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[1] Attrition rates and mean transport velocities of coarse fluvial sediments averaged over
long periods of time (>>100 a) are yet to be fully quantified. A knowledge of long-term
transport rates would allow us to predict the response of fluvial systems to changes in
external conditions, while determining clast attrition rates would improve our
understanding of fluvial abrasion processes. The concentration of terrestrial cosmogenic
nuclides (TCNs) in boulders can be modified during river transport by attrition and
temporary exposure, which are two competing processes. In order to evaluate the
potential of TCNs to quantify these processes, a stochastic model of TCN concentration
evolution in clasts of different sizes is developed from exhumation on a hillslope to a
sampling point in a river. The model includes shallow landslides or movement in a regolith
and episodic transport of clasts in a sediment layer on the river bed. We study the
downstream evolution of TCN concentrations for a population of clasts sourced from a
localized TCN-rich lithology on a hillslope. When attrition is strong, the model predicts
that the variance and maximum of TCN concentrations decrease downstream. Such a trend
is possible only if the dominant hillslope erosion corresponds to shallow landslides.
Natural variability of hillslope processes can hamper the trend. A way to limit the scatter is
to sample the biggest clasts. On the contrary, if clast attrition is small and river transport

slow, TCN concentrations increase downstream. In this case, combining the TCN
concentrations of clasts gathered at several river stations should provide a method to
estimate their mean transport rate. Our results offer guidelines to interpret the downstream
evolution of TCN concentration in pebbles and at the surface of boulders.

Citation: Carretier, S., and V. Regard (2011), Is it possible to quantify pebble abrasion and velocity in rivers using terrestrial
cosmogenic nuclides?, J. Geophys. Res., 116, F04003, doi:10.1029/2011JF001968.

1. Introduction

[2] The dynamics of sediment transport has been the focus
of recent research efforts to understand the relationship
between climate, tectonics and erosion. Sediment is considered
as a first-order driver or inhibitor of bedrock channel erosion
[e.g., Attal and Lave, 2006; Cowie et al., 2008; Crosby et al.,
2007; Gasparini et al., 2006; Lague, 2010; Sklar and
Dietrich, 2004, 2006; Turowski et al., 2007; Whipple and
Tucker, 2002]. Moreover, sediment transport rates determine
river geomorphology and the response time of rivers to chan-
ges in sediment production, climate or tectonics [Castelltort
and van den Driessche, 2003; Church, 2006; Hovius et al.,
2000; Stark et al., 2009].

[3] The erosion rate of the river bedrock depends on the size
and velocity of the clasts impacting it [Sklar and Dietrich,
2001; Whipple et al., 2000; Sklar and Dietrich, 2004; Sklar
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et al., 2008]. The grain size distribution of transported sedi-
ment can vary downstream either by selective transport and
deposition, or by clast abrasion [e.g., Paola et al., 1992a; Attal
and Lavé, 2006, 2009, and references therein]. The relative
influence of these processes in downstream sediment fining in
rivers is still a matter of debate [e.g., Attal and Lave, 2006;
Brewer and Lewin, 1993; Chatanantavet et al., 2010;
Knighton, 1982; Paola et al., 1992b]. It seems essential to
define a method to quantify attrition rate independently of
sorting due to selective deposition [Attal and Lavé, 2006,
2009].

[4] At the same time, our knowledge of coarse sediment
mean velocities in rivers, averaged over long time periods
(>100 a) or large distances (>>1 km), is incomplete. This
shortcoming prevents the testing of long-term fluvial erosion
and transport laws. For example, it has been suggested, based
on sedimentological records and physical and theoretical
models, that large alluvial rivers behave like diffusive systems
that buffer high-frequency sediment production variations
[e.g., Allen, 2008; Carretier and Lucazeau, 2005; Castelltort
and van den Driessche, 2003; Metivier and Gaudemer, 1999;
Metivier et al., 1999; Paola et al., 1992a]. Determining the
response time of alluvial systems is fundamental to analyzing
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stratigraphic records in terms of tectonic or climatic variations
in the source catchments [Castelltort and van den Driessche,
2003]. Nevertheless, with a few exceptions [e.g., Dosseto
et al., 2006; Granet et al., 2007], there is still a lack of data
for long-term sediment transport rates in rivers that would
allow us to test the diffusive nature of sediment transport. In
addition, the transport distance of a clast population is thought
to control the development of river bed instabilities such as
dunes, bars and meanders [e.g., Church, 2006; Charru, 2006;
Davy and Lague, 2009; Pyrce and Ashmore, 2003]. In large
rivers, the characteristic time necessary to develop instabil-
ities may be longer than the time period over which bed load
rates are usually measured (several years or less).

[5] Classical bed load measurement methods are based on
local measurement (using the Helley-Smith sampler for
example) or tagged bed load clast displacements [e.g.,
Ferguson et al., 1996]. Both methods are difficult to carry out
in rivers with strong discharge variability and large clasts [Liu
et al., 2008; Pyrce and Ashmore, 2003; Vericat et al., 2006].
Moreover, the period of measurement may not cover the
entire range of hydrological events that contribute to pro-
gressive bed load sediment movement [Pyrce and Ashmore,
2003], possibly missing the contribution of large events
[Kirchner et al., 2001]. New integrative methods allow sed-
iment transport rates to be averaged over long time spans
(>1000 a). These methods are based either on the disequi-
librium between the uranium series nuclides or on terrestrial
cosmogenic nuclides (TCN) [e.g., Chabaux et al., 2006;
Nichols et al., 2002; Vigier et al., 2001]. They have been used
to quantify the sediment transport rates in large alluvial sys-
tems such as the Ganges plain [Chabaux et al., 2006; Granet
et al., 2007], the Amazon plain [Dosseto et al., 2006;
Wittmann et al., 2009] and piedmonts in the Mojave Desert
[Nichols et al., 2002]. So far these methods have been applied
to sand only; long-term transport rates of pebbles (2—6 cm
diameter), cobbles (620 cm diameter) and boulders (20 cm-
1 m diameter) have yet to be quantified.

[6] In a recent theoretical study, we investigated the rela-
tionship between clast size, clast velocity and TCN concen-
tration for pebbles [Carretier et al., 2009a]. In parallel, a field
study showed that the TCN concentration in pebbles can be
modified during fluvial transport [ Belmont et al., 2007]. Other
studies showed significant differences in TCN concentration
between sand and pebbles in river deposits [Oskin et al.,
2008]. Carretier et al.’s [2009a] results suggested that the
downstream TCN concentration in clasts could fill the above
mentioned gap by providing, in some cases, a tool to quantify
both a clast attrition rate and a mean velocity or transport
distance of clasts over millennia. However, the conclusions
were preliminary, in particular because TCN concentration
evaluations were valid for small pebbles only.

[7] In this paper, we expand the theory to pebbles and
larger clasts to evaluate the possibility of quantifying clast
abrasion and long-term mean velocity from the TCN con-
centrations at clast surfaces. In particular, we aim to evaluate
the possible limits of this method and to establish a suitable
sampling strategy.

