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Quantifying the timescale of sedimentary processes in river basins, such as erosion, transport and 
deposition, and their relationships with geomorphic parameters is important in the context of ongoing 
climate change. In this study, we combine uranium activity ratios (234U/238U) for fine-grained (<63 μm) 
fluvial sediments from the Var River basin (Southern French Alps) and inferred sediment residence times, 
to catchment-scale spatial analysis of geomorphic parameters with the aim to investigate the factors that 
influence the timescale of hillslope storage and alluvial transport.
Our results show that the U isotope composition of sediments and inferred sediment residence time are 
mostly controlled by geomorphic parameters such as catchment elevation, slope and curvature, rather 
than catchment lithology. We show that sediment residence times are shorter in steep, high elevation 
terranes, but markedly increase wherever catchment-averaged slopes <30◦ , reflecting the transition 
from bedrock-dominated to soil-covered landscapes. Independent estimates of sediment residence times 
using spatial data for soil thickness and 10Be-derived denudation rates show good agreement with 
those calculated from U isotopes. This observation validates the suitability of U isotopes to quantify 
sediment residence times in river catchments and for investigating how geomorphic processes control the 
duration of hillslope storage and fluvial transport. Furthermore, these results show that the application 
of U isotopes to sedimentary deposits provides robust information on the relationship between climate 
variability and catchment erosion, allowing us to assess the role of intrinsic vs extrinsic controls on 
sediment routing at the millennial timescale.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC 
license (http://creativecommons .org /licenses /by-nc /4 .0/).
1. Introduction

Earth surface processes such as chemical weathering, sediment 
transport and deposition shape landscapes. Understanding the evo-
lution of landscapes through time requires the quantification of 
the duration of these processes in order to assess how fast they 
can respond to environmental changes (see Romans et al., 2016
for a review). In this regard, the measurement of uranium-series 
isotopes in sediments can be particularly useful as it allows esti-
mation of their residence time in catchment areas (DePaolo et al., 
2006; Dosseto et al., 2008; Dosseto and Schaller, 2016; Granet et 
al., 2010). This residence time represents the time elapsed since 
parent material was converted into regolith, and encompasses hill-
slope and alluvial storage, as well as transport. In fine-grained 
detrital sediments, uranium (U) isotopes fractionate, with 234U be-
ing preferentially lost relative to 238U as a result of recoil and 
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preferential leaching (Fleischer, 1980, 1982; Kigoshi, 1971). This 
time-dependent fractionation has been used to determine the com-
minution age of sediments, which represents the time elapsed since 
the production of sediment finer than <63 μm (DePaolo et al., 
2006; Dosseto et al., 2010). In fluvial sediments, the comminu-
tion age equates to the sediment residence time; while in sedi-
mentary deposits (continental and marine), it corresponds to the 
sum of both sediment residence time and depositional age. Pre-
vious studies have suggested that the sediment residence time is 
mostly controlled by hillslope storage and transport (Dosseto et 
al., 2014; Suresh et al., 2014; Yoo and Mudd, 2008). More recently, 
Thollon et al. (2020) showed that at a global scale, the sediment 
residence time is strongly dependent on the catchment size, with 
longer residence times occurring within large river basins display-
ing high sediment capacity storage. This latter study has provided 
first direct evidence that the U isotope composition of sediments 
is mostly set by the sediment residence time, hence validating the 
use of the (234U/238U) ratio for quantifying the timescale of sed-
iment transport and storage in catchments. Nevertheless, a better 
understanding of the factors influencing the U isotope composi-
le under the CC BY-NC license (http://creativecommons .org /licenses /by-nc /4 .0/).
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Fig. 1. (A) Simplified geological map (modified from Mariotti, 2020). (B) Digital elevation model from the Var basin derived from the French Institute National de l’Information 
Geographique et http://ofessionnels .ign .fr /donnees). Symbols show sample locations, labels correspond to Sample Location #’s in Table 1. Squares: Esteron River sediments, 
triangles: Tinée River sediments, diamonds: Var River sediments, triangles: Vésubie River sediments.
tion of fluvial sediments and inferred sediment residence times 
at the scale of a single catchment is required. In this study, we 
focused on the Var River basin, located in Southern French Alps. 
The mountainous part of the catchment corresponds to a reac-
tive routing system (Allen, 2008) where short sediment residence 
times are expected. In contrast, the lower Var River catchment is 
characterised by shallower topography, thicker soils, and presum-
ably longer sediment residence times. The diversity of geomorphic 
environments and lithologies encountered in the Var River basin 
makes it ideally well suited for investigating the various parame-
ters controlling the U isotope composition of fluvial sediments and 
inferred sediment residence time. Additionally, complementary in-
formation on soil thickness and recently published 10Be-derived 
erosion rates (Mariotti et al., 2019) across the catchment were also 
used to independently calculate sediment residence times.

