Be
concentration that is 1.5 times higher than the [0.25e5] mm size
fraction, which is different from what Clapp et al. (2000) observed
in their arid and low slope catchments. The lack of sedimentmixing
in this relatively small catchment (~20 km2) may explain the vari-
able 10Be concentrations (Binnie et al., 2006; Niemi et al., 2005;
Yanites et al., 2009). Nevertheless, the size of the catchments
studied by Reinhardt et al. (2007) is either the same size or larger
than the catchments studied by Brown et al. (1995), who observed
clear differences among the grain sizes. Palumbo et al. (2010)
observed the same phenomenon in two mountain ranges in the
Qilian Shan foreland (NE-Tibet). They obtained a higher 10Be con-
centration in three sand samples (0.2-0-71 mm) compared to
gravel samples (2e20 cm) in three small catchments
(0.79e8.43 km2), with a mean slope angle ranging between 14.3�

and 28.1�. Another catchment area (2.84 km2 andwith amean slope
angle of 19�) showed the reverse, with a slightly lower mean 10Be
concentration in the sand samples compared to the gravel samples.
Again, incomplete mixing in these small catchments may explain
the observed variability. Nevertheless, Vanacker et al. (2007a,b) in
the Ecuadorian Andes, Wittmann et al. (2007) and Norton et al.
(2008) in the Alps and Ouimet et al. (2009) in eastern Tibet ob-
tained no or only small differences between the grain sizes in steep
catchments. Grain size dependence in these steep catchments is
different from what has been observed in other steep catchments
with a significant mass wasting imprint (Aguilar et al., 2014; Brown
et al., 1995; Belmont et al., 2007; Puchol et al., 2014), making the
precise role of landslides unclear for the different grain size frac-
tions. It may be hypothesized that the efficiency of landslides to
produce significant differences between 10Be concentrations in
coarse and fine sediment should result in a correlation with
catchment steepness. However, we do not systematically observe a
lower 10Be concentration in coarse sediments for the steeper
catchments (Fig. 2B and C), as could be expected if coarse sediment
was always exhumed from the deep soil layers by landslides.
Furthermore, it may be hypothesized that the differences associ-
atedwith landslidesmay depend on the climate, which controls the
depth of the soils and thus the depth of the landslides (e.g. Puchol
et al., 2014). A possible effect of climate is illustrated by Fig. 2D
(precipitation) and E (temperatures). Wetter and colder catchments
exhibit a larger variability in the 10Be concentration ratio (higher or
lower than 1) between coarse and fine sediments. There are more
samples with a lower 10Be concentration in coarse sediment in wet
catchments than in arid catchments, which may be consistent with
the development of thicker soils under wet climates.

In a steep catchment covered by vegetation in the Great Smoky
Mountains (North Carolina and Tennessee), Matmon et al. (2003)
also observed a smaller 10Be concentration in coarse sediment
(>2 mm and >10 mm) compared to finer sediment. In this case, the
coarser sediment are derived from low elevations (low 10Be pro-
duction rates) which explains the observed difference (Fig. 1C).

Wittmann et al. (2011b) analyzed different size fractions in the
[0.125e0.8] mm range among ~50 samples from the Amazon
catchment. They observed no difference upstream the confluence
between the Negro and Solim~oes Rivers (north-western part of the
Amazon basin), but significant differences were observed down-
stream between the fine and coarse (>0.5 mm) fractions. Samples
that include Andean sources show a higher 10Be concentration in
the coarse fraction. Samples that only include slowly eroding
cratonic sources show the reverse trend. By analyzing the mean
26Al/10Be ratio of the two grain sizes, Wittmann et al. (2011c) were
able to demonstrate that fine sediments have a ratio close to that of
Andean sources, with little burial signature, while coarser sediment
downstream from the confluence of the Negro and Solim~oes Rivers
are mostly derived from low elevations in the Brazilian shields (low
cosmogenic production rate), with a lower 26Al/10Be ratio showing
a more pronounced burial signature. In this huge basin, Wittmann
et al. (2011b, 2011c) concluded that cosmogenic nuclide differences
between the grain size fractions are explained by differences in the
provenances and by grain-size selective deposition along the river
(Fig. 1D). In addition, this study shows that in a large basin in a low
slope cratonic region, coarse sediment present in the river is not
necessarily derived from rapidly eroding hillslopes affected by
landslides.

Other authors looked at river processes to explain the smaller
10Be concentration in large pebbles. Aguilar et al. (2014) discussed
the effect of size reduction during the river transport of initially
large boulders buried in deep regolith on the hillslopes, which can
produce pebbles with lower 10Be concentrations than sand on
average (Fig. 1E). In practice, it is difficult to test for this possibility
because the regolith thickness is usually not known in a catchment.
Another possibility is that the size reduction in rivers is so efficient
that pebbles found at the catchment outlet are only sourced from
lowelevations, while pebbles produced at the catchment head have
been entirely crushed (Fig. 1D). The same cobble size reduction
process has been explained by Belmont et al. (2007), but these
authors explain the reverse, namely that the mean 10Be concen-
tration in pebbles is higher than that of sand in the downstream
part of Clearwater River, in western Washington state. They pro-
posed that a significant fraction of sand comes from the abrasion of
cobbles with low 10Be concentrations from the catchment head,
which themselves are injected into the river by deep-seated land-
slides. According to this dilution mechanism, it is this 10Be con-
centration in sand that is decreased compared to the mean 10Be
concentration in pebbles. Belmont et al. (2007) also suggested the
possibility that a recent rapid erosion of the hillslopes has exposed
sand with a lower 10Be concentration, and which is now being
found in the river.

A recent study also shows a higher mean 10Be concentration in
pebbles, but for a different reason. Codilean et al. (2014) observed
that the mean 10Be and 26Al concentrations in 15 amalgamated
pebbles were ten times larger than those of sand at the outlet of the
Gaub catchment in Namibia. In this slowly eroding and low slope
catchment (~9 m/Ma), Codilean et al. (2014) observed that pebbles
were detached from resistant quartz veins. A longer residence time
on the hillslopes and a slower transport of these large clasts in the
river explain their higher 10Be and 26Al concentrations compared to
sand (Fig. 1F).