2. Theoretical Basis

[8] A clast (boulder to sand) is assumed to go through
three stages of evolution, the first one during its residence
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on the hillslope, the second during its residence on hillslopes
and the third during its transport in the river (Figures 1
and 3). TCN production decreases at depth, so a concen-
tration gradient develops within big clasts during the dif-
ferent stages. Vassallo et al. [2007] showed an example of
different '°Be concentrations at opposite points of a
boulders on the hillslope of a Gobi Altay mountain. During
its transport on the hillslope and in the river, the clast can
roll and a radial gradient can eventually develop inside: on
average TCN production at the boulder surface is greater
than at boulder center, but the TCN concentration at the
clast surface is heterogencous. Then, two end-member
scenarios can be imagined during river transport (Figure 1).
The first one corresponds to significant erosion of the clast
surface (attrition) and low TCN acquisition during fluvial
transport. In this case, both the maximum TCN concentra-
tion and the variance of TCN concentrations within the clast
can decrease downstream (Figure 1a). The second, on the
contrary, is related to low clast attrition and slow river
transport. In this case, TCN concentrations can increase
within the clast [Nichols et al., 2002] (Figure 1b). This
simple idea may be the basis for a quantification method of
attrition rate and/or river transport mean velocity.

[v] However, many natural or technical factors are likely
to introduce clast-to-clast variability:

[10] 1. Hillslope processes are neither constant nor
homogeneous.

[11] 2. The TCN-rich lithology can cover a significant
range of altitudes and thus of TCN production rates on
hillslopes.

[12] 3. Clasts produced on hillslopes have different sizes
and shapes.

[13] 4. The transport in the river is stochastic.

[14] 5. Sampling a clast depends on its size: a piece of the
surface for boulders, a piece or the whole surface for cob-
bles, the entire clast for pebbles.

[15] To avoid such complications due to natural variabil-
ity it is necessary to take into account a population of clasts.
These potential sources of variability raise three questions
investigated in this paper: (1) What is the range of param-
eters that produce either a decrease (attrition) or an increase
(river transport) of TCN concentration during river trans-
port? (2) Does this signal surpass the natural variability of
TCN concentration and apply to a population of clasts?
(3) If it does, what is the best sampling strategy?

[16] The study is limited to the case of a unique TCN-rich
lithological source in a catchment, so that clast provenance
can be identified in the river. This restriction avoids the
problem of the mixing of different sources at confluences
which would prevent any simple interpretation of down-
stream TCN concentration evolution in terms of attrition or
river transport [Binnie et al., 2006; Carretier et al., 2009b].

3. A Transport-TCN Concentration Model
for One Clast

[17] In order to answer these three questions, we have
developed a clast-scale TCN acquisition model based on
pioneering work by Repka et al. [1997] and quite similar to
the particle-based model of Codilean et al. [2010]. Our
model, adapted from Carretier et al. [2009b], differs from
previous models [Granger et al., 1996; Nichols et al., 2002;
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Figure 1. Conceptual model for the downstream evolution of TCN concentrations ([TCN]) at the clast
surface. During exhumation on hillslopes, a TCN concentration gradient develops within the clast. During
river transport, two end-member scenarios can be considered for the downstream evolution of TCN con-
centrations at the clast surface. (a) The clast size decreases rapidly and the TCN concentrations within the
clast do no change significantly during river transport because it is rapid or because the clast travels at
depth in the alluvial bed. In this case, the variance and maximum of the TCN concentrations decrease
downstream. (b) The clast size does not vary and the river transport is sufficiently long for TCN concen-

trations to increase downstream.

Wittmann et al., 2009; Yanites et al., 2009] by computing
TCN concentration variations in clasts of different sizes
(from boulder to sand). It is a 2D model (distance along the
clast path, elevation). The upper part of the topographic
profile is linear and corresponds to the hillslope. The lower
part is a classical logarithmic (concave) river profile [e.g.,
Whipple and Tucker, 1999].

[18] The evolution of the TCN concentration N [N'/M] for
any point inside a clast is given by the equation

dN

o= —AN +P(t) (1)
where \ is the radioactive decay rate [T"'] and P(t) is the
TCN production rate [A//M/T] at any time ¢. The production
rate depends on the clast location on Earth, elevation and
depth. All three vary during exhumation and transport

because the clast rolls at the surface, is trapped at depth and
travels downstream over large distances.

[19] Clasts are assumed spherical and always buried. Only
the top of the clast can reach the surface (see Figure 2).
Shielding effects associated with topographic slope [Lal and
Chen, 2005] are not taken into account (discussed later).

[20] The TCN concentration is calculated at several points
of a given clast (Figure 4a): (1) at the center, (2) the mean
concentration at the clast surface (“Mean”), (3) the bulk
TCN concentration, and (4) at two diametrically opposed
points (“Top” and “Bottom™) located initially along the
vertical axis of the clast during the first stage of exhumation
on hillslope (“1” in Figure 3). In order to calculate the mean
clast surface TCN concentration, the clast is divided into
concentric layers. For each layer within the clast, an
average TCN concentration can be calculated that holds
whether the clast rolls or not (Appendix A). The mean
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Earth'’s surface

Figure 2. Characteristics of a clast of radius R at a depth z,
from the Earth’s surface used to calculate a mean TCN con-
centration on a layer of radius r.

TCN concentration is calculated using a mean production
rate P, for each layer of radius 7 in a clast of radius R, the top
of which is at a depth z, (see Appendix A and Figure 2):

P, =F.e*/" P, 2)

where p is an attenuation length [L] associated with a particle
(neutron, fast muon, slow muon), P, the production rate at
the Earth’s surface and F, is a scale factor depending on
R and r (see Appendix A). Then we calculate the TCN
evolution of each layer by solving equation (1) with P=3) P,
(the sum of the different contributing particles), where R, z
and P, vary with time. ;1 depends on material density, which
is taken to be constant in this study.

3.1.

[21] A hillslope is defined by its length, relief and maxi-
mum elevation. A clast can be exhumed anywhere on a
hillslope. Two hillslope models are considered (Figure 3).
Model 1 corresponds to shallow landslides (“shallow”
meaning that the thickest landslide layer corresponds to the
biggest clast diameter- 1m in this study), while Model 2
corresponds to a diffusion of clasts in a regolith layer,
including the possibility that clasts could be removed from
the surface to simulate soil-wash losses. We derive analytical
solutions for the TCN concentration acquisition on the hill-
slope for the two models.

3.1.1. Model 1 (Shallow Landslides)

[22] A clast is progressively exhumed (stage 1 in Figure 3)

until it becomes part of a landslide layer that will collapse.

TCN Acquisition on Hillslope
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In order to compute the TCN concentration of a given clast,
we have to specify probability functions for clast depth and
its residence time in the landslide layer, the latter being the
time elapsed since the previous landslide. Recent studies
have shown that landslide sizes are distributed either as
power laws or truncated double Pareto functions [e.g.,
Hovius et al., 1997; Stark and Hovius, 2001; Guzzetti et al.,
2002; Stark and Guzzetti, 2009; Larsen et al., 2010].
Landslide occurrence has been considered to be a Poisson
process with landslides independent of one another [e.g.,
Guzzetti et al., 2006; Yanites et al., 2009]. A recent study
pointed out the possible time clustering of landslides [Witt
et al., 2010]. Considering a clast of a given size, its prob-
ability to move with a landslide, its probability to be at a
given depth and its residence time depend on landslide
occurrence and size probabilities, and also on the clast-size
distribution within the landslide layer (itself dependent on a
fracture model). Combining these probabilities to reproduce
the clast-size-dependent distribution of TCN concentrations
on the hillslope is not straight-forward. We simplify the
problem by choosing the depth of the clast top in the
landslide layer randomly between 0 and a maximum H-2R
(where H is the landslide thickness) and by assuming that
the clast residence time 7}, obeys a Gaussian distribution.
Although this model does not allow the investigation of a
large range of clast generation processes, it predicts a large
range of clast-to-clast TCN concentration variations, which
is our objective here. We want to test how the initial scatter
in TCN concentrations is able to hamper the downstream
signal obtained with a single clast. The possible effects of
other probability distributions for the clast depth and resi-
dence time are discussed further in section 5.1. A mean 7},
corresponds to the time needed to erode a layer of thickness
H with a specified mean long-term erosion rate ¢,. The
standard deviation of the Gaussian distribution is 7}/4,
which produces a large range of residence times mainly
distributed between 0 and 27},

[23] In a natural case dominated by landslides, the exhu-
mation is episodic (stage 1). However, it is approximated by
a continuous rise of the clast toward the surface in the
model. This approximation is valid if most of the investi-
gated clast-to-clast variability in TCN concentrations is due
to different residence depths and times in the landslide layer.
When the clast becomes part of the landslide layer, the
average TCN concentration on the clast layer is approxi-
mated by a secular steady state concentration:

P,F,

— —z/p 3
e )

where Py is the TCN production rate at the Earth’s surface,
F, the scale factor calculated in Appendix A, R is the clast
radius, A the radioactive decay constant, and y the attenu-
ation length for spallation. TCN concentrations at clast top
and bottom are obtained for z and z = (z + 2R), respectively,
with F,. = 1 (no depth averaging).