2. Study site

The Var River catchment (2,800 km2) is located in the Alpine 
mountainous region of south-eastern France (Fig. 1). The Var River 
is 120-km long and has four major tributaries: the Tinée, Vésubie, 
Esteron and Cian rivers. The Tinée and Vésubie rivers drain the 
high-elevation northern part of the basin, while the Esteron and 
Cian rivers drain the lower south-western part of the basin. Maxi-
mum elevation reaches 3,200 m in the northern part of the basin, 
with mean elevation of 1200 m. The average slope is 23◦ , with 
steeper slope in the north (∼30◦ and 31◦ for the Tinée and Vé-
subie sub-catchment, respectively). The Var sediment routing sys-
tem, which includes the Var turbidite system in the deep Ligurian 
Sea, is considered as a reactive system (Allen, 2008) because of its 
small alluvial plain (<50 km2) limiting temporal on-land sediment 
storage (Anthony and Julian, 1999) and the close relationship ob-
served between climates changes and sediment flux over the last 
glacial cycle (Bonneau et al., 2014; Jorry et al., 2011).

The northern part of the catchment is formed by the Mercan-
tour Massif, which is mainly composed of Palaeozoic crystalline 
(mostly metamorphic) rocks such as gneiss, migmatites, and gran-
itoids. The southern and the central parts of the basin are mainly 
2

composed of Mesozoic/Cenozoic carbonaceous rocks, being locally 
associated with various sandstones, marls and limestones (Kerck-
hove and Barfety, 1980; Rouire, 1979).

The Var River has an annual sediment discharge of ∼ 1.63 mil-
lion tons and a specific yield of 580 t/km2/yr (Mulder et al., 1998, 
1997). The sediment discharge displays significant variability over 
the year with moderate-to-high floods occurring both in spring, 
when snow melts, and in autumn/winter during intense rainfall 
events (Anthony and Julian, 1999; Sage, 1976) as for instance dur-
ing the 2020 storm (Payrastre et al., 2022). Such high flood events 
can lead to stochastic erosional events associated with catastrophic 
discharge up to 3,700m3/s (e.g. in November 1994), much higher 
than the mean annual sediment discharge of ∼ 70 m3/s (Dubar 
and Anthony, 1995). A Mediterranean climate dominates in the 
lower southern part of the basin, while mountain climate occurs 
in the upper river basin. The present-day vegetation in southern 
France is typically ‘Mediterranean’, being composed of grassland in 
high-elevation regions (>2000 m), and of temperate forest com-
posed of drought resistant oak in lowlands (until 1,000 m) and 
conifers from 1,000 to 2,000 m (Beaudouin et al., 2007).

3. Methods

3.1. Spatial analysis

Catchment-averaged geomorphic parameters (elevation, slope 
and curvature) at each sample location were determined using a 5-
m resolution digital elevation model (DEM) from the French Insti-
tute National de l’Information Geographique et Forestière (http://
professionnels .ign .fr /donnees). Catchment-averaged soil thickness 
at each sample location was determined using the SoilGrids map 
with a 250 m resolution (Hengl et al., 2017). Note that the Soil-
Grids map is based on a compilation of soil profiles (132,193 
points) and borehole drilling logs (1,574,776 points) with the ad-
dition of pseudo-observations of depth to bedrock. For geomorphic 
parameters and soil thickness, we computed mean, minimum and 
maximum values inside each sub-basin.

http://ofessionnels.ign.fr/donnees
http://professionnels.ign.fr/donnees
http://professionnels.ign.fr/donnees
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3.2. Uranium isotopes

Twenty-six river sediment samples were collected in 2011 and 
2012 along the entire Var River and its main tributaries (see details 
in Bonneau et al., 2017). Eleven samples were collected from the 
Tinée (n=6) and Vésubie (n=5) catchments, which mainly drain 
metamorphic granitoid rocks, and 15 samples from the Var (n=9) 
and Esteron (n=5) catchments, which drain sedimentary rocks (Ta-
ble 1).

Samples were prepared for U isotopic analysis at the Wollon-
gong Isotope Geochronology Laboratory (WIGL), University of Wol-
longong. Sediments were first wet sieved to separate the <63 μm 
fraction and subsequently treated to remove any biogenic, authi-
genic and organic components. This latter step is particularly im-
portant because these phases typically inherit a U fraction from 
surrounding aqueous solutions (soil water, freshwater) charac-
terised by (234U/238U) >1 (Andersson et al., 1998, 1992; Maher 
et al., 2006; Plater et al., 1988, 1992). However, great care must 
be taken when extracting non-detrital phases from sediments in 
order to prevent partial alteration of the surface of detrital gains, 
as 234U loss occurs within the first ∼30 nm of the grain’s sur-
face (Kigoshi, 1971). To this purpose, ∼1 g of <63 μm sediments 
was treated following the sequential leaching protocol developed 
by Francke et al. (2018), which ensures quantitative removal of any 
non-detrital components without affecting detrital grains. Follow-
ing leaching, a 229Th-236U tracer solution was added to 30 mg of 
the residual detrital sediment. The mixture was dissolved in HNO3
and HF, followed by aqua regia, and finally re-dissolved in 2 mL of 
7 M HNO3 prior to U separation using ion exchange chromatog-
raphy. This step was achieved using an ESI prepFAST automated 
chromatography system with a “THU-0500” column prefilled with 
AG1-X8 resin. Prior to sample loading (2 mL of 7 M HNO3), the 
resin was washed with 7M HNO3, 0.1M HCl, 6M HCl and water 
and then conditioned with 7M HNO3. Following sample loading, 
matrix was eluted in 7M HNO3 and uranium in 0.12M HCl. Ura-
nium elutions were dried down and re-dissolved in 0.3M HNO3
for isotopic analysis.