Finally, by modelling the cosmogenic nuclide acquisition of a
population of large clasts (1 mme30 cm) from their exhumation on
the hillslopes to a river outlet, Carretier et al. (2009) investigated
how river processes could produce differences in the cosmogenic
nuclides in different grain size fractions. In particular, they showed
that cobble attrition can yield either a positive or negative rela-
tionship according to the river length, cobble attrition rate and
initial distribution of the grain sizes on the hillslopes. In practice,
this distribution is unknown, and the attrition rate is difficult to
quantify as it depends on the lithology, weathering and river dy-
namics (Attal and Lave, 2006). Carretier and Regard (2011) theo-
retically investigated the cosmogenic evolution of clasts derived



Fig. 2. Data compilation from the literature showing the ratio of 10Be concentration in coarse and fine sediment against different geomorphic and climatic parameters (the original
data of this compilation are summarized in Table DR1). Fine sediment is the smallest fraction of a set of samples taken at the same place. Coarse sediment refers to any fraction
larger than the fine one. The error bars are calculated by ðy=xÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððsx=xÞ2 þ ðsy=yÞ2Þ

q
where s stands for the standard deviation, y for the [10Be] coarse sediment and x for the [10Be]

fine sediment. A e Minimum size of the coarse sediment (the maximum size is not always provided). The inset diagram shows the whole set of data. B e Catchment steepness.
Based on information given in the papers, we estimated the mean catchment slope. Gentle refers to a mean slope � 0:3 m/m and steep to a mean slope >0.3 m/m. The grey points
correspond to coarse sediment >1 cm. C e Catchment relief is the difference between the maximum and minimum elevations of the catchment above the sample pair. D e

Precipitation. From the provided information and from other sources (cf. comments in Table DR1), we estimated the mean catchment precipitation rate. “Arid” refers to precipitation
<0.5 m/yr and “wet” refers to precipitation � 0:5 m/yr. E e The same for temperature. The black points correspond to the temperature at the sample location. The grey points are the
temperature at the catchment scale, estimated from the catchment relief and a gradient of -6�/km. The catchment hypsometry is not taken into account, thus this temperature is
only an estimate of the mean catchment temperature. For both black and red dots, “cold” refers to a temperature � 10� C and “hot” refers to temperatures >10� C. F e Catchment
areas given in the papers or estimated from maps. This compilation shows no broad relationship between the difference in 10Be concentration between grain sizes and the
geomorphic or climatic context, suggesting that the dependence of 10Be concentration on grain sizes deserves another look. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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S. Carretier et al. / Quaternary Geochronology 27 (2015) 33e5138
from a unique source in a catchment, and showed that aweak grain
size-transport rate relationship can produce measurable differ-
ences in the cosmogenic nuclides between sand, pebbles and
cobbles.

Several remarks arise from these studies: 1) there is no general
relationship between the difference in the 10Be concentration and
grain size. Nevertheless, most studies have analyzed grain size
fractions <1 cm (Fig. 2A). Few of them have analyzed the differ-
ences between populations of coarser sediment and the studied
grain size fractions are different between the studies, which makes
a comparison difficult (Aguilar et al., 2014; Belmont et al., 2007;
Codilean et al., 2014; Heimsath et al., 2010; Matmon et al., 2003,
2005a; Oskin et al., 2008; Palumbo et al., 2010; Puchol et al.,
2014); 2) samples spread out within a catchment show either a
clear negative or positive correlation (Aguilar et al., 2014; Brown
et al., 1995, 1998; Codilean et al., 2014; Derrieux et al., 2014;
Puchol et al., 2014), or variable correlations (e.g. Belmont et al.,
2007; Palumbo et al., 2010; Reinhardt et al., 2007; Wittmann
et al., 2011b). Variable concentrations are also observed within
the same sample divided into different grain size fractions (e.g.
Safran et al., 2005); 3) there is no relationship between the differ-
ence in the 10Be concentration and catchment area, or the catch-
ment relief (Fig. 2); 4) overall, each difference or absence of
difference has an ad-hoc explanation, but the role of certain pro-
cesses, landslides and size reduction by attrition in particular,
seems to be different according to the context; 5) the role of
climate, through its capacity to produce soil and to transport grain
sizes at different or similar rates in the river has been mentioned
(e.g. Clapp et al., 2001), but remains largely unexplored.

3. Regional context and methods

3.1. Previous related studies in this region

Although this paper is not focused on the erosion rates, it is
useful to recall previous studies that have used cosmogenic nu-
clides to quantify erosion rates in or near the study region. On the
western side of the Andes in Perú and Chile, previous studies have
quantified catchment-scale erosion rates (Abbuehl et al., 2011a,b;
Aguilar et al., 2014; Carretier et al., 2013, 2014; Jungers et al.,
2013; Kober et al., 2009; McPhillips et al., 2013). The values range
between 10�4 and 1 mm/yr. In northern Chile, Kober et al. (2009)
observed larger (but with overlapping error bars) 10Be, 26Al and
21Ne concentrations in the 1e2 mm fractions compared to the
smaller fractions in two samples. In central Chile, Aguilar et al.
(2014) obtained smaller 10Be concentrations in pebbles (5e10 cm)
compared to sand. Ages for marine terraces, river terraces, alluvial
fans and landslides were also obtained in Perú and Chile (Antinao
and Gosse, 2009; Dunai et al., 2005; Evenstar et al., 2009; Hall
et al., 2008; Jungers et al., 2013; Kober et al., 2007; Nishiizumi
et al., 2005; Quezada et al., 2007; Melnick et al., 2009; Rodríguez
et al., 2013; Saillard et al., 2009, 2011), showing erosion rates for
these markers that are smaller than 10�3 mm/yr in desertic areas,
which were used to obtain surface ages as old as the Mio-Pliocene
(Dunai et al., 2005; Kober et al., 2007; Nishiizumi et al., 2005). On
the other side of the range, catchment scale erosion rates were
obtained in Ecuador (Vanacker et al., 2007a,b), the Amazon basin
(Wittmann and VonBlanckenburg, 2009; Wittmann et al., 2009,
2011b,c,a), Bolivia (Hippe et al., 2012; Safran et al., 2005) and
Argentina (Baker et al., 2009; Pepin et al., 2013; Walcek and Hoke,
2012), with a similar range of values as in the western side of the
Andes.

The studied catchments are topographically transient,
responding to a surface uplift that occurred in the Miocene, and
which is evidenced by perched relicts of low relief surfaces and
knick-points in the main rivers (e.g. Aguilar et al., 2011; Bissig et al.,
2002; Rehak et al., 2010; Schildgen et al., 2007; Steffen et al., 2009;
Thouret et al., 2007; Trauerstein et al., 2013). This ongoing adjust-
ment of the topography is characterized by strong differences in the
slope within the catchments between areas that have experienced
this adjustment and the rest of the catchment. This situation results
in probable heterogeneous erosion rates within the catchments
(e.g. Kober et al., 2009;Walcek and Hoke, 2012) which may have an
effect on the difference in the 10Be concentration between sand and
coarser sediment, as discussed below.

3.2. Sampling

The sampled catchments are situated along the western margin
of the Perúvian and Chilean Andes (Fig. 3). A wide range of climatic
contexts is investigated in this study, from arid in the north (pre-
cipitations <10 cm/yr), to humid south of 35�S (>2 m/yr) (Fig. 4). It
was assumed that this gradient results in different erosion rates and
thus different values for the 10Be concentrations, which are useful
for the present analysis. In particular, the erosion rates in Chile
between 27 and 35�S show a sharp peak near 32� at the transition
between arid and wet climates (Pepin et al., 2010; Carretier et al.,
2013).

We adopted a regional sampling strategy, collecting sediment in
a similar tectonic and geomorphic position, at the outlet of the
major rivers ([1200e7300] km2) draining the main Cordillera
(Fig. 3).