[24] Then when the clast leaves the hillslope, the mean
TCN concentration in a clast layer is given by:

e (=) e,z/,,,)] )

N =F,P, ey

A+en/p
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Figure 3. Model illustration. On hillslopes, TCNs accumulate during exhumation, detachment from the
bedrock and residence at the hillslope surface. In Model 1 (shallow landslide) the clast depth is randomly
positioned between 0 and H-2R. H is the maximum landslide layer thickness and R is the clast radius. The
clast residence time in this layer is random with a mean defined by H/e, ¢, being the long term erosion
rate. In Model 2 (movement in a regolith), once detached, the clast migrates into a regolith of constant
thickness H, developing at a constant rate ¢,. The mean residence time in the regolith depends on the loca-
tion where it becomes part of the regolith. Gaussian variations are added to this mean. When buried in the
river alluvium, the depth of the black clast varies with the addition/removal of overlying sediment and the
duration of transport. For a time span integrating many hydrological events, the maximum range of river
bed surface variations defines the mixing layer thickness, which is imposed as a model parameter. The
burial depth is stochastic and depends on the ratio between the mixing layer thickness and a characteristic
scour-deposit thickness zy for each hydrological event. When the clast is at the bed surface, it is trans-
ported at a velocity inversely dependent on the radius. The probability that the clast is in the river bed
or in the adjacent terrace depends on the ratio between the valley width W, and the active river width
W,. Attrition rate: k [L™'], clast velocity: V [LT']. Modified from Carretier et al. [2009b], with per-
mission from Elsevier.

where Tj, and z are chosen randomly within a Gaussian 3.1.2. Model 2 (Movement in a Regolith)

distribution. For clarity, only the spallation contribution to
production rate is written, but muonic contributions are
taken into account in the model using the proportionality
coefficients and attenuation lengths of Braucher et al.
[2003] (Table 1).

5 of

[25] It is assumed that the Earth’s surface erodes at a con-
stant rate ¢, [L/T] on hillslopes. There is a concomitant
development of a regolith, with a constant thickness H
reflecting an equilibrium between erosion and weathering
[Small et al., 1999] (Figure 3). Once the regolith layer reaches
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Table 1. Model Parameters®

Parameter Definition

[L], [T], (M], [V]

dimensions of length, time, mass,
number of atoms

BILT clast velocity law factor (1 km/a)

e [L T hillslope erosion rate (0.01 mm/a)

F, [1] scaling factor used to calculate the
mean TCN prod. rate at clast surface

HI[L] maximum landslide thickness or
regolith thickness (1 m)

kLY clast attrition rate (5%/km)

NN M cosmogenic nuclide concentration

P, [N M T production rate at Earth’s surface

w [L]1=0.6 m depth attenuation for neutrons

m[L]=6m depth attenuation for slow muon

3 [L] =212 m depth attenuation for fast muon

A[T '] =4.62E-7a! radioactive decay for 1B

R [L] clast radius

Rso [L] Median radius of the mixture (7 cm)

t travel time in river

VLT " clast velocity

Vi [L TN time-averaged clast velocity

Wr river width

wy valley width

x1 = 0.9785 contribution of neutron spallation to
total prod. rate at the surface

X2 = 0.015 contribution of slow muon capture to
total prod. rate at the surface

x3 = 0.0065 contribution of fast muon-induced
reactions to prod. rate at the surface

Zmax [L] mixing layer thickness (1 m)

zy [L] characteristic scour-fill thickness

(10 cm)

“Parameters of cosmogenic production rate are from Stone [2000] and
Braucher et al. [2003]. Values in brackets are those of the reference model.

the base of a clast (of specified radius R), this clast is detached
from the bedrock and transported downhill in the regolith
layer. The regolith is vertically mixed: clast paths are assumed
random in this layer, with an equal probability for the clast top
to exist at all depths between the regolith surface and the
regolith depth minus the clast diameter (H-2R). A resulting
average TCN concentration can be calculated for a clast [e.g.,
Granger et al., 1996; Small et al., 1999]. Random variations
around this mean are incorporated by adding variations to the
mean residence time on hillslope. These variations can sim-
ulate sudden evacuation by surface wash, shorter or longer
residence related to stochastic diffusive transport in the reg-
olith [Heimsath et al., 2002], or variations in regolith thick-
ness. These variations are assumed to obey a Gaussian
distribution in order to make the comparison with Model 1
easier. Analytical solutions of TCN concentrations within
clasts are obtained by summing those processes. Those
solutions neglect the decrease in production rate when the
clast travels downhill.

[26] The TCN concentration for a concentric layer of
radius 7 in a clast of radius R corresponds to the sum of the
initial secular exhumation (stage 1) and the residence in the
regolith (stage 2) [Granger et al., 1996]:

e 2R . (1 _ e—m) (1 _ e*(Hsz)/#)
Ate/u A H —2R

(5)

N=F,P,
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where 7}, is the residence time in the regolith. The first term
of the sum corresponds to the secular exhumation. The
second term containing (H-2R) results from the integral of
the TCN production rate P, between 0 and H-2R, namely
the possible range of clast top depths (z, in equation (2))
during its movement within the regolith.

[27] A mean 7}, can be established by balancing the hill-
slope outflux U(d)H (U(d) is the clast velocity at a distance
d from hilltop) and the material influx in the regolith ¢, d.
For a clast becoming part of the regolith at a distance d from
the hilltop, 7}, is

b dd'
=], v )
where L, is the hillslope length. This leads to
_H (e
zy_qh(d),d>0 (7)

T}, is much larger for a clast produced near the hilltop than
for a clast produced at the foot of the hill, because U(d)
increases downslope. Furthermore, Gaussian perturbations
are added to T}, with a standard deviation of T}/4.

[28] For the TCN concentration at clast “Top”,

W [ gy g (=) (1= e
TSN ra/m TN H 2R
(8)
and at clast “Bottom”,
N_p oM e g (1 — e*)\Th) (1 _ e*(HfZR)/u)
o )\—i—e;,/,ue ok A H—2R
)

Note that the second term is similar for “Top” and “Bottom”
and that the scaling factor F, is applied in both cases
(Appendix A). This term corresponds to the integration of
all the positions that those two points can take within the
regolith while the clast is rolling. In this model, the TCN
concentration polarity is acquired mainly during exhumation
(stage 1), whereas in model 1, it forms during exhumation
and residence in the landslide layer.

[20] Note that models 1 and 2 give the same result on
average at the clast surface (for non-random 73,) if they share
the same H and ¢, if the clast diameter is H, and if the
exhumation point of the clast is located at d = 0.37L,
(leading to identical 7}, in both models).