Uranium isotope analyses were performed at WIGL on a Ther-
moFisher Neptune Plus Multi-Collector Inductively-Coupled Plasma 
Mass Spectrometer (MC-ICP-MS), using an APEX HF desolvating 
system and a set of Jet sample and X skimmer cones. Standard 
bracketing was used to correct for SEM-Faraday cup yield and mass 
bias, using NBL U010 as primary standard (Richter and Goldberg, 
2003). Analysis accuracy was determined by measuring synthetic 
standard NBL U005-A (Richter and Goldberg, 2003) and was con-
sistently better than 0.5% for (234U/238U). Total procedural blanks 
were measured and always <20 pg (n = 3), and their contribution 
is less than 0.1% to the sample (234U/238U). Total procedural accu-
racy and repeatability were evaluated by replicate analyses of the 
reference material BCR-2 (Sims et al., 2008), showing good agree-
ment with reference values (Table 1).

3.3. Gas sorption analysis

Specific surface area measurements were performed on 11 
leached sediments by gas sorption analysis using a Quantachrome 
Autosorb iQ at WIGL. About ∼1 g of sediments were first degassed 
for approximately 7.5 h with a three-steps temperature increase to 
200◦C (5 ◦C/min to 80 ◦C, soak time 30 min, followed by 1 ◦C/min 
to 100 ◦C, soak time 60 min, followed by 5 ◦C/min to 200 ◦C, 
soak time 300 min). Nitrogen was used as the adsorbate gas. The 
specific surface area was estimated using the best fit of the multi-
point Brunauer–Emmett–Teller (BET) equation, with a correlation 
coefficient R2 >0.999 for all measurements. The accuracy of the 
method was accessed by measuring the specific surface area of the 
certified reference material BCR-173 (Titania) (S= 8.3 m2/g; n=2). 
3
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The obtained values for BCR-173 are within error of the certified 
value. The precision was estimated to be 5% (2RSD), by analysing 
two aliquots of the Esteron River sample EST-05.

3.4. Sediment residence time calculation

The sediment residence time was calculated as follows (DePaolo 
et al., 2006):

Tres = − 1

λ234
ln

[
Ameas − (1 − fα)

A0 − (1 − fα)

]
(1)

where λ234 is the 234U decay constant (in yr−1), fα the recoil loss 
factor, Ameas the measured (234U/238U) in the sediment and A0 the 
(234U/238U) activity ratio at t=0. It is generally assumed that A0
represents the U isotope ratio of the parent material, in secular 
equilibrium, i.e. (234U/238U) = 1, and detrital sediments should ex-
hibit values lower than 1 as a result of preferential loss of 234U. 
While most sediments studied here (n=18) do display (234U/238U) 
<1, a few (n=7) show values greater than 1, suggesting that their 
U isotope ratio could have evolved from a A0 value >1. As a re-
sult, when calculating residence times, A0 was allowed to take any 
values between 1 and 1.1. The upper value was taken as the maxi-
mum (234U/238U) value measured in this study.

The recoil loss factor is calculated as follows (Kigoshi, 1971; Luo 
et al., 2000):

fα = 1

4
L Sρ (2)

where L is the 234Th recoil length (taken to be 30 nm; Dosseto 
and Schaller, 2016), ρ the density of the sediment (assumed to 
be 2.65 g/cm3) and S the surface area (m2/g) measured by gas 
sorption. Because mesopores (2-50 nm in diameter) result in an 
overestimation of the surface area relevant to 234U loss, a fractal 
correction needs to be applied for mesoporous materials (Bour-
don et al., 2009). The shape of the adsorption-desorption isotherms 
during gas sorption analysis informs on the nature of the materi-
al’s porosity (Sing, 1985). In this study, all isotherms were type II 
isotherms (Supplementary Fig. 1), characteristic of microporous or 
macroporous materials (Sing, 1985). Hence, no fractal correction 
was required and the measured surface area was directly used to 
calculate the recoil loss factor (Francke et al., 2018).

Sediment residence times were calculated for each sample us-
ing a Monte Carlo simulation (10,000 simulations). For each simu-
lation, A0 was allowed to take any random values between 1 and 
1.1 (as explained above), and Ameas was taken randomly from the 
range given by the measured value ± 2SE. The surface area, S, 
if not measured for the sample considered, was taken randomly 
within the range of minimum and maximum values measured. For 
each sample, the resulting residence time was taken as the median 
of the population of simulations; and the 2SD uncertainty was cal-
culated using the 97.9% and 2.1% quantiles of this population.