At each point, we sampled ~2 kg of sand at different places
within a perimeter of several tens of meters from the river bank.
In the same area, we collected (1) between 50 and 100 pieces of
gravel with median sizes in the [1e3] cm range and (2) between 6
and 30 rounded pebbles in the [5e10] cm range (Fig. 4A). These
sizes correspond to the median dimension (b axis) of the ellip-
soids. The maximum dimension (c axis) can reach 5 cm in the
case of the gravel and 12 cm in the case of the pebbles. We
crushed and mixed all of the gravel at the GET laboratory (Tou-
louse). The three pebbles samples that contain 6 or 15 clasts were
collected at the beginning of the sampling campaign. We crushed
the whole pebbles at the GET laboratory and mixed them
together. For the other samples, we cut, in the field, a piece
representing approximately one third of each pebble. Then we
crushed these pieces in the lab and mixed them together. The
expected relative difference in the mean 10Be concentration be-
tween a piece of each pebble of that size and the concentration in
the whole pebble should not exceed several percent (Carretier
and Regard, 2011). This procedure allowed us to carry more
pebbles with us out of the field, and thus to improve the esti-
mation of the average 10Be concentration in the pebble popula-
tion. The [0.5e1] mm fraction of the crushed material was
analyzed in all three cases (sand, gravel and pebbles).

The Andean catchments are characterized by a large variety of
underlying lithologies, with a variable proportion of granitoid in-
trusives (Fig. 5). No lithological distinction can be made for sand
grains, meaning that they can come from any place in the catch-
ment where the substratum contains quartz. On the contrary, we
restricted the lithology of the pebbles and gravel to granitoid rocks.
These rocks are mainly granodiorites and granites that are Mezo-
zoic and Cenozoic in age (Fig. 4A), for which the sources in the
studied catchments are mapped (e.g. Charrier et al., 2007, or the 1/
1,000,000 Geological maps of Chile and Perú). No pure quartz
pebbles were sampled, to avoid samples coming from quartz dykes
which could erode differently compared to granitoid. We
acknowledge that limiting the sampling of the gravel and pebbles
to a particular rock found within a catchment may complicate the
comparison with sand, which can derive from all quartz-rich rocks.



Fig. 3. Maps showing the location of the studied catchments above the samples identified by their code in Tables 1 and 2.
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On the other hand, sampling a representative fraction of all rocks is
practically impossible. This would require knowing a priori the
contribution of each lithological patch to the total coarse sediment
flux and the attrition rate for each lithology (e.g. Attal and Lave,
2006). Instead, we preferred to select granitoid clasts as we were
able to identify their source in each catchment. In the results sec-
tion, we analyze the possible differences between the mean 10Be
production rate of granitoids and that of the whole area of each
catchment.

In addition, we estimated the grain size distribution of the river
bed surface layer (~30 cm) at several sampling points by measuring
the relative weight of four sediment size fractions ([0e1.2] cm,
[1.2e3.6] cm, [3.6e10] cm, >10 cm). The total weight of the
collected sediment (50�70 kg) is probably too small to represent an
accurate distribution of the clast size (Attal and Lave, 2006), but it
provides an estimate of the D50 that we hypothesized as being
useful to describe the differences in the sediment mixtures be-
tween the studied sites (Table 1).
3.3. 10Be concentration and production rates

Samples were prepared following the protocol described in von
Blanckenburg et al. (1996). Some of the samples were prepared in
the GET laboratory and the others in the LN2C facility in Cerege (Aix
en Provence) (see Table 2). The 10Be/9Be Be ratio was obtained at
the LN2C ASTER AMS and calibrated directly against the National
Institute of Standards and Technology standard reference material
4325 by using an assigned value of (2.79 ± 0.03).10E-11 (Nishiizumi
et al., 2007).

In order to analyze if the differences in the 10Be concentration in
sand versus coarser sediment are related to differences in the
provenance (zones dominated by landslides or zones with granit-
oids), we calculated the different mean 10Be production rates for
each catchment: (1) a catchment-mean 10Be production rate for the
whole catchment area underlined by quartz-rich rocks, (2) a
granitoid-mean 10Be production rate for granitoid only, and (3) a
steep granitoid-mean 10Be production rate for granitoidwith slopes



Fig. 4. A e Example of selected pebbles in the range of [5e10] cm (median size or b-axis of the ellipsoid equivalent) showing the granitoid lithology. B e Example of an alluvial
terrace and lateral fan incised by the river in the Ca~nete valley, Perú. C and D e Example of soil-mantled hillslopes in two catchments in the semi-arid zone. E e Soil-mantled and
thick saprolite affecting granitoid in the Maipo valley region of Santiago, Chile. F e Example of a river cutting into an alluvial terrace in the Maule valley. See locations on Fig. 3.
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greater than 0.6 (~tan 30�), assuming that such slopes are prone to
mass wasting.

The SRTM 90 m digital elevation model was used to determine
the elevations. The catchment-mean 10Be production rate was
calculated by the following procedure (Table 1) (see Carretier et al.,
2013, 2014, for the Chilean catchments):

1 The surface 10Be production rate was calculated for each catch-
ment pixel using the Stone (2000) production model and a sea
levelhighelevationproductionrateof4.5atg�1 (Balcoet al.,2008).

2 The production rate for each pixel was multiplied by an estimate
of the topographic shielding factor, ranging between 0 and 1,
using the method provided by Codilean (2006). The topographic
shielding factor varies between 0.85 and 1 and averages close to
0.99 for all of the studied catchments.

3 The 10Be production rate for each pixel was multiplied by the
relative proportion of quartz in the underlying lithology in order
to limit the bias due to lithological variations (Safran et al.,
2005). This relative proportion is given by ci=

Pn
1ci where ci is

the percentage of quartz in the lithology of pixel i and n is the
number of pixels of the considered catchment (Safran et al.,
2005). The catchment lithologies were obtained from the 1/
1000000 Geological Maps of Chile and Perú. For each lithology,
we estimated the proportion of quartz minerals from the



Fig. 5. A to F: Examples of masks used to calculate the 10Be production rates for specific zones, trying to explain the differences in the 10Be concentrations in terms of the different
provenances for coarse and fine sediments. These two catchments are displayed as illustrative examples: A-B-C: Oco~na in Perú. D-E-F: Choapa in Chile (see location in Fig. 3). A and
D: Granitoids in pink. B and E: Slope greater than 0.6 m/m in green. C and F: Proportion of Quartz for the different lithologies (indicated by numbers in C) based on the 1/1000000
geological maps of Perú and Chile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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description of the lithological maps and from microscopic ob-
servations of samples collected from the high Andes between
33�300S and 35oS (Reynaldo Charrier, personal communication,
2010). The estimated proportions of quartz are: Granitoid rocks:
25%, Rhyolitic volcanic rocks: 5%, Undifferentiated detritic rocks:
5%, Ignimbrites: 2%, Other lithologies: 0%.