3.2. TCN Acquisition in the River

[30] The modeling approach is different for river transport.
Equation (1) is solved numerically by time increment for each
clast layer rather than by establishing analytical solutions.
This method takes into account the downstream change in
production, transport and clast erosion rates along the river.
Since those parameters change non-linearly with the travel
distance, analytical solutions are not straightforward.

[31] The clast can move if it is at the river bed surface.
Otherwise, it can be trapped in a mixing layer or in a terrace
(Figure 3). The mixing layer is subdivided into slices of
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characteristic scour and fill thickness zy: A clast has a prob-
ability zy/zmay to lie in any slice of river bed. It can move if it
is in the surface layer, which means that it has a probability
Zgr/Zmax to move. At depth, two competing effects are possible
in the mixing layer: (1) an increase of TCN concentration due
to a long stay close to the surface, and (2) a decrease in TCN
concentration by radioactive decay if the clast is deeply
buried.

[32] In the same way, a clast can reside in the active
channel or in terraces. The probability that the clast is in the
channel is given by the ratio of the channel width W, to the
valley width W.,: W,/W, (Figure 3). The presence of terraces
(W, > W,) increases the clast residence time in the fluvial
system and adds fluctuations to TCN concentrations.

[33] The transport length of a clast is the product of the
time step and a relationship for velocity V' [L T '] depending
on the clast radius R:

RIS
V= ﬁ(l - 10g101g)

where 3 [L/T] is the transport velocity of clasts of median
size (Rsp). This law is based on the distribution of pebble
transport distances in gravel bed rivers [Church and Hassan,
1992]. Whether this law may be generally applicable or not,
it allows us to take into account a possible difference in clast
travel length based on clast size [Ferguson and Wathen, 1998],
a component of fractional transport [e.g., Hill et al., 2010;
Malmaeus and Hassan, 2002; Wilcock, 1997]. The difference
disappears when R is close to Rsg, because the moving clasts
interact with river bed roughness [e.g., Malmaeus and Hassan,
2002].

[34] Note that the mean transport velocity averaged over
many increments of time tends toward:

(10)

Zsf E

V=
Zmax WV

(11)

However, small clasts traveling rapidly over long distances
may not experience all depths of the mixing layer during
their stay in the river. Over a given period of time, this
behavior yields differences in the mean hop lengths of clasts
with a small but significant probability that clasts travel
large distances. For these clasts, the mean transport velocity
(and residence time in river) can deviate significantly from
equation (11), compared to clasts that travel shorter dis-
tances. This process is a source of TCN concentration dif-
ferences between clasts.

[35] During transport, clasts undergo abrasion. Therefore,
their radius decreases at a rate £ [L

R(x)

a form of the commonly used Sternberg’s law [e.g., Attal
and Lavé, 2006]. R, is the initial clast radius. x is the dis-
tance from its injection point into the river. The clast is
initially divided into 100 concentric layers. Each time the
clast moves, a new radius is calculated using equation (12).
If the erosion abrades the surface layer of the clast com-
pletely, the underlying layer becomes the new surface layer
and so on. Note that in our model, & does not vary with the
residence time in a terrace or river. Our model thus does not

= Rpe ** (12)
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replicate clast weakening by weathering during storage
[Jones and Humphrey, 1997].

[36] The attrition rate & [L™'] should not be confused with
the clast erosion rate [L/T]. The exponential form of the
radius decrease (equation (12)) implies that the clast erosion
rate [L/T] is not constant downstream. This rate depends not
only on the attrition rate but also on clast velocity (for
details see Carretier et al. [2009b]).

[37] To sum up, the clast starts with TCN concentrations
calculated on hillslope using equations (4)—(9). Then TCN
concentrations are calculated by time increments of 0.5 year
along the river using equation (1).

4. Results

[38] In order to quantify the relative importance of the
range of parameters that modify TCN concentrations in a
clast, we have designed a basic reference model from which
model parameters will be modified. The model corresponds
to a drainage basin with a TCN-rich source at the catchment
head, allowing the same lithological source to be identified
and sampled all along the river. This TCN-rich lithological
source extends 500 m horizontally and 500 m vertically on
the hillslope. The river profile is logarithmic, 100 km long
downstream with 2 km of vertical relief and the outlet
located at 1750 m.a.s.l. Such a geometry is common in many
mountain ranges, such as the Andes. For example, the river
Aroma in northern Chile fits this geometry and includes a
unique source of Paleozoic gneiss located in the catchment
[Farias et al., 2005].

[39] The tested hillslope model 1 corresponds to shallow
landslides with a maximum landslide thickness of 1 m. Long-
term hillslope mean erosion rate ¢, is 0.5 mm/a. The mixing
layer z,.x is 1 m thick in the river bed, which is about two
times the attenuation length of neutrons (~0.6 m). The scour-
fill thickness zy is 20 cm. The river width equals the valley
width (no terrace, 2= a8 = 1); Zmax Zyand 3 Y. are constant down-
stream. The relanonshlp for transport ve1001ty corresponds to a
median grain size of Rso =7 cm with a velocity of 3 =1 km/a.
The attrition rate is £ = 5%/km, which is an upper limit value
for the most common rock types [Attal and Lavé, 2009]. This
value was exceeded only by some highly friable schists and
poorly cemented sandstone in the experiments of Attal and
Lavé [2009].

[40] For an initial clast radius of 0.5 m, those parameters
lead to an average residence time of 2000 a on the hillslope
and 500 a in the river with a final clast radius of 2 cm after a
60 km travel distance. Given this rapid river transport and
strong attrition rate, the reference model favors the attrition
signal in the TCN concentrations compared to the signal
associated with a long residence time in the river. The TCN
investigated is *'Ne (stable) with a productlon rate at sea
level and midlatitudes of 21 at/g/a in quartz [Gosse and
Phillips, 2001].

4.1. Reference Model

[41] Figure 4b shows the downstream evolution of the
TCN concentration at different points (defined on Figure 4a
and its caption) of a boulder 0.5 m in radius, exhumed
initially in the middle of the hillslope.

[42] The first observation is that TCN concentration
decreases at the “Top” and increases at the “Bottom.” The
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rapid abrasion of the clast induces a decrease in surface TCN
concentration along the “Top” path due to the exhumation of
clast layers which have lower TCN concentrations. On the
contrary, attrition removes pieces which are more and more
concentrated at the “Bottom”. The downstream variation of
“Top” is larger than “Bottom” because the initial TCN con-
centration gradient within the clast displays an exponential
function decreasing at depth. A smaller initial clast would
present smaller downstream variations for these two points,
because the initial TCN concentration gradient within the
clast would be smaller. “Top” and “Bottom” correspond to
the maximum and minimum TCN concentrations at the clast
surface, respectively, if the acquisition of TCN in the river is
negligible compared to the hillslope. If not, a long residence
time in a river or terrace can change the initial TCN polarity at
the clast surface.

[43] Furthermore, “Mean,” “Center” and “Bulk” show less
than 10% difference and a rapid convergence after a couple of
kilometers. The average TCN concentration at the clast sur-
face and center are close because the high TCN production
rate on the superior hemisphere is almost balanced by the low
production rate on the inferior face. The difference between
the mean TCN production rate of the clast surface and center
are predicted by equations (A5) and (A6). For aboulder 0.5 m
in radius, the relative difference is around 10%. The smaller
the clast, the smaller this difference.

[44] Finally, note the small difference between all calcu-
lated TCN concentrations when the clast radius is smaller than
5 cm (for travel distances longer than 45 km in Figure 4a).
This is important for field sampling: boulders must be sam-
pled at their surface, while small pebbles (<5 cm radius) are
usually crushed to obtain the bulk TCN concentration. The
similarity between surface and bulk TCN concentrations in
small pebbles implies that the measured TCN concentration
for boulders and small pebbles can be compared without
introducing a sampling bias.