In relation to assigning values for S when it was not mea-
sured in the sample considered, we explored an alternative sce-
nario where sediments from the Tinée and Vésubie catchments 
are treated separately on the one hand, and those from the Es-
teron and Var catchments on the other hand. In that case, S was 
taken randomly (for samples where it was not measured) within 
the range of minimum and maximum values measured in the 
Tinée and Vésubie sediments, when considering Tinée and Vésubie 
sediments; and within the range of minimum and maximum val-
ues measured in the Esteron and Var sediments, when considering 
Esteron and Var sediments. In this scenario, calculated residence 
times (Suppl. Fig. 2) are very similar to those determined using 
the whole range of S values from the entire dataset (Fig. 7A).
4

4. Results

4.1. Spatial analysis

Catchment-averaged mean elevations range from 800 (Lower 
Esteron; Esteron 24 in Table 1 and Fig. 1) to 2100 m (Upper Tinée; 
Tinée 1 in Fig. 1 and Table 1). For the Tinée sampling locations, 
mean elevation is between 1800 and 2100 m; between 1500 and 
2000 m for the Vésubie; between 1300 and 1700 m for the Var; 
and between 800 and 1300 m for the Esteron. Catchment-averaged 
mean slopes range from 19◦ (Upper Esteron; Esteron 20) to 31◦
(Upper Tinée; Tinée3). For the Tinée sampling locations, mean 
slope is between 29 and 31◦; between 30.6 and 31.3◦ for the Vé-
subie; between 23 and 29◦ for the Var; and between 19 and 25◦
for the Esteron. Catchment-averaged mean curvatures range from 
−0.024 (Upper Tinée; Tinée 3) to 0.0079 (Middle Esteron; Esteron 
22). For the Tinée sampling locations, mean curvatures are all neg-
ative ranging from −0.0239 to −0.0033; they range from −0.0137 
to 0.0019 for the Vésubie; from −0.0044 to 0.0012 for the Var; and 
they are all positive ranging from 0.0003 to 0.0079 for the Esteron. 
Finally, catchment-averaged mean soil thicknesses range from 1.5 
(Upper Esteron; Esteron 20) to 2.1 m (Upper Vésubie; Vesubie 16). 
Mean soil thickness is between 1.6 and 1.9 m for the Tinée; be-
tween 1.8 and 2.1 m for the Vésubie; between 1.9 and 2.0 m for 
the Var; and between 1.5 and 2.0 m for the Esteron.

4.2. Uranium isotopes

Uranium concentrations for all analysed <63 μm fractions 
range from 1.109±0.005 (2SE internal analytical uncertainty) to 
4.287±0.009 ppm (Table 1), with a mean value (2.5±0.3 ppm; 2SE, 
n=26) similar to that of the upper continental crust (between 2.2 
and 2.8 ppm; Condie, 1993; McLennan, 2001). They display large 
inter-basin variability from 1.9±0.3 ppm (2SE, n=6) for the Esteron 
River to 3.1±0.6 ppm (2SE, n=6) for the Tinée River (Table 1). The 
(234U/238U) activity ratios range from 0.869±0.004 (2SE internal 
analytical uncertainty) to 1.073±0.004 (Table 1), with mean val-
ues of 1.02±0.02 (2SE, n=6) and 1.02±0.02 (2SE, n=5), 0.94±0.02 
(2SE, n=9) and 0.93±0.03 (2SE, n=6) for the Tinée, Vésubie, Var 
(including Cian) and Esteron, catchments, respectively.

4.3. Specific surface area

Specific surface areas vary between 3.0±0.4 and 13.7±0.4 m2/g 
(Table 1) with a mean value of 7.6±1.9 m2/g (2SE, n=11). These 
are lower than most values reported in the literature. For compar-
ison, values between 12.8 - 33.6 m2/g were reported for 2-53 μm 
fractions of leached sediments from Pleistocene alluvial deposits 
in Australia (Handley et al., 2013); 17.2 - 18.3 m2/g for <63 μm 
fractions of leached sediments from deep-sea sediments of the Var 
turbidite system (Francke et al., 2018) and 33.1 - 47.2 m2/g for 
<63 μm fractions of leached sediments from Lake Ohrid (Francke 
et al., 2019). Note that sediments in Handley et al. (2013) were 
leached using a protocol differing from that used in this study, 
which follows the methodology proposed by Francke et al. (2018); 
Francke et al. (2019).

5. Discussion

As described above, the U isotope composition of sediments 
can be used to estimate their residence time in the catchment 
(Chabaux et al., 2008; Dosseto et al., 2008; Dosseto and Schaller, 
2016; Granet et al., 2010). Nevertheless, a variety of factors can 
affect the U isotope composition of sediments. For instance, the 
lithology can presumably influence the (234U/238U) ratio of sedi-
ments as different rock types weather chemically and physically 
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Fig. 2. (234U/238U) activity ratios as a function of Nd isotope compositions (Bonneau 
et al., 2017). Error bars are smaller than the symbol size if not shown. The dashed 
lines represent secular equilibrium for 234U-238U.

differently (Stallard and Edmond, 1983). Additionally, the geomor-
phic characteristics of the basin, which are a function of tectonics 
and climate, could also affect the uranium activity ratio of river 
sediments. Indeed, one should expect different U isotope behaviour 
between a basin characterised by high topography and steep slopes 
compared to a low-elevation basin with shallower slopes, in which 
sediment should be exported out more slowly (Romans et al., 
2016). Below, we use our data to investigate which of these above-
mentioned parameters most dominate the U isotope composition 
of Var river sediments.