4 These corrected surface 10Be production rates were averaged at
the catchment scale.

The granitoid-mean 10Be production rate and the steep
granitoid-mean 10Be production rate were obtained following steps
1, 2 and 4, by selecting granitoid pixels and granitoid pixels with
slopes larger than 0.6, respectively (Table 1).

The estimate of the quartz content in each lithology has an un-
certainty. In order to estimate the effect of this unknownuncertainty
on the 10Be production rates, we also calculated the uncorrected
catchment-mean 10Be production rates, without correcting for the
quartz content (see Carretier et al., 2014, for the Chilean catch-
ments). These corrected production rates are, on average,15% larger
than the uncorrected rates (between 2% smaller for TEN1 and 54%
larger for OCO22 e Table 1), and smaller than the spatial variations
of the 10Be production rates. These differences dependmainly on the
hypsometry of granitoids in each catchment.

3.4. Catchment erosion rates

We quantified the millennial catchment mean erosion rates
using the 10Be concentration in sand. We assumed that this con-
centration corresponds to a secular equilibrium between the loss by
erosion and the gain by production on the hillslopes and we did not
take the radioactive decay of 10Be (Brown et al., 1995; Granger et al.,
1996; von Blanckenburg, 2005) into account. We calculated the
mean catchment erosion rates ε [L/T] corresponding to the sand
10Be concentration [10Be] using the following equation:

ε ¼ ∧nfnP
r½10Be� þ

∧msfmsP
r½10Be� þ

∧mf fmf P

r½10Be� (1)

where P is the catchment-mean production rate (corrected for the
lithology), r ¼ 2700 kg/m3, ∧n ¼ 160 g/cm2, ∧ms ¼ 1500 g/cm2 and
∧mf ¼ 5300 g/cm2 are effective apparent attenuation lengths for the
neutrons, negative muons, and fast muons, respectively, and
fn ¼ 0.9785, fms ¼ 0.015 and fmf ¼ 0.0065 are the relative contribu-
tions of the three reactions to the total 10Be production (Braucher
et al., 2003). Using the new muon contribution estimate of
Braucher et al. (2013) (with an attenuation length of 4300 g/cm2 for
muons without distinguishing between negative and fast muons),
the erosion rates are 0.6% smaller. For the Chilean catchments, the
erosion rates given here are those from Carretier et al. (2014),
calculated following the procedure cited above, and recalculated
from Carretier et al. (2013) by including fast muons. These recal-
culated erosion rates are ~10% lower than the initial values pro-
vided by Carretier et al. (2013).

3.5. Geomorphic and climatic parameters

The catchment delimitation, mean slope and area were calcu-
lated using the SRTM 90 m digital elevation model. The catchment
mean slope is calculated using a 3 � 3 pixel averaging procedure
(r.slopeaspect of function in GRASS).

We estimated the normalized catchment-mean channel steep-
ness ksn for each catchment. This index is calculated following a
procedure similar to the one proposed by Wobus et al. (2006). This
procedure is automatic. The drainage network is extracted
assuming a critical drainage area of 8.1 km2 (a large value to avoid
glacial valleys). The drainage is divided into segments of different
sizes (output of the r.watershed function in GRASS). For each
segment, the elevations are smoothed out using a 2 km wide
moving Gaussianwindow, the local slopes S are calculated from the
smoothed profile and are fitted by the function S ¼ ksnA0:5 from
which ksn is calculated (A is the drainage area in m2). A drainage-
mean ksn is calculated by averaging the values of the drainage
segments and weighting by their length. We also estimated the
mean ksn by simply dividing the steepest-descent slope by the root
square of the drainage area for the drainage pixels and then aver-
aging it. Both values fit within a 10% difference in average. The
values for the Chilean catchments are from the Data Repository of
Carretier et al. (2013).

We compare the 10Be concentrations to the catchment-mean
temperature and to the runoff. The runoff value is taken from
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Pepin et al. (2010) and corresponds to the annual average daily
water discharge measurements at the Direcci�on General de Aguas
(DGA-Ministerior de Obras Públicas, Chile) gauging stations,
divided by the catchment area (the resulting dimension in is m/a)
(see details in Pepin et al., 2010). We selected the closest gauging
station to each sand sample location (at the same place up to
~50 km apart). The data are from “DGA. 1987. Balance Hidrico de
Chile”. p. 23. They correspond to the mean annual averages at fixed
meteorological stations over periods of time ranging between 3 and
30 years. The studied catchments have different hypsometries, so
that the mean temperature at the catchment outlet does not give a
meaningful estimate of the temperature differences between the
catchments. For each catchment, the catchment-mean temperature
is estimated by assuming a temperature-elevation gradient
of �4.5 �C km�1. This gradient is lower than the often used value
of �6 �C km�1, but it is the maximum estimated from the only
temperatures available (n ¼ 10) at the different elevations within
three mountainous catchments of central Chile. The resulting
catchment-mean temperatures range between 2 and 8 �C.

4. Results

4.1. 10Be concentrations

Table 1 shows that the 10Be e concentration in sand varies
geographically over two orders of magnitude in the range
[104e106] at/g. These differences are explained by differences in the
catchment erosion rates and by the differences in the catchment
elevations: the 10Be concentrations are high in the arid and
elevated north, and low in the wet and lower mountains of central
Chile, as shown by Carretier et al. (2013). Repeated sampling of sand
at the same location in the Elqui River (ELK1 and ELK2) gave
identical 10Be concentrations within 1s (Table 2).

Fig. 6A shows the latitudinal variations of the 10Be concentration
ratio between coarse sediment (gravel and pebbles) and sand.
Eleven pebble samples have lower 10Be concentrations (ratio be-
tween 0.1 and 0.8) than sand, while one sample pair (CHO0823S-
CHO0823G) has overlapping 10Be concentrations within 1s. The
gravel samples have lower 10Be concentrations than sand in three
cases (a ratio between 0.35 and 0.75), and higher concentrations (a
ratio between 1.5 and 2.3) in five other cases. In the Perúvian Oco~na
River, gravel (OCO25) and pebbles (OCO24) both contain lower 10Be
concentrations than sand, whereas in three other cases (ELK1,
CHO1 and TIN1), gravel and pebbles show an inverse relationship.