4.2. Parametrical Study

[45] In order to evaluate the model parameters leading to a
downstream change in TCN concentrations, we conducted a
parameter search by modifying one or several parameters of
the reference model. The resulting downstream variations of
the TCN concentrations for “Top,” “Bottom” and “Mean’ are
compared to the reference model and shown in Figures 4c—4k.

[46] It is important to fix a detection limit for the down-
stream variation of the TCN concentrations. We define a
significant or detectable TCN concentration variation to be
larger than 15%, a maximum for uncertainty on TCN con-
centration measurements.

CARRETIER AND REGARD: BOULDERS SPEED AND EROSION USING TCN

F04003

4.2.1. Hillslope Model (Figure 4c)

[47] Hillslope model 2 (soil creep) is tested (non-random
T;) with regolith thicknesses /= 1.1 m and A =2 m. TCN
concentrations vary less than in graph B, because the initial
gradient within the clast is smaller for two reasons: (1) the
clast moves into the regolith and consequently spends time at
depth (the TCN production rate is 20 times lower at 2 m
depth), and (2) because it rolls, which limits the TCN con-
centration polarity at clast surface (see equations (8) and (9)).
For H =2 m, downstream variations are less than 10%, and
thus undetectable. This shows that the signal related to attri-
tion disappears rapidly when the regolith thickness increases.
4.2.2. Hillslope Erosion Rate ¢, (Figure 4d)

[48] Using a 10 times larger €;,, TCN concentrations show a
variation in the trend for “Top” and ‘“Mean”. Increasing
€5, decreases the residence time of the clast and therefore pre-
vents the development of a strong initial TCN concentration
gradient within the clast. Moreover, the river contribution in
TCN acquisition is relatively increased. Therefore, the “Top”
TCN concentrations decreases less downstream than in the
reference model while the “Bottom” concentration increases
more downstream. Secondary variations in TCN concentration
are due to the stochastic transport in river.

4.2.3. Mixing Layer Thickness, 7., (Figure 4e)

[49] Tripling z,.x does not change the TCN evolution
compared to the reference model. A clast spends statistically
more time in the fluvial system if z,,, is larger. However,
statistically it resides also at a greater depth. These phenomena
balance each other. Nevertheless, increasing z,,,.x decreases the
mean transport velocity ¥ (equation (11)). Therefore, Zpax
needs to be estimated in the field in order to quantify ¥ accu-
rately from TCN concentrations [Nichols et al., 2002].

4.2.4. Attrition Rate k (Figure 4f)

[s0] A ten-fold decrease of k reduces strongly the decrease
of TCN concentration at “Top” and the convergence between
curves. The TCN concentrations vary less than 15% down-
stream and thus become undetectable. Small attrition limits the
exhumation of layers with lower TCN concentration. Fur-
thermore, the clast stays longer in the river because the trans-
port velocity is inversely related to clast size (equation (10)).
Both processes favor the stability or increase of TCN con-
centrations within clasts. More generally, decreasing k limits
downstream variations due to the initial TCN concentration
gradient on hillslopes and favors river TCN acquisition. The
strong effect of £ on TCN concentration evolution suggests a
method to document and quantify attrition. It consists of
measuring the TCN concentration of clasts sampled down-
stream. If attrition is strong, the variance of the TCN con-
centrations should decrease downstream, the maximum TCN

Figure 4. Downstream evolution of TCN concentrations for a single 0.5 m radius clast for different scenarios. (a) Schematic
diagram of the different points, surface or volume of a clast for which (b—k) the TCN concentration is illustrated. In these
graphs, the blue curve (“Top”) shows the TCN concentration at the top of the clast in its initial position on the hillslope
during exhumation (this is not necessarily the TCN concentration at clast top in the river because the clast rolls), the green
curve (“Bottom”) indicates the opposite point, the red curve (“Mean”) is the mean clast surface TCN concentration, the black
curve applies to the clast center and the grey curve corresponds to the bulk TCN concentration. The curve thickness is pro-
portional to clast radius. The vertical axis is the TCN concentration normalized by the TCN concentration at “Top” at x =
0 m, the point of entry in the river. *'Ne, '°Be or '*C concentrations used for the normalization are indicated in the upper left
corner of corresponding graphs and are expressed in units of 10° at/g. Parameters of the reference model (Figure 4b) are given
in the text and in Table 1. All graphs but Figure 4c use the hillslope model 1 (shallow landslide) with H =1 m.
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concentration should decrease and the minimum TCN con-
centration should increase. The difference with the reference
model suggests that it could be possible to estimate an order of
magnitude of minimum attrition rate £ using TCN concentra-
tion data from pebbles of a selected lithology.

4.2.5. Clast Velocity 3 (Figure 4g)

[51] A ten-fold decrease in the velocity gives similar
results to an increase in ¢;,. The clast spends more time in the
river, inducing TCN production to balance (exceed) the
TCN loss at “Top” (“Mean”) due to attrition.

4.2.6. Clast Velocity and Attrition Rate (Figure 4h)

[52] Adding a ten-fold decrease of the velocity and attri-
tion rate leads to a significant increase of all TCN con-
centrations. In this case, the time spent in the river and the
low clast erosion favor TCN acquisition during river trans-
port. The strong difference compared to the original model
of graph B suggests that data showing TCN concentration
variations may provide an estimate of bounds for § and .
4.2.7. Clast Velocity, Attrition Rate and Fluvial
Relief (Figure 4i)

[53] Decreasing the fluvial relief enhances the increase of
TCN concentration observed in the previous case (note dif-
ferent vertical scales in Figures 4h, 4i, and 4j). During its
transport in the river, clast elevation decreases, and therefore
so does the TCN production rate. Reducing the fluvial relief
limits this phenomenon and enhances in-river TCN acquisition.
4.2.8. Clast Velocity, Attrition Rate, Fluvial Relief,
and Radioactive Decay (Figures 4j and 4k)

[54] It might be thought that a long in-river period would
yield different results for radioactive TCNs. However, Figure 4
shows that the results are similar when we substitute '°Be for
2INe. '°Be has a decay rate of A =4.6 x 10’ a ! and a pro-
duction rate at sea level ca. 4 times smaller than ?'Ne (5.1 at/g/a
at high latitude and sea level). The absolute value of the TCN
production rate is unimportant when looking at the downstream
variation in TCN concentration. Moreover, the decay rate is too
small to modify the results significantly in this particular
example. Indeed, the residence time of about ~10500 a in the
catchment is much lower than the decay time of 1/A~2 Ma. On
the contrary, the “Top” TCN concentration decreases for '*C
with a half-life of 5730 a (Figure 4k).“Top” contains the highest
hillslope inheritance. Once in the river, this point is buried and
loses inherited '*C concentration by radioactive decay. On the
contrary, “Bottom” and “Center”” accumulate much less "*C on
the hillslope because they are deeper. Therefore, they are much
more sensitive to '*C production during river transport and thus,
their TCN concentrations increase.