5.1. Assessing the role of lithology on the U isotope composition of 
sediments

The Var River and its tributaries drain two distinct lithological 
units: an external alpine massif composed of igneous/metamor-
phic rocks in the northern part of the basin and drained by both 
the Tinée and the Vésubie rivers; and sedimentary deposits in the 
southern part of the basin, drained by the Var and the Esteron 
rivers. Bonneau et al. (2017) analysed neodymium isotope com-
position (εNd) on the <63 μm fraction of the sediments used in 
this study (Table 1), showing that Vésubie sediments were char-
acterised by εNd values between −8 and −9, while all other sedi-
ments displayed lower εNd values between −10 and −11.5 (Fig. 2). 
The Nd isotopic composition of river sediments directly reflects 
that of corresponding source rocks (Bayon et al., 2015; Goldstein 
and Jacobsen, 1987), and hence can be used as a tool to assess 
whether U isotope compositions may be influenced by lithology. 
There is no clear correlation trend between Nd and U isotope com-
positions (Fig. 2). Sediments with low and similar εNd values show 
(234U/238U) activity ratios both lower and greater than 1. Con-
versely, sediments from the Tinée and Vésubie, which show very 
different Nd isotope compositions, both display (234U/238U) activity 
ratios >1. These observations suggest that lithology does not exert 
a major control on the U isotope composition of sediments, as pre-
viously shown in other settings (e.g. Dosseto et al., 2014; Thollon 
et al., 2020).

5.2. Geomorphic control on the U isotope composition of sediments

Topography exerts a major control on erosion rates (Milliman 
and Meade, 1983) and the weathering regime in catchments. In 
high-topography regions where kinetically-limited weathering con-
ditions dominate, sediments are exported rapidly, at a rate that 
can be faster than the rate of silicate mineral dissolution (Stallard, 
1985; West et al., 2005). Under such conditions, 234U and 238U 
5

Fig. 3. (234U/238U) activity ratios as a function of specific surface area. Error bars 
are smaller than the symbol size if not shown. The dashed lines represent secular 
equilibrium for 234U-238U. The solid line is a linear regression through the whole 
dataset, shown with its R2 value.

isotopes show little fractionation and thus remain close to secular 
equilibrium with a (234U/238U) activity ratio close to 1 (Bosia et 
al., 2018; Dosseto et al., 2006b; Granet et al., 2010). Corresponding 
sediment residence times should therefore be relatively short. In 
contrast, in low relief regions characterised by a transport-limited 
weathering regime (Lupker et al., 2012; West et al., 2005), ero-
sion rates are low and storage in weathering profiles can take 
place over long periods of time (>10-100’s of kyr; Dequincey et 
al., 2002; Mathieu et al., 1995) resulting in long sediment resi-
dence times and sediments showing significant 234U loss (Dosseto 
et al., 2006a; Suresh et al., 2014). In the study area, the Tinée and 
Vésubie catchments show characteristics of a kinetically-limited 
weathering regime, with high denudation rates (>0.25 mm/yr; 
Mariotti et al., 2019) and steep slopes (catchment-averaged mean 
slope: 29-31◦). Conversely, the Var and Esteron sub-catchments 
show characteristics of a transport-limited weathering regime, 
with slower denudation rates (<0.20 mm/yr) and shallower slopes 
(catchment-averaged mean slope: 19-29◦). Interestingly, the same 
dichotomy also applies to U isotopes: (234U/238U) activity ratios are 
>1 in the Tinée and Vésubie sediments, while (234U/238U) activity 
ratios are <1 in the Var and Esteron (Table 1).

Uranium isotope ratios show a negative correlation with the 
sediment specific surface area (Fig. 3), suggesting either that 
234U-238U fractionation is controlled by the specific surface area 
of sediments or that similar process(es) control(s) the two param-
eters. The dependency of 234U-238U fractionation on the specific 
surface area of sediments can be evaluated by considering the 
sediment residence time, since its estimation combines both U 
isotope composition and surface area (see next section). To some 
extent, the (234U/238U) ratio also correlates with geomorphic pa-
rameters such as the catchment-averaged elevation, slope and cur-
vature, while the specific surface area correlates with catchment-
averaged slope and curvature (Fig. 4). These relationships illustrate 
the role of topography on physical weathering (and production of 
fine-grained sediments with high surface area), which in turn in-
fluences the U isotope composition and specific surface area of 
sediments: in high elevation, steep catchments, where kinetically-
limited weathering dominates, the residence time of sediments 
may be limited, resulting in limited physical weathering and sedi-
ments with a low surface area. This shorter residence time would 
explain higher (234U/238U) activity ratios too, since there is less 
time available for 234U loss. Conversely, in low relief catchments, 
where transport-limited weathering dominates, a reduced topog-
raphy may result in longer sediment residence times, allowing for 
more extensive physical weathering and thus sediments with a 
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Fig. 4. (234U/238U) activity ratios as a function of catchment-averaged (A) elevation, (B) slope, and (C) curvature; and specific surface area as a function of catchment-averaged 
(D) elevation and (E) slope. Error bars if not shown are smaller than the symbol size. The dashed lines represent secular equilibrium for 234U-238U. The solid lines are linear 
regressions through the whole dataset, shown with their respective R2 values. Same symbols as in Fig. 1.
higher surface area. (234U/238U) activity ratios are also lower as 
there is more time for 234U loss.