4.2. Possible bias associated with the granitoid hypsometry

The studied catchments show variable distributions of granitoid
rocks (e.g. Charrier et al., 2007), which contain a higher proportion
of quartz, and which are the source of the sampled gravel and
pebbles (Fig. 5). If the granitoid rocks are mainly concentrated at
low elevations (a lower 10Be production rate), this may explain the
lower 10Be concentration in the gravel and pebbles, and vice versa.
Fig. 7A shows a comparison between the 10Be concentration ratios
for the coarse and sand fractions and the ratios for the granitoid and
catchment 10Be production rates. Both ratios should fit along the
1:1 line if the hypsometry of the granitoid rocks was responsible for
the observed differences in the 10Be concentration (assuming that
they erode at the same rate as the other lithologies). Actually, the
granitoid 10Be production rate is less than 5% lower than the
catchment-mean 10Be production rate, except for catchments
OCO22 and CAN2 (Perú), and LON1 (Chile) (Fig. 7A). For the pebble
samples from OCO22-24 and the gravel samples from OCO22-25
(Oco~na catchment in Perú), the low elevation of the granitoid
does not explain by itself their lower 10Be concentrations as their



Fig. 6. A e Latitudinal variations of the 10Be concentration ratio for coarse sediment and sand. B e Catchment-mean erosion rate. C e Catchment-mean slope. D e and catchment-
mean annual temperature and runoff. The grey lines underline the possible co-variations in the catchment-mean slope, proportion of steep slopes >0.6 m/m, erosion rate and 10Be
concentration ratio when this ratio is <1. The sand fraction is [0.5e1] mm.
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points lie below the 1:1 line. Conversely, the low elevations of the
granitoid exposure explains the lower 10Be concentrations for the
gravel samples from LON1 (the Lontu�e catchment in Chile)
compared to that of sand (Fig. 7A). In order to test if the result
depends on our estimations of quartz content, we also analyzed the
relationship between these ratios using the uncorrected
catchment-mean 10Be production rate in Fig. 7B. The resulting
range in the ratio between the granitoid and catchment 10Be pro-
duction rates is higher. The points OCO22-25 and ELK1-3 are now
close to the 1:1 line, but the previous conclusion is still valid for the
other points. To sum up, except for gravel samples LON1-2 and
possibly OCO22-25 and ELK1-3, the hypsometry of the granitoids
(i.e. the provenance of the gravel and pebbles) does not explain the
observed differences in the 10Be concentration between the coarse
and sand fractions.

Fig. 7C illustrates a possible influence of the proportion of the
catchment area underlain by granitoid on the 10Be concentration
ratio between pebbles and sand. This weak trend suggests that
when there are low amounts of granitoid in a catchment, the mean
10Be concentration in pebbles is lower than that of sand. No cor-
relation is observed for gravel.
In order to study if gravel and pebbles could come preferentially
from the steep granitoid areas prone to landslides and high erosion
rates, as suggested by previous studies in this area (Aguilar et al.,
2014) and elsewhere (Belmont et al., 2007), we plotted the 10Be
concentration ratios between the coarse and sand fractions against
the ratio for the steepgranitoid and catchment 10Beproduction rates
in Fig. 7D. The steep granitoid 10Be production rate is defined as the
mean 10Be production rate for the granitoid areas with slopes
greater than 0.6 m/m (~tan30�), and for which mass wasting and
high erosion rates may dominate (e.g. Roering et al., 1999; Binnie
et al., 2007; Carretier et al., 2013). For pebbles and gravel with a
lower 10Be concentration than sand, there may be a weak positive
relationship between both ratios. This would suggest a combination
of two processes: 1 e pebbles and gravel with low concentrations
are preferentially sourced from steep granitoid areas, and 2 e these
areas have a higher erosion rate, explaining the lower 10Be con-
centration, as suggested by Aguilar et al. (2014) for the Huasco
catchment. When the contribution of steep granitoid to the mean
10Be production rate increases, the proportion of sand sourced from
high erosion rate areas also increases, so that the difference between
pebbles and sand decreases (the ratio tends towards 1 in Fig. 7D).



Fig. 7. Relationships between the 10Be concentrations in coarse and sand sediment ([10Be e]coarse/[10Be]sand) and parameters concerning granitoid rocks: A-granitoid 10Be
production rate ratio (calculated for granitoid only) and catchment-mean 10Be production rate. B e Same as A e but using the catchment-mean 10Be production rate uncorrected for
the lithology. C e Granitoid area/catchment area ratio. D e Same as A e but selecting slopes >0.6 m/m to calculate the steep granitoid 10Be production rate. The sand fraction is
[0.5e1] mm.
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4.3. Relationship with the erosion rate

Differences in the catchment-mean erosion rate may be asso-
ciated with different contributions of mass wasting to hillslope
denudation, different storage times in the drainage network, or
different attrition rates for the cobbles. As these processes have
been proposed to explain the differences in the 10Be concentration
between coarse and fine river sediment, we explored the rela-
tionship between the catchment-mean erosion rate and the [10Be]
gravel/[10Be]sand and [10Be]pebble/[10Be]sand ratios.

Fig. 6 shows the latitudinal pattern of these values. There is no
clear relationship over the entire dataset. If we exclude the
samples with a higher 10Be concentration in pebbles or gravel
than in sand, there is some latitudinal correlation between the
erosion rate and the [10Be]coarse/[10Be]sand ratio, symbolized by
the grey line in Fig. 6A and B. Higher erosion rates seem to be
associated with a smaller difference between the 10Be concen-
tration in coarse sediment and sand. OCO22 in Perú deviates from
this trend, but the erosion rate estimated for this catchment
strongly depends on the choice for the contributing area to
erosion: assuming that most of the river sediment comes from
actively eroding areas, which excludes the Altiplano part of this
catchment, the calculated erosion rate would be divided by ~ 2,
and would thus correspond to the latitudinal trend (the mean
slope would also increase e Fig. 6C). A lower [10Be]coarse/[10Be]
sand ratio associated with a higher erosion rate may be consistent
with a higher contribution of mass wasting to hillslope erosion:
when this contribution increases, the proportion of sand derived
from the landslides also increases, so that the sand and pebbles
have similar sources. Nevertheless, no relationship appears when
plotting the erosion rate against the [10Be]coarse/[10Be]sand ratio
(Fig. 8).

4.4. Relationship with the topography

We explored the correlations between the [10Be]gravel/[10Be]
sand ratios and several geomorphic parameters, as illustrated by
Figs. 6 and 9. There is no relationship between these ratios and the
catchment area, except for gravel with a higher 10Be concentration
than sand. For these samples, the excess in the 10Be concentration
in gravel increases with the size of the catchment area (Fig. 9A). No
correlation is seen with the catchment-mean elevation (Fig. 9B) for
the ratios <1. However there is a positive correlation for the gravel
with a ratio >1, excluding CHO1, which has the larger catchment
area (Fig. 9A). The D50 of the sediment mixture in the river does not
seem to affect the [10Be]gravel/[10Be]sand ratio, where data exist
(Fig. 9C).

No clear relationship appears on the graphs plotting the [10Be]
coarse/[10Be]sand ratios against the granitoid slope (Fig. 9D), or the
catchment-mean slope (Fig. 9E). The [10Be]coarse/[10Be]sand ratio
also does not fit with the normalized steepness index ksn for the
drainage network (Fig. 9F).