4.3. Results for a Population of Clasts

[55] Results for one clast suggest that: (1) if big clasts are
sampled along a river, a downstream decrease in maximum
and variance of TCN concentrations can highlight a signifi-
cant attrition rate; (2) an increase of any TCN concentration in
a class of clast size allows the river transport rate to be esti-
mated. This section aims to test those ideas on a population of
clasts that have different hillslope and in-river histories.
4.3.1. Attrition

[s6] A set of experiments has been designed to test the
impact on clast TCN concentrations of different sources of
variation in hillslope transport. Three experiments are based
on the reference model (section 4.1), with different sources of
variation (Figure 5): Gaussian variations of 7}, (only the
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biggest clasts are sampled) (Figure 5a), Gaussian variations
of T}, and variation in attrition rate & between 1 and 10%/km
(only the biggest clasts are sampled) (Figure 5b), Gaussian
variations of T}, and different initial clast sizes ([0.1-0.5] m
radius) (Figure 5¢), and Gaussian variations of 7, different
initial clast sizes ([0.1-0.5] m radius) and a lithological source
that extends 500 m horizontally and 500 m vertically on the
hillslope (Figure 5d).

[57] Figure 5 shows the downstream evolution of “Top”
and “Bottom” for 100 clasts. TCN concentrations are pre-
sented as box-and-whisker plots for different downstream
distances (Figure 5a). The colored box contains half of the
population. The distributions of “Top” and “Bottom” con-
centrations provide a maximum and minimum for TCN
concentrations when the clast surface is sampled randomly.

[s8] Figure 5a shows the results for Gaussian variations of
T, on a population of clasts (0.5 m radius), all coming from
a specific site at the middle of the hillslope. TCN con-
centrations on the hillslope (x = 1 km) vary by a factor of 8.
The variance and maximum of TCN concentrations decrease
downstream (symbolized by the grey lines on Figure 5a), as
observed for a single clast (Figure 4b).

[59] We modified the previous experiment to allow the
attrition rate & to vary from one clast to another. Figure 5b
shows similar features to the previous graph, with a rela-
tively small increase in variance. This suggests that for a weak
lithology (large & on average), the clast-to-clast variability in
k is not a significant problem, and a mean & can be estimated.

[60] When different clast sizes are taken into account (only
clasts bigger than 2.5 cm radius are considered in the popu-
lations), scatter grows significantly (Figure 5b). The increase
in scatter can be explained by (1) small clasts occupying deeper
positions in the landslide layer and (2) differences in the initial
TCN concentration gradient within clasts of various sizes.

[61] Inthe model illustrated by Figure 5d, clasts of different
sizes are produced all along the hillslope, simulating an
extended lithological source. This modification increases the
range of initial TCN production rates (depending on eleva-
tion) and clast residence times on the hillslope. Nevertheless,
the impact of this modification is minor because most of the
variance is already incorporated into the variations related to
different initial clast sizes.

[62] These experiments indicate that despite the scatter
associated with stochastic processes on a hillslope, the attri-
tion signal can be preserved. In particular, the downstream
variations in TCN concentrations (minimum, maximum and
variance) are greater than the adopted detection limit of 15%.
Scatter can be limited by sampling only the largest clasts.
4.3.2. Sediment Transport Rate

[63] Next, we evaluate if the downstream TCN concentra-
tion increase due to river transport is preserved when a pop-
ulation of clasts is considered. The model of Figure 4h, where
a significant downstream increase of TCN concentration is
expected, is used as reference. Different possible sources of
scatter are added (Figure 6): different initial clast sizes ([0.05—
0.5] m), Gaussian variations of 7}, and an extended litho-
logical source (500 m high, 500 m long).

[64] Two hillslope models are tested, and the results are
shown for two distinct sampling strategies: (1) the whole clast
surface (“Mean”), or (2) only a piece of each clast (result
between “Bottom” and “Top”’). Note that the maximum TCN
concentration could be larger than the “Top” one because
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some clasts can be trapped for a long time in-river, accu-
mulating TCN in a way that modifies the initial clast polarity
acquired on the hillslope. Numerical modeling of the true
TCN maximum would require the discretization of the clasts
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into numerous elements, which is beyond the scope of the
present study.

[65] Results show similar trends for both models: a sig-
nificant increase in the average TCN concentration, but dif-
ferent scatter. In sampling strategy 1 (“Mean” in Figures 6a
and 6c¢), scatter is smaller because the calculated TCN con-
centration is an average of the different points on the clast
surface. When randomly sampling a part of each clast
(strategy 2), the scatter expected for model 1 (shallow land-
slides) is larger than for model 2 (regolith) (Figures 6b
and 6d). Indeed, during the clast movement in the hillslope
regolith, the clast rolls and its surface concentration tends to
homogenize. This process limits the clast-to-clast variation.

[66] Finally, the variance of TCN concentrations increases
downstream mainly because small clasts travel faster than
big clasts, and secondly because clasts have different paths
in the mixing layer. Limiting the sampling to a specified
clast size reduces the scatter and may allow us to evaluate if
transport velocity depends on clast size (Figure 7).

5. Discussion

[67] Our results reveal that the attrition rate & and the
long-term mean velocity ¥ (equation (11)) can be bracketed
using TCN concentration data in two cases: (1) There is a
significant downstream increase (>15%) of the mean TCN
concentration in pebbles (leading to V), or (2) There is a
significant downstream decrease (>15%) in the clast-to-clast
variance and maximum of TCN concentration variance
(leading to k). The limitation of such scenarios could be the
natural variability of erosion processes. Some of these pro-
cesses have been incorporated in the model, but others are
discussed in the following section.

5.1.

[68] The model excludes shielding related to the topo-
graphic gradient on the hillslope, which can modify the
TCN concentration distribution within boulders [Lal and
Chen, 2005]. However, the gradient effect would not pre-
vent the existence of TCN concentration polarity on the
hillslope. Consequently, the slope effect does not modify the
prediction of a downstream convergence of TCN con-

Other Potential Sources of Scatter

Figure 5. (a—d) Model results for a population of clasts
(100) using model parameters for which the attrition signal
dominates. Parameters are those of the reference model
(Figure 4b and Table 1). Box-and-whisker plots correspond
to TCN concentrations at diametrically opposite points along
the vertical axis during exhumation on the hillslope (“Top”
and “Bottom”). The grey lines in Figure 5a symbolize the
range of expected TCN concentrations if clasts are sampled
randomly by taking a sample at clast surface for boulders, or
the whole clast for pebbles. Figures 5a—5d correspond to
different sources of variability, as indicated on the graphs.
Gaussian variations of T}, have a standard deviation of 7;/4.
On the vertlcal ax1s 2Ne concentrations are normalized by
the maximum *'Ne concentration: 1.5 x 10° at/g (Figure 5a),

1.45 x 10° at/g (Figure 5b), 1.26 x 10° at/g (Figure 5c), and
1.34 x 10° at/g (Figure 5d). The sudden decrease in the size of
the whiskers in Figures 5c¢ and 5d at some stage downstream
are due to the selection of clasts larger than 2.5 cm in radius,
which removes outliers.
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Figure 6. (a—d) Model results for a population of clasts in the case of parameters that favor a downstream
increase in TCN 2'Ne concentration. Parameters for Figures 6a and 6b correspond to those of Figure 4i.
Compared to the reference model, the relief is divided by 2, the velocity is divided by 10, and the attrition
rate is divided by 10. The sources of variability include different initial locations on the hillslope (500 m long
and 500 m high), Gaussian variations of 7}, variable clast sizes in the range [0.05-0.5] m radius and
stochastic transport in the river. Figures 6¢ and 6d use the same parameters but with hillslope model 2 (H =
1.1 m). In Figures 6a and 6c¢, the grey line corresponds to the mean TCN concentration of the clast
population. On the vertical axis, 2'Ne concentrations are normalized by the maximum *'Ne concentration:
2.6 x 10° at/g (Figure 6a), 3. x 10° at/g (Figure 6b), 2.9 x 10° at/g (Figure 6¢), and 3. x 10° at/g (Figure 6d).

centrations. For a significant TCN acquisition during river
transport, the hillslope gradient effect is negligible. Fur-
thermore, the model assumes that a clast is always buried
below the Earth’s surface. Therefore, allowing the clast to be
partly exposed would affect the TCN concentration distri-
bution within the clast [Lal and Chen, 2005]. For example,
the average TCN concentration at the clast surface and the
surface-to-center gradient would be greater. In this case and
for strong attrition, the downstream decrease of TCN con-
centration differences within a clast could be greater than
predicted by the model.