The relationship between (234U/238U) in sediments and
catchment-averaged elevation also illustrates the role of topogra-
phy on the U isotope composition of fluvial sediments (Fig. 4). In 
high-elevation areas, soils are thin and accommodation space for 
alluvial storage is limited, thus associated with short sediment res-
idence times and negligible 234U loss. In contrast, in low-elevation 
regions, thicker soil sequences and greater accommodation space 
for alluvial storage are associated with longer sediment residence 
times and more extensive 234U depletion.

5.3. Geomorphic controls on the sediment residence time

Calculated sediment residence times vary between 66 +2/-1 
and 286 +16/-14 kyr for the Tinée, 78 +12/-10 and 229 +48/-32 
kyr for the Vésubie, 219 +13/-9 and 636 +116/-90 kyr for the Var, 
and 251 +18/-16 and 643 +130/-84 kyr for the Esteron (Table 1). 
The highest value (643 kyr) was calculated for the lowermost sam-
pling location of the Esteron catchment. The sediment residence 
time is dependent on storage in two distinct reservoirs: the hills-
lope and the alluvial plain. The latter is considered negligible for 
this catchment as the Var alluvial plain has a small extent (<2%) 
compared to the rest of the catchment (Julian, 1977). This is sup-
ported by the correlation between sediment residence time and 
catchment-averaged minimum soil thickness (Fig. 5), which sug-
gests that the sediment residence time is mostly accounted for by 
storage in soils on the hillslope. Furthermore, for most catchments, 
the sediment residence time does not vary significantly with dis-
tance downstream (not shown) which illustrates that any alluvial 
storage has little incidence on the residence time. The only excep-
tion is for the Vésubie catchment, where the sediment residence 
time increases downstream from 78 +- 12 kyr to ∼200 kyr over 
the first 25 km downstream from the headwater (Fig. 6). Below, 
the residence time remains relatively constant around 200 kyr. The 
6

increase in residence within the first 25 km could reflect an in-
creased contribution of lower relief areas to the sediment budget. 
Alternatively, the residence time of ∼200 kyr downstream could 
reflect that the sediment budget is dominated by sediments from 
the Gordolasque River, a tributary of the main Vésubie channel 
which has a sediment residence time of 230 +50/-30 kyr (sam-
ple BV-GUA-01; Table 1); however this is unlikely as this tributary 
is much smaller (in channel size and drainage area) than the Vé-
subie at the confluence.

The relationship between sediment residence time and
catchment-averaged minimum soil thickness shows that a reduc-
tion of soil thickness by a factor of 2 is associated with 50% shorter 
residence times (Fig. 5A). Thus, this relationship shows quantita-
tively how sediment export efficiency varies with soil thickness. 
Sediment residence times also show a negative relationship with 
catchment-averaged elevation, and catchment-averaged slope to a 
lesser extent, illustrating that in steep alpine catchments, the sed-
iment residence time is associated with thin soil cover and faster 
hillslope erosion (Fig. 5). These relationships are non-linear: in 
most catchments, residence times range between 200 and 400 kyr, 
except where catchment-averaged slope and elevation exceed 30◦
and 1500 m, respectively, in which case residence times are sig-
nificantly shorter. Similarly, Heimsath et al. (2012) showed that in 
the San Gabriel Mountains (CA, USA) soil cover (as quantified by 
the Rock Exposure Index) sharply decreases for slopes greater than 
30◦ , associated with a sharp increase in landslides and erosion 
rates. Here, a similar relationship between catchment-averaged 
minimum soil thickness and slope is observed (Fig. 5), with a 
possible transition from soil- to rock-dominated landscapes at a 
slope of 27◦ . In rock-dominated landscapes, an increase in slope 
results in a decrease in sediment residence time by a factor of 
∼2-5 (Fig. 5).