Latitudinally, some covariation appears between the slope,
erosion rate (see Carretier et al., 2013, 2014, for details about the
effect of slope on the erosion rate in Chile), and [10Be]coarse/[10Be]
sand ratio when this ratio is<1 (Fig. 6C). This makes sense if steeper
slopes and larger erosion rates are associated with a larger pro-
portion of the catchment area with high erosion rates and mass
wasting, as discussed above. This suggests that the grain size
dependence of the 10Be concentration may depend on the transient



Fig. 8. Relationships between the 10Be concentrations in coarse and sand sediment
([10Be]coarse/[10Be]sand) and catchment-mean erosion rates. The erosion rates are
calculated from the 10Be concentrations in sand and using the catchment-mean 10Be
production rate corrected for the lithology (Table 2). The sand fraction is [0.5e1] mm.
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stage of the catchments. Catchments that have a large proportion of
area that is unaffected by the ongoing steepening associated with
the Miocene uplift may exhibit a large difference between the 10Be
concentration for different grain sizes. In order to test this, we
plotted the proportion of the catchment area with slopes >0.6 in
Fig. 6C. The catchments with a low proportion are those with a
large proportion of relict topography unaffected by the ongoing
incision (for instance, the Oco~na catchment in Perú e Fig. 5). There
is no clear relationship between the proportion of steep areas and
grain size dependence on the plot shown in Fig. 9F. On the contrary,
Fig. 6C shows a good latitudinal correlation between this propor-
tion of steep slopes, the mean slope, and the [10Be]coarse/[10Be]
sand ratio when this ratio is <1. Thus, the distribution of slopes
within the catchments seems to control the pattern of deficit for the
10Be concentration in coarse sediment.

4.5. Relationship with the climate

The catchment-mean temperature and precipitation, together
with the slope, lithology and vegetation, control the soil thickness
and physical weathering. The soil thickness also controls the depth
of the landslides, and thus the possible differences between coarse
sediment sourced from the deep layers (e.g. Brown et al., 1995) and
fine sediment fromthe surface layers. In addition,waterdischarge in
the rivers controls the rate of downstream size reduction of the
cobbles by collision between them. When this process applies to
cobbles with a low 10Be concentration (for example because they
were exhumed fromdeep layers of soils by landslides) their collision
produces sandwith a lower 10Be concentration,which decreases the
mean 10Be concentration of the river sand fraction (dilution e.g.
Belmont et al., 2007; Carretier et al., 2009). Thus, we analyzed the
relationship between the catchment-mean temperature, runoff and
[10Be]coarse/[10Be]sand ratio. The mean temperature shows some
regional anti-correlation (Fig. 6D). Nevertheless, this anti-
correlation may be secondary: temperature is strongly determined
by the catchment-mean slope, which is the main erosion control,
and both variables show some regional correlation with the [10Be]
coarse/[10Be]sand ratio. No correlation appears when plotting the
temperature and [10Be]coarse/[10Be]sand ratio in Fig. 10A.
Latitudinally, no relationship appears with runoff (Fig. 6C). The
[10Be]coarse/[10Be]sand ratio is anti-correlated to the runoff when
the runoff is>0.4m/a (and to the south of 34�S). Note, however, that
the slope and erosion rates are also anti-correlated to the runoff to
the south of 34�S (Pepin et al., 2010; Carretier et al., 2013).

5. Discussion

5.1. Grain size dependent storage in the system

Another explanation for the observed size-dependent 10Be
concentration could be the recycling of stored and older sediments
(e.g. Wittmann et al., 2009, 2011b, 2011c). Almost all of the sampled
rivers are incised within alluvial terraces (e.g. Abbuehl et al., 2011b;
Aguilar et al., 2011; Bekaddour et al., 2014; Riquelme et al., 2011;
Rodríguez et al., 2013), which provides a certain amount of sedi-
ment to the active river by bank erosion. A long residence time in
these terraces increases the 10Be concentration in the sediment.
Nevertheless, the terraces are usually higher than 10 m above the
river (Fig. 4B and F). The lateral erosion of this material and its
incorporation into the river sediment should not significantly in-
crease its 10Be concentration. Moreover, the terrace material is
composed of mixed sand, gravel and pebbles without any sorting.
There is not a higher amount of pebbles in the deep layer of this
terrace material, nor is there more gravel at the surface. In central-
northern Chile, part of the terrace sediment has a glacial origin,
with a potentially small size-dependent difference in the 10Be
concentration (Riquelme et al., 2011). Even if terrace sediment
represents a significant fraction of the sampled sediment, they
would decrease the 10Be concentration in all sediment sizes.

5.2. Statistical representativity, sediment mixing

There can be questions about the uncertainty associated with
the average 10Be concentration in each clast population. This
average may be strongly biased in three pebble samples containing
less than 16 clasts. Despite the low number of pebbles (6 and 15,
respectively) in the two Peruvian canyons, Ca~nete (CAN2-3) and
Oco~na (OCO22-23), they show similar 10Be ratios in the 10Be con-
centration between pebbles and sand. In the Huasco catchment,
sample HUA3 contains 15 pebbles, but shows a similar deficit to the
other pebble samples of this catchment containing 30e34 pebbles.
The regional co-variation indicated by the grey lines in Fig. 6A, B
and C suggests that the observed size-dependent 10Be concentra-
tion is not random. The gravel samples contain between 30 and 100
clasts; this should provide a better estimate of the mean 10Be
concentration, except if, as discussed later, their source area is
wider than for the pebbles.

The lack of sediment mixing could be responsible for the vari-
able size-dependent 10Be concentrations (e.g. Binnie et al., 2006;
Reinhardt et al., 2007; Yanites et al., 2009; Savi et al., 2014). For
example, a granitoid source that is several hundreds of meters away
from the sample site may deliver pebbles for which the 10Be con-
centration over-represents the concentration in granitoid sources
that are even further away. All of the studied catchments are large
(>1200 km2). Such large areas should ensure the mixing of distant
sources and prevent an over-representation of sediment coming
from a near-by source (Yanites et al., 2009). Another possibility is
that a significant part of the pebbles gathered in the river mainly
come from a neary-by and large landslide where they resided at
depth. Although we cautiously sampled to avoid this situation, this
possibility cannot be rejected. For example, we note that in the
Choapa catchment in Chile (Fig. 3), pebble sample CHO0823G has a
slightly higher or similar 10Be concentration than the sand sample,
whereas two other pebbles samples taken at several kilometers



Fig. 9. Relationships between the 10Be concentrations in coarse and sand sediment ([10Be]coarse/[10Be]sand) and geomorphic parameters (see text for details). The sand fraction is
[0.5e1] mm.
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upstream (CHO0822G and CHO2 e Fig. 3) in the same river have
half the 10Be concentration in sand. The Choapa River is incising
within a paleo-valley partially filled by sediment from the Con-
fluencia formation, assigned to the Pliocene (Rodríguez et al., 2013).
These sediments may include pebbles with variable inherited 10Be
concentrations. Their addition to the river bedload may explain the
different 10Be concentrations for the Choapa pebble clusters. On the
contrary, the corresponding 10Be concentration in sand is similar
within uncertainty in the three cases (cf Table 1).