[69] The model assumes spherical clasts. Clasts can have
variable shapes in nature, especially at the catchment head.
Shape differences may increase the expected TCN concen-
tration variance. The mean surface production rate can be
calculated for a parallelepiped and compared to a sphere
(Appendix B). The relative difference is lower than 20%
between a 1 m sphere and a parallelepiped with shape ratio

of 2 (Appendix B). The difference between “Top” and
“Bottom” should be the same if the clast is buried and if
the density difference between the considered clast and the
surrounding material is not too large. In these cases, the
TCN production rates at these two points do not depend on
the shape of the considered clast but only on their depth.
Consequently, it is not likely that a shape difference would
significantly increase the scatter already incorporated in the
model (variations in residence depth, size, location and time
on hillslope). Clast shape should not be a problem when
river transport increases TCN concentrations from a variety
of sources.

[70] Our hillslope models assume a homogeneous regolith
or landslide depth over the hillslope. If H varies downhill in
the range of several meters, clasts can develop variable TCN
concentration gradients depending on where they were
exhumed. This would have the same qualitative effect as
increasing H in the hillslope models, namely, increasing the
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Figure 7. Same as Figure 6a, but with clasts separated into two populations: clast radius <0.2 m and
>0.2 m. Black lines illustrate the population averages. The different evolutions are explained by the

different velocities for small and big clasts.

clast-to-clast scatter. Part of this scatter may already be
incorporated in the Gaussian variations imposed on resi-
dence times on the hillslope.

[71] In hillslope model 2, the TCN concentration does not
integrate the decrease in production rate as the clast travels
downhill. This simplification overestimates TCN concentra-
tions. This overestimation is larger for clasts coming from
higher elevations. A better model would reduce the calculated
difference of TCN concentrations between clasts exhumed at
different locations on the hillslope (less scatter).

[72] Significant erosion of a boulder has been simplified by
considering erosion only when the clast moves. Large
boulders can roll, as cited in Turowski et al. [2009], or
observed by us in Patagonian rivers. However, boulders can
be also eroded by other clasts while they are embedded in the
riverbed or by weathering within terraces. The relative effi-
ciency of these processes is poorly known. If the top of a fixed
boulder erodes very rapidly, the difference in TCN con-
centrations between its top and bottom will decrease. So,
in situ erosion should yield a similar trend as that predicted
with our simplified model of clast attrition, but it remains
to be tested.

[73] The shielding effect of water during transport has not
been taken into account. It can prevent significant in-river
TCN acquisition by reducing the TCN production rate at the
clast surface. Attenuation in water is 2.7 times lower than in
granite, so approximately 12 m of water is necessary to almost
cancel TCN production by spallation. This can easily be
added into the model for a specific field case, for example by
reducing the production rate at the Earth’s surface in the river.

[74] The effect of landslides has been studied by assuming
a uniform probability distribution for clast depths and a
Gaussian distribution for residence times. If the clast depth
actually followed a power law function (shallow clasts more

numerous than deep ones), then more clasts would reside
closer to the surface. The proportion of clasts with large TCN
concentration values would increase. In Figures 5 and 6, the
distributions of TCN concentrations at each river station
would be much less symmetrical, with means shifted toward
larger values. The precise effect of different frequency dis-
tributions of landslides and clast sizes should be tested in the
future, in particular to evaluate if the distribution of TCN
concentrations of a clast population can provide quantitative
information about the frequency distribution of landslides.
Similarly, the river transport model could be improved by
incorporating specific “non-local” transport rules leading to
power law distributions of clast hop lengths that have been
evidenced recently [e.g., Bradley et al., 2010; Foufoula-
Georgiou et al., 2010; Ganti et al., 2011; Hill et al., 2010;
Stark et al., 2009; Tucker and Bradley, 2010].

5.2. Is a TCN Concentration Increase or Decrease
Downstream Realistic?

[75] A fundamental question remains: can other processes
produce a downstream TCN concentration decrease that
could be misinterpreted as a consequence of clast abrasion?
Two different processes can produce this effect: radioactive
decay and a selective downstream sorting based on clast size.
However, the first process is unlikely to play a significant
role, except for very short-lived TCNs (e.g., Figure 4k). The
second process can be very efficient if sedimentation occurs.
Selective deposition can lead to a downstream fining of the
sediment mixture [Paola et al., 1992a]. This process could
produce a downstream decrease of TCN concentration vari-
ance that does not reflect clast abrasion but rather differences
in the initial (hillslope) TCN concentration between small and
large clasts. Attal and Laveé [2006] suggested that experi-
mentally derived abrasion coefficients can account for the
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downstream evolution of pebbles without calling for addi-
tional fining processes, in particular near the channel head
where clast abrasion can be large. Moreover, the existence of
a TCN concentration-clast size relationship can be verified
near the sediment production source. If it is not present, or is
inverted (cobbles have lower TCN concentration than sand
[cf. Belmont et al., 2007]), clast abrasion is necessary to
decrease the “Top” TCN concentration downstream. There-
fore our proposed method could provide a way to quantify k
even in the case of downstream fining due to selective
deposition.

[76] Our results suggest that ¥ can be easily quantified if the
TCN concentration increases downstream. However, is a TCN
concentration increase likely? As discussed by Carretier et al.
[2009b], this depends mainly on the sediment budget in the
catchment, i.e., whether the catchment is eroding or accumu-
lating sediment, and on the mixing layer thickness. Theoreti-
cally, a significant TCN concentration increase can be found in
even small catchments experiencing sedimentation because in-
river clast residence times can be relatively long compared to
hillslope residence times [Carretier et al., 2009b]. A thick
mixing layer and water depth (although not taken into account
in this model) can strongly limit TCN concentration acquisi-
tion in rivers. For example, Wittmann et al. [2009] obtained a
constant TCN concentration in sand along the Amazon River.
The depth of the water and the probably thick mixing layer may
have prevented a significant increase in TCN concentration.
On the contrary, slow transport in the Mojave desert over a
piedmont with a small sedimentation rate and a thin mixing
layer led to a significant TCN concentration increase, allowing
Nichols et al. [2002, 2005] to quantify a sediment (mostly
sand) transport rate of about 16 cm/a. Such a rate is consistent
with our results, suggesting that a TCN concentration increase
in our reference mountain river with a thicker mixing layer
requires transport rates of V' < 20 m/a. This is quite small
compared to transport lengths obtained from magnetic tracers
in pebbles over periods of several years [Pyrce and Ashmore,
2003]. Nevertheless, small mean velocities remain possible if
they correspond to longer periods that include rest at depth or
in terraces. Such low velocities are more probable in piedmont
rivers, as shown for example by Nichols et al. [2002, 2005].
Additional examples of slow transport rates were provided by
Vigier et al. [2001], Dosseto et al. [2006], Chabaux et al. [2006]
and Granet et al. [2007] who used U series elements to deter-
mine mean clast velocities ranging between 1 and 20 m/a for
sand in the Amazon and Ganges plains, respectively.