Sediment residence times ranging from 66 to 643 kyr are un-
expectedly long, especially in Alpine catchments like the Tinée and 
Vésubie where soils are thin and erosion fast (for these two catch-
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Fig. 5. Calculated sediment residence time (in kyr) as a function of catchment-averaged (A) minimum soil thickness, (B) elevation, and (C) slope; (D) catchment-averaged 
minimum soil thickness as a function of slope. In (C) and (D), the dashed lines show the possible transition from soil-dominated (slope <27◦) to rock-dominated landscapes 
(slope >27◦), the arrows in (C) representing how the sediment residence time shows little systematic variation where slope <27◦, but decreases with increasing slope where 
slope >27◦ . Error bars if not shown are smaller than the symbol size. The solid lines are linear regressions through the whole dataset, shown with their respective R2 values.
ments, residence times range from 66 to 286 kyr). However, Suresh 
et al. (2014) and Yoo et al. (2007) have shown that long residence 
times can be the result of slow downhill creep, even where soils 
are thin and erosion active. Using estimates from Yoo et al. (2007), 
residence times between 70 and 300 kyr can be obtained if soil 
is transported down hillslopes with lengths between 60 and 250 
m, which are realistic values even for Alpine catchments. Thus, 
despite the Var River basin being a reactive sediment routing sys-
tem, with little accommodation space for alluvial storage, sediment 
residence times generally exceed 200 kyr, reflecting long hillslope 
storage. When using marine sedimentary deposits of the Var River 
system to investigate past environmental changes (Bonneau et al., 
2014, 2017; Jorry et al., 2011), such long residence times could 
imply that any environmental signal would be strongly dampened 
(Castelltort and Van Den Driessche, 2003; Jerolmack and Paola, 
2010; Romans et al., 2016; Schaller and Ehlers, 2006; Simpson and 
Castelltort, 2012). However, the sediment residence times inferred 
here do not represent a sediment transport time, since they are 
mostly accounted for by hillslope storage, thus they do not inform 
on how fast environmental signals are transferred by the river to 
depocentres. Instead, U isotopes and the inferred sediment resi-
dence times inform on the geomorphic stores that dominate the 
sediment budget (Dosseto et al., 2010). They act as some sort of 
source tracer of geomorphic environments (e.g. fast-eroding steep 
relief with thin soils vs slow-eroding gentler relief with thicker 
7

soils), similarly to how Nd isotopes are a source trace of the lithol-
ogy eroded. Thus, if U isotopes were to be applied to sediment 
deposits of the Var River system, a short residence time could 
be interpreted as sediments originated mostly from the Tinée and 
Vésubie steep catchments (and a long residence time to reflect ero-
sion mainly in the Esteron and Var catchments).

5.4. Comparison of methods to estimate sediment residence times

Assessing the validity of sediment residence times inferred from 
U isotopes is difficult, as no alternative methods have been pro-
posed to quantify the sediment residence time as it is defined 
(i.e. the time elapsed since onset of 234U loss, associated to the 
onset of weathering). In-situ cosmogenic nuclides can be used to 
derive the residence time of sediments at the Earth’s surface ex-
posed to cosmic rays. However, in most cases, this layer is thinner 
that weathering profiles, thus the timescale inferred from cosmo-
genic nuclides would be shorter that the sediment residence time 
defined to encompass storage in weathering profiles, colluvial and 
alluvial transport (Dosseto and Schaller, 2016). Here, we calculated 
an independent estimate of the sediment residence by combining 
spatial data for estimated soil thickness (SoilGrids, Hengl et al., 
2017; Shangguan et al., 2017) and catchment-averaged denuda-
tion rates derived from in-situ 10Be (Mariotti et al., 2019). For 
each location where sediments were sampled for in-situ 10Be, soil 
thickness and denudation rates were spatially averaged by the area 
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Fig. 6. Calculated sediment residence time (in kyr) as a function of the distance 
from the headwater (in km) for the Vésubie catchment. Errors bars are 2SE.

drained at the sample location. Thus, the ratio of soil thickness 
to denudation rate yields a spatially averaged soil residence time 
(Table 1). Because there is little accommodation space for alluvial 
storage, this soil residence time can be considered equivalent to 
the sediment residence time and compared to the sediment resi-
dence time inferred from U isotopes at the same location.

Sediment residence times inferred from U isotopes show a 
positive relationship with soil residence times inferred from the 
combination of soil thickness and 10Be-derived denudation rates 
(R2= 0.45, Fig. 7). The latter are systematically lower (by an av-
erage factor of ∼2.5) than the former. This discrepancy could be 
explained if 1) denudation rates are over-estimated, 2) catchment-
average soil thickness is under-estimated, or 3) the residence time 
derived from U isotopes is over-estimated. In the first case, Yan-
ites et al. (2009) has shown than in-situ 10Be can over-estimate 
denudation rates in catchments where landslides are prominent, 
in particular where drainage area is <100 km2, as it is the case 
here especially for the Tinée and Vésubie catchments. Further-
more, in catchments that experienced glaciations and where soils 
were stripped ∼20,000 yr ago (as it is the case here), denudation 
rates derived from in-situ 10Be in sediments can be overestimated 
by a factor of 2 (Ackerer et al., 2016, 2022). In the second case, 
catchment-averaged soil thickness is the ‘Depth to bedrock’ de-
rived from machine learning modelling using a global database of 
soil profiles (Hengl et al., 2017; Shangguan et al., 2017). Soil thick-
nesses used in our calculations range from 15 to 21 m, which is 
greater than what is expected at least in alpine catchments. Thus 
it is unlikely that soil thickness is under-estimated yielding res-
idence times that are too short. In the third case, it is possible 
that the measured (234U/238U) activity ratios and/or surface area 
are too low. Lowering U isotope ratios during sample preparation 
is unlikely as whether authigenic phase removal was incomplete 
or grain leaching was too aggressive, this would result in ratios 
that are too high (Francke et al., 2018). As indicated above, sur-
face area values determined here are lower than those reported 
in the literature, by a factor of up to 10. While it is unclear why 
<63 μm fractions have such low surface area in the Var catchment, 
surface area correlates with the U isotope ratio (Fig. 3) and geo-
morphic parameters such as catchment elevation or slope (Fig. 4). 
Thus, any under-estimation of the surface area is likely to be sys-
tematic. When only including catchments where the surface area 
was measured, while the offset between the two residence times 
still exist, data display a better correlation (R2 = 0.69; Fig. 6B). 
This illustrates that assuming values for the surface area in catch-
8