5.3. Hillslope residence in the different layers, mass wasting and
heterogeneous erosion rates

Several authors have proposed that large clasts come from the
deep layers of landslides (low 10Be production rate) while sandmay
be produced preferentially in the surface layer of the hillslopes
(high 10Be production rate) (e.g. Brown et al., 1995; Belmont et al.,
2007; Puchol et al., 2014). A simple calculation can be used to test
for this possibility in order to explain the observed [10Be]coarse/
[10Be]sand ratios. The 10Be production rate by spallation obeys
P � Poe�z=0:6, where Po is the 10Be production rate at the Earth's
surface, z is the depth in meters and 0.6 is an estimate for the
attenuation length of the neutrons in meters. Using an end-
member model where the landslides are composed of two layers
(a surface layer of thickness Hs made of sand overlying a layer of
thickness Hp made of pebbles) we can calculate a mean 10Be pro-
duction rate for the two layers. These production rates are:

Ps ¼ 1
Hs

ZHs

0

Pdz ¼ 0:6
Hs

h
1� e�Hs=0:6

i

and

Pp ¼ 1
Hp

ZHsþHp

Hs

Pdz ¼ 0:6
Hp

h
e�Hs=0:6 � e�ðHsþHpÞ=0:6i



Fig. 10. Relationships between the 10Be concentrations in coarse and sand sediment ([10Be]coarse/[10Be]sand) and catchment-mean temperature and runoff. The sand fraction is
[0.5e1] mm.
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respectively. With Hs and Hp values ranging between 0.2 m and
1.0 m, Pp/Ps ranges between 0.18 and 0.57. This value increases if
sand is also present in the deep layer. This ratio is consistent with
the observed [10Be]pebble/[10Be]sand ratio, suggesting that rela-
tively shallow landslides (1e2 m) may produce the observed low
[10Be]coarse/[10Be]sand ratios. Mass wasting exists in the studied
catchments, which all have steep slopes (e.g. Aguilar et al., 2011;
Antinao and Gosse, 2009). It also occurs in the Huasco catch-
ment (Aguilar et al., 2014), and many steep hillslopes of the arid
catchment (north of 34�) are covered by mobile soils that are more
than 1 m deep, in particular above ~ 2000 m where the physical
weathering is more efficient. However, we have no evidence of
grain-size sorting in these soils. Locally, we were able to observe
thick (1e5 m) saprolite covered by 1e2 m mobile soils even in the
arid Maipo catchment (not sampled for this study but located at
34oS east of Santiago e Fig. 3). Cobbles are present at the base of
the saprolite. Any landslide affecting the whole regolith would
deliver cobbles with low 10Be concentrations to the river (Puchol
et al., 2014). Thick saprolites are more likely in the southern and
wetter catchments (south of 34oS) where denudation rates
decrease southward (Carretier et al., 2013). Yet the deficit of the
10Be concentration in pebbles and gravel compared to sand in
these catchments is not larger than in the drier catchments. The
southern catchments have smaller slopes (Fig. 6) and denser
vegetation, which may prevent mass wasting (Vanacker et al.,
2007a,b).

Nevertheless, if the grain size layering in the landslides was the
main reason for the observed lower 10Be concentration in gravel
and pebbles, we should observe that the deficit of the 10Be con-
centration in these coarse sediments should increase with the
proportion of the catchment area affected by landslides. We would
expect that this deficit increases with the catchment slope or with
the proportion of steep slopes >0.6 m/m prone to mass wasting.
Fig. 9D to F do not show this relationship and the regional varia-
tions of these parameters suggest the contrary (Fig. 6B).

A hillslope steepness effect appears when analyzing the
contribution of steep granitoid to the catchment-mean 10Be pro-
duction rate in Fig. 7D. When the contribution of the steep gran-
itoid to the catchment 10Be production rate is larger, the 10Be
concentration in sand and coarse sediment with low 10Be con-
centrations is closer together. A scenario suggested by Aguilar
et al. (2014) explains this: it assumes that pebbles are preferen-
tially delivered by steep slopes, dominated by mass wasting, and
have higher erosion rates. When steep and fast eroding slopes
contribute to a small fraction of the 10Be flux, the 10Be concen-
tration in pebbles is low and that of sand is higher because sand is
also derived from areas that erode more slowly (Fig. 1). When
steep and fast eroding slopes contribute to a large proportion of
the 10Be concentration, pebbles as well as sand have a low and
similar 10Be concentration. In this scenario, it is mainly the sand
10Be concentration that makes the difference. The broad regional
co-variation of the 10Be concentration deficit in the coarse sedi-
ment, erosion rate, catchment slope and proportion of steep slopes
supports this interpretation (Fig. 6). This correlation suggests that
the transient stage of the catchments, and thus the degree of
heterogeneity in their erosion rate, controls the grain size
dependence of the 10Be concentration. This interpretation may
explain the small difference between sand and coarse sediment in
the steep catchments in Tibet (Ouimet et al., 2009; Palumbo et al.,
2010), the Alps (Norton et al., 2008; Wittmann et al., 2007) or
Ecuadorian Andes (Vanacker et al., 2007a,b). In these catchments,
the erosion rate is probably much more homogeneous than in the
studied Andes, which are all transient catchments with probable
heterogeneous erosion rates (Rehak et al., 2010; Trauerstein et al.,
2013). On the other hand, Puchol et al. (2014) showed that gravel
([0.47e4] cm) systematically have a lower 10Be concentration than
fine sand within a small Himalayan catchment dominated by
mass-wasting. In this particularly humid catchment, pebbles may
preferentially come from the deep part of a thick regolith. Climate
may control the difference between sand and pebbles in this case.
It may be argued that if the relationship with erosion heteroge-
neity was broadly true, we should observe a better correlation
between the mean catchment slope and the 10Be concentration
ratios between sand and coarser sediment found in the literature
(e.g. Fig. 2B and C). Nevertheless, the mean catchment slope may
be not sufficient to determine the degree of erosion rate homo-
geneity within a catchment. Slope is not the only parameter
controlling erosion; lithology, precipitation, vegetation also influ-
ence erosion. In order to fully validate our interpretation, at least
in our semiarid to mediteranean catchments, it should be proved
that 1 e the pebbles are mainly derived from steep catchment
areas with higher erosion rates, and 2 e the deficit in the 10Be
concentration in coarse sediment increases with the degree of
erosion rate heterogeneity within a catchment. This requires
additional research in order to be able to map the erosion rates
within the studied catchments.
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5.4. Long river transport and abrasion

We first discuss the samples with a lower 10Be concentration in
pebbles and gravel, and then the five samples with a higher 10Be
concentration in gravel.