5.3. Sampling Strategy

[77] It is crucial that the sampled lithology has a unique
source in the catchment in order to avoid complexities due to
mixed sources [Binnie et al., 2006; Carretier et al., 2009b].
As far as the dominant effect (attrition or transport rate) is not
known a priori, the following strategies are proposed. We
suggest limiting the analysis to the coarsest fraction of the
clast population on hillslopes and in the river. Clasts
belonging to this fraction are often smaller than 1 m diameter
[e.g., Attal and Lavé, 2006], which may constitute a maxi-
mum size for the sampling. Although this value can vary from
place to place, larger boulders are more likely to have a dif-
ferent behavior on hillslopes and in the river. One surface
section of different clasts is sampled randomly at different
stations along the river, from the lithological source to the
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outlet. The largest clasts of the grain-size distributions are
selected, even if clasts size decreases downstream (significant
attrition or selective deposition). Limiting the analysis to the
coarsest fraction at each river station should limit the scatter
associated with different initial clast sizes. Alternatively,
clasts can be grouped by size in order to study size-dependent
transport. Each clast is then treated separately to obtain a
population of TCN concentrations. Using this set of samples,
the downstream evolution of the TCN concentration dis-
tributions (max, mean and variance) can be studied.

[78] The study of the downstream evolution of clast-to-
clast TCN concentration is quite time-consuming and
expensive. 150 samples for one river (5 sites X 30 clasts)
seems to be the minimum to study how the scatter of TCN
concentrations evolves downstream. Consequently, it is
necessary to make first-order observations to evaluate the
potential for studying the clast-to-clast TCN concentration
difference in a field case. If the largest clasts are smaller than
0.15 mradius close to the source, it is probably not possible to
observe a TCN concentration evolution associated with
attrition because the initial TCN concentration gradient
within such small clasts is too small. Moreover, if the dom-
inant erosion process on the hillslope corresponds to deep
landslides or a thick regolith (>>2m), there is little chance that
all clasts can develop a significant gradient. In both cases,
measuring the TCN concentration for each clast may be
useless. Alternatively, a larger number of samples (>30) can
be mixed for 10 river stations in order to obtain an average
TCN concentration for the population at each station (the grey
curve in Figure 6 for example). Even if the sampling corre-
sponds to parts of clasts, their mixing should give an estimate
of the mean TCN concentration population (e.g., black lines
in Figure 7). These means can be fitted by the model to
estimate the mean transport velocity between stations. In any
case, this mixing approach should be carried out first and the
TCN concentration of individual clasts should be measured in
a second step.

[79] Some parameters can be estimated in the field. For
example, the mixing layer thickness z,,,, may correspond to a
typical bar height in a braided river, or the bankfull river depth
in a meandering river. Scour and fill events can be quantified
using scour chains [e.g., Laronne et al. 1994]. However, the
mixing layer and scour should depend on the timespan under
consideration: a longer period includes extreme erosion-
deposition events that increase the thickness of the mixing
layer. Actually, the mixing layer is a conceptual simplifica-
tion of a more diffuse and time-variable zone of sediment
mixing [Parker et al., 2000]. Nevertheless, a maximum value
can probably be estimated. For example, in the Amazon near
Iquitos, 10-meter dunes are moving along the river bed,
which may correspond to the mixing layer thickness (J. L.
Guyot, personal communication, 2008). A mixing depth of
approximately 30 cm was identified by Nichols et al. [2002]
in ephemeral piedmont rivers using TCN concentration depth
profiles.

[s0] Attrition rate k& can be estimated by measuring the
proportion of pebbles from selected lithologies in the river
provided that the erosion rates of the corresponding source
areas are known [Attal and Lavé, 2006]. The hillslope ero-
sion rates ¢, of selected lithologies may be determined from
the TCN concentration of sand sampled at the foot of cor-
responding areas on hillslopes, although landsliding and
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mixing with other sources in the river could potentially yield
significant error [e.g., Granger et al., 1996; Yanites et al.,
2009]. In addition, if our proposed method can provide
k values in a catchment where the distribution of denudation
rates is unknown, then we can derive the rate at which units
with a given k are eroded by looking at the relative pro-
portion of rock types in the sediment.

6. Conclusion

[s1] We propose a model for downstream evolution of
TCN concentrations within clasts. This model suggests that
bounds on the clast abrasion k and the long-term average
clast velocity ¥ can be determined from TCN concentration
data in some favorable cases. These cases correspond to
hillslope processes dominated by shallow landslides and a
unique TCN-rich lithology in the catchment, so that clasts of
the same lithology from the same source can be gathered
along the river course.

[82] The model allows a sampling strategy to be proposed.
It consists of sampling a point of the largest clasts (<1 m) at
different stations in the river from source to outlet. A
downstream decrease in maximum and variance of TCN
concentrations indicates and permits quantification of the
attrition rate. An increase of the average TCN concentration
at each station can be used to quantify the mean transport
rate of coarse sediments.

[83] The next step is to measure the TCN concentration of
big clasts in rivers with a localized lithological source. In
any case, our results should help understand the along-
stream evolution of TCN concentration in gravels, pebbles
and boulders, a prerequisite to using TCN concentrations at
river outlet to quantify erosion rates for specified lithologi-
cal units in a catchment, and to using TCN concentration in
clasts as tracer of erosion processes.

Appendix A: TCN Production Rate for a Spherical
Clast Layer

[s4] We consider a spherical layer of radius 7 in a clast of
radius R, the top of the clast being at a depth z relative to
the surface of the Earth (Figure 2). The mean TCN con-
centration averaged over the layer of radius r is given by:

Pr:/ Pl 2mrsin @ rdf
0

472 (A1)

with P the production rate at the Earth’s surface, calculated
using the parameters in Sfone [2000], p an attenuation
length [L] associated with a particle type, and

z=z;+R—rcosf (A2)
so that
rl -/ p
P, =05 ueﬂ"‘/”' e Rin 7(6 ¢ ) Py (A3)
r
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[85] F, is a scaling factor, such that the mean production
rate P, decreases with a larger R. For a given R, it increases
with 7. For example, the mean production rate at the surface
of a 0.5 m radius clast (the top of which is at the Earth’s
surface) is half the production rate at the Earth’s surface.

[s6] Equation (A1) is also the mean TCN production rate
at a point on the layer of a continuously rolling clast. Indeed,
P, is the sum of the production rates at varying depths z
multiplied by the probability %rd& that this point is
between depths z and z + dz. This equivalence is funda-
mental because it allows the use of this average TCN con-
centration whether the boulder has been rolling or not,
assuming that boulder is sampled at different points around
its surface.

[87] Note that for the clast center

Fy = e (A6)

The total production rate for neutrons, fast muons and stop
muons is obtained by

P= " xiFue #h P, (A7)

=13

where the subscript i refers to each particle type and y; is
their respective contribution [Braucher et al., 2003] (see
Table 1).

Appendix B: TCN Production Rate at the Surface
of a Parallelepiped

[88] In order to compare the effect of clast shape on its
mean surface TCN concentration, the mean surface TCN
production rate is calculated for a parallelepiped of sides @, b
and ¢, assuming that the block rolls and its top is at depth z,.
The mean TCN production rate is

P, =F,e /1P, (B1)

where the scaling factor is
F, :g <bu<1 - ef"/"> + au(l - e"’“’)) (B2)
(e ra(i-e)
+§ (b,u<1 —ef"/“> +cu<1 —ef’l/">) (B4)
% ab(1+e ) (BS)
—0—% ac(l + eib/“’) (B6)
g be(1 ). (B7)

[s9] For a cube of 1 m’, F, is 0.52, that is 6% larger than
F, calculated for a sphere of 1m diameter. If one considers a
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parallelepiped of size 1 m x 0.75 m x 0.5 m, £}, is 22% larger
than F, calculated for a sphere of 1 m diameter. This per-
centage decreases when the cube and sphere size decrease.
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