ments where it was not measured may not be appropriate in some 
cases, and suggest that residence times >600 kyr calculated here 
are erroneous. Another possibility is to consider that 234U has not 
been lost by direct recoil only (as Equation (1) assumes). Prefer-
ential leaching alone cannot account for this additional loss, as all 
the 234U available for preferential leaching is removed after 200 yr 
(Dosseto and Schaller, 2016). Alternatively, 234U could be leached 
from newly exposed tracks as a consequence of mineral dissolu-
tion during hillslope storage and alluvial transport (Cogez et al., 
2018; Dosseto and Schaller, 2016). Using Equation (12) in Dosseto 
and Schaller (2016), to solve the discrepancy between U-series and 
spatial data/10Be residence times, it would require the fraction of 
234U released from newly exposed recoil tracks during mineral dis-
solution to be ∼0.25 (i.e. a 1/4 of the 234U lost is leached from new 
tracks exposed during dissolution). While this hypothesis cannot 
be tested with our current dataset, future work should aim at fur-
ther investigating the factors explaining the observed discrepancy 
between U isotopes- vs 10Be-derived residence times. Regardless 
the source of the discrepancy in absolute values between residence 
times calculated by two different methods, their correlation indi-
cates that U isotopes in sediments are able to identify the range 
and variability of sediment residence times, and spatial data on 
soil thickness combined to in-situ 10Be measurements are a suit-
able alternative method.

6. Conclusion and perspectives

In this study, we investigated the different factors that can in-
fluence the U isotope composition of fluvial sediments. We found 
that catchment lithology does not play a significant role; in-
stead, geomorphic parameters such as catchment elevation, slope 
and curvature, are the dominant factors. In high relief regions, 
(234U/238U) is close to 1 or greater than 1, because short storage 
in thin soils and fast sediment export limits 234U loss. Conversely, 
(234U/238U) is low in low relief regions illustrating the increased 
hillslope storage in thicker soil sequences resulting in more ex-
tensive 234U loss. The sediment residence time inferred from U 
isotopes also correlate with geomorphic parameters, confirming 
expectations that the residence time is shorter in steep, high ele-
vation terranes, and providing some validation of the method. Sed-
iment residence times sharply decrease where catchment-averaged 
slopes exceed 30◦ , reflecting the transition from soil-covered to 
bedrock-dominated landscapes.

The sediment residence time was also estimated independently 
using spatial data of soil thickness and 10Be-derived denudation 
rates and shows good agreement with that calculated using U iso-
topes. This test further demonstrates the suitability of using U 
isotopes to infer sediment residence times. Our results show that 
despite the Var River basin being a reactive sediment routing sys-
tem, with little accommodation space for alluvial storage, sediment 
residence times generally exceed 200 kyr, reflecting long hillslope 
storage. Uranium isotopes and inferred sediment residence times 
act as a tracer of geomorphic environments (e.g. steep terranes 
with thin soils vs gentler relief with thicker soils). Their application 
to marine sediment deposits of the Var River system could shed a 
light on how its sediment budget responds to climate variability 
at the millennial scale (e.g. change in sediment origin between the 
steep Tinée and Vésubie catchments vs the lower relief catchments 
of the Esteron and Var Rivers). One limitation of this approach is 
the possible overestimation of sediment residence times. However, 
despite this limitation, calculated sediment residence times show 
clear relationships with geomorphic parameters and alternative 
methods of estimating residence time; and in sediment records, it 
has been shown that U isotopes and inferred residence times cor-
relate strongly with Quaternary climatic and vegetation changes 
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Fig. 7. Sediment residence times calculated using U isotopes as a function of soil residence times estimated using catchment-averaged soil thickness (SoilGrids) and the 
10Be-derived denudation rate at each sampling location (Mariotti et al., 2019). A: all catchments; B: only catchments where the surface area was measured. The solid line is a 
linear regression through the whole dataset, shown with its R2 value. Error bars are at the 1σ level for the soil residence time (propagated from uncertainties on denudation 
rates) and at the 2σ level for the sediment residence time.
(Dosseto et al., 2010; Dosseto and Schaller, 2016; Francke et al., 
2019; Rothacker et al., 2018).
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