The downstream fining of sediment by size reduction (attrition)
can decrease the mean 10Be concentration in coarse sediment via
two phenomena. First, pebbles and gravels produced at high ele-
vations can be crushed into sand, so that the pebbles gathered at
the river outlet come mainly from the low elevations of the
catchment (see an example and the discusson in Matmon et al.,
2003; Belmont et al., 2007) (Fig. 1D). If the erosion rate is homo-
geneous within a catchment, these pebbles have, on average, a
lower 10Be concentration than sand, which can come from every-
where, including high elevations. However, the pebbles gathered
along the Huasco River (South latitudes 28.6, 28.7, 28.8, 28.99 in
Table 1) display a constant 10Be concentration, which seems to
contradict this interpretation. For the other samples, some in-
dications can be derived from Steinberg's attrition law
R ¼ Ro e�ðk=3Þx where k (%/km) is the attrition rate, x (km) is the
downstream distance and Ro is the initial clast radius (e.g. Attal and
Lave, 2006). Attal and Lave (2009) estimated k ¼ 0.4%/km for
granite pebbles. Using this k value, an initial pebble with a 5 cm
radius (the maximum size of the sampled pebbles) is reduced to
sand (R < 2 mm) after a travel distance >2400 km (>1500 km for
initial gravel with a 3 cm initial radus). These values are much
larger than the studied river length of ~ 100 km, and thus, the
complete conversion of granite pebbles and gravel into sand seems
unlikely in the studied rivers. Nevertheless, in situ weathering of
pebbles could increase the k value (Jones and Humphrey, 1997),
which remains to be quantified.

The second phenomenon associated with attrition concerns the
size reduction of initially big cobbles or boulders moving in a thick
regolith on the hillslopes, as explained by Aguilar et al. (2014). This
process requires regolith thicker than 10 m and initial boulders
larger than 1 m in diameter. We did not directly observe 10 m thick
Fig. 11. One possible model for the studied catchments explaining the lower 10Be concentr
comes from everywhere. Pebbles (5e10 cm) may primarily come from areas with higher e
Gravel (1e3 cm) may correspond to a typical grain size produced by physical weathering at h
long river transport. These different sources result in lower or higher 10Be concentrations on
regolith in our studied steep catchments. Nevertheless, regolith
covering hillslopes is common in the studied catchments and such
thicknesses might be reached near the bottom of the hillslopes
(Fig. 4C and D). Moreover, the reduction of an initial 1 m boulder
into a 10 cm pebble in 100 km requires an attrition rate k of 7%/km,
which is 17 times larger than the experimental value for granite
(Attal and Lave, 2009). This process is thus unlikely to explain the
observed differences.

The higher 10Be concentration in the five gravel samples can be
explained by a combination of preferential production at high el-
evations, pebbles breaking in the river, and long river transport. The
gravel may correspond to the typical clast size produced by geli-
fraction at high elevations, where the 10Be production rate is high.
Alternatively, gravel may derive from the breaking of larger pebbles
also produced at high elevations at the catchment head and which
eroded during a long river transport (Attal and Lave, 2009). If these
gravel stay for a long period of time in the river, this may even
increase their 10Be concentration (Carretier et al., 2009; Yanites
et al., 2009). Three arguments support this interpretation. First,
the fluvial relief of the studied catchments can reach up to 2.78 km.
The 10Be production rate at the catchment head is therefore
approximately about three times larger than at the catchment
outlet. Second, Fig. 9B shows that the excess in the 10Be concen-
tration in gravel increases with the mean catchment elevation. This
suggests that gravel preferentially come from high elevations.
CHO1 is an exception; however it is consistent with the third
argument: Fig. 9A shows that the excess in the 10Be concentration
in gravel is also correlated with the catchment area. A larger area
may increase the gravel residence time in the rivers.

Finally, the observed differences between pebbles and gravel
might possibly be explained by the different processes that result in
these two particular sediment sizes. Pebbles measuring ~5e10 cm
might only be derived from fast-eroding hillsopes, where landslides
are efficient and pebbles represent the characteristic size of clasts
detached from poorly weathered bedrock. Smaller 1e3 cm pieces of
gravel may result from a larger number of processes: gelifraction at
ation observed in pebbles and the lower or higher 10Be concentration in gravel. Sand
rosion rates, such that their 10Be concentration is lower than that of sand on average.
igh elevation, or by the breaking of larger pebbles produced at high elevations during a
average compared to sand. The full demonstration of this model requires further work.
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high elevations (high 10Beproduction rate), other physical weath-
ering processes at lower elevations or landslides (low 10Be pro-
duction rate), by-products of pebble abrasion (variable 10Be
concentration -Attal and Lave (2009)). Our pebbles may have a
smaller 10Be concentration than sand because they mainly derive
from fast-eroding hillslopes, whereas small pieces of gravel have
smaller or larger 10Be concentrations because they derive from a
larger number of processes (Fig. 11). This difference may also
explain the diversity of situations found in the literature between
sand and small gravel (Fig. 2).

6. Synthesis and conclusion

From the 20 studied sample pairs, the 10Be concentration in only
one gravel sample (LON1), and maybe two others (gravel samples
OCO25 and pebble sample ELK3) can be explained by the elevation
of the granitoid fromwhich these samples are derived. In the other
cases, the granitoid hypsometry does not explain the difference
between their 10Be concentration and that of sand.

Five gravel samples show a higher 10Be concentration, while 14
gravel (1e3 cm) and pebble (5e10 cm) samples show a lower 10Be
concentration, and one pebble sample shows a similar 10Be
concentration.

In order to explain the grain-size dependent differences, authors
have proposed various processes that are able to 1 e increase or
decrease the 10Be concentration in sand (e.g. Belmont et al., 2007;
Yanites et al., 2009) and 2 e increase or decrease the 10Be con-
centration in coarse sediment (e.g. Belmont et al., 2007; Brown
et al., 1995; Carretier et al., 2009; Matmon et al., 2003). Comple-
mentary to previous studies, we analyzed these differences in the
catchments covering a wide range of climates in the Andes. Spatial
variations in the climate do not explain the observed differences.
The exhumation of pebbles with low 10Be concentrations from the
deep layers of landslides is not evidenced by our data. The analysis
suggests an explanation involving a heterogeneous erosion rate in
the transient catchments, the preferential production of pebbles in
their high erosion rate areas, and variable sources of gravel. Ac-
cording to this explanation, pebbles and gravel have a lower 10Be
concentration because they are exhumed at a higher rate, possibly
by mass wasting. Sand is produced everywhere in a catchment.
When only a fraction of the catchment area is affected by high
erosion rates, pebbles and gravel have a lower 10Be concentration
on average. When the whole catchment erodes at the same rate,
pebbles, gravel and sand are derived from the same sources, and
their 10Be concentration is more similar. At the same time, the size
reduction of the cobbles yields smaller pieces which mix with the
rivermaterial. If the cobbles come frommuch higher elevations, the
by-products of their erosion during river transport may add gravel
with a high 10Be concentration, so that themean 10Be concentration
in gravel becomes higher than that of sand. Gravel may also be
preferentially produced by physical weathering at high elevations.
Both phenomena and a possible acquisition of 10Be during long
river transport in large catchments explain the excess of 10Be
concentration in five gravel samples, and the correlation between
this excess, the catchment area, and the catchment-mean elevation.
In order to verify the model for our catchments, further work
should be undertaken to prove that 1 e the pebbles are preferen-
tially derived from high erosion rate areas and 2 e the deficit in the
10Be concentration in coarse sediment increases with the degree of
heterogeneity in the erosion rate within a catchment.
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