
1 
 

TESTING THE USE OF 210Pbex TO STUDY SEDIMENT CONNECTIVITY IN A 1 

MEDITERRANEAN MOUNTAIN BASIN WITH BADLANDS 2 

 3 

 4 

Mariano Moreno-de las Heras1*, Francesc Gallart1, Jérôme Latron1, Núria Martínez-5 

Carreras2, Laura Ferrer3 and Joan Estrany4 6 

 7 

 8 

 9 

(1) Institute of Environmental Assessment and Water Research (IDAEA), Spanish 10 

Research Council (CSIC), Jordi Girona 18, 08034 Barcelona, Spain. 11 

(2) Luxembourg Institute of Science and Technology (LIST), 41, Rue du Brill, 4422 12 

Belvaux, Luxembourg. 13 

(3) Environmental Radioactivity Laboratory (LaboRA), University of the Balearic 14 

Islands, Ctra. Valldemossa km 7.5, 07122 Palma de Mallorca, Spain. 15 

(4) Department of Geography, University of the Balearic Islands, Ctra. Valldemossa km 16 

7.5, 07122 Palma de Mallorca, Spain. 17 

 18 

 19 

 20 

 21 

 22 

*Correspondence to: M. Moreno-de las Heras, Surface Hydrology and Erosion Group, 23 

IDAEA, CSIC, Jordi Girona 18, 08034 Barcelona, Spain. Phone: +34 93 4006100, fax: 24 

+34 93 2045904, e-mail: mariano.moreno@idaea.csic.es 25 



2 
 

ABSTRACT 26 

Basin management demands a sound understanding of sediment dynamics, particularly 27 

in Mediterranean mountain catchments with badlands, which affect water bodies and 28 

freshwater ecosystems. Connectivity has emerged as a framework for understanding how 29 

sediments move between geomorphic zones. We analyse the feasibility of excess lead-30 

210 (210Pbex) to study sediment connectivity in a 4-km2 Mediterranean mountain basin 31 

with badlands (Vallcebre research catchments, Eastern Pyrenees) by applying mass-32 

balance models for hypothesis generation and experimental testing. Badlands in the area 33 

are weathered by freezing during the winter and are eroded in summer by high-intensity 34 

showers. The eroded sediments may remain deposited within the streams from months to 35 

years. Application of 210Pbex balance models in our basin suggests: (i) a saw-tooth 36 

seasonal pattern of badland surface 210Pbex activities (increasing from October to May, 37 

and depleted in summer) and (ii) a downstream increase in sediment activity due to fallout 38 

lead-210 accumulation in streambed sediment deposits. Our experimental results 39 

(obtained during 2013 and 2014) showed low sediment 210Pbex concentrations, illustrating 40 

the fresh-rock origin of sediments, but also hampering their study due to high 41 

measurement uncertainty (especially for sediments with d50>20µm) and dependence on 42 

sampling methods. Suspended sediment 210Pbex activity reproduced the simulated 43 

seasonal activity patterns for the badland surfaces. However, sediment activity decreased 44 

downstream, suggesting that flushing of fine sediments by flooding prevents fallout lead-45 

210 accumulation on the streambed. Overall, high sediment connectivity was revealed 46 

between the badlands, streams and outlet of the basin, as well as the fast transmission of 47 

210Pbex by the finest sediment fraction. 48 

 49 
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 53 

INTRODUCTION 54 

Soil erosion and fluvial sediment transport are physical processes that are recognized as 55 

significant environmental problems in many Mediterranean areas. In this region, the 56 

interaction between seasonally contrasted climate, rugged topography, variable lithology 57 

and a long history of human pressures have led to intense erosion and high sediment loads 58 

that may potentially affect the sedimentary structure of rivers, the river biota and the 59 

quality of water supplies for human uses (Wainwright & Thornes 2004; Gallart et al. 60 

2013; Garcia-Ruiz et al. 2013). Recent explorations of sediment yield data collected in 61 

more than 5,000 reservoirs and 1,200 gauging stations in European river basins revealed 62 

that Mediterranean rivers transport higher amounts of sediments than rivers in other 63 

regions and suggested that reservoir siltation may be a matter of concern (Vanmaercke et 64 

al. 2011). It is well known, however, that most sediment load is generated by soil erosion 65 

hotspots in relatively small sections of the terrain (Nadal-Romero et al. 2011; López-66 

Tarazón et al. 2012; Gallart et al. 2013; García-Ruiz et al. 2017). In Mediterranean 67 

mountain catchments, highly-erodible landforms representing, in general, minor 68 

catchment fractions, such as badlands, contribute much of the total sediment transported 69 

within the regional drainage network, therefore impacting channel and floodplain 70 

dynamics as well as freshwater ecosystems (Clotet 1984; Mano et al. 2009; Moreno-de 71 

las Heras & Gallart 2016). Thus, analysis of sediment dynamics in Mediterranean 72 

environments is fundamental to basin management, particularly for mountain catchments 73 

with badlands. 74 
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 Small to mesoscale mountain catchments provide excellent landscape settings for 75 

the study of hydrological and sediment relationships between hillslopes, where the main 76 

runoff and sediment sources are located, and streams, where sediment transfer, deposition 77 

and channel scouring takes place (Gallart et al. 2002; Nadal-Romero et al. 2008; Latron 78 

et al. 2009; López-Tarazón et al. 2012). Extensive meta-analysis of the sediment budget 79 

for Mediterranean basins with badlands ranging from approx. 1 ha to over 500 km2 80 

indicated that sediment yield decreases with scale, owing to a reduction in the proportion 81 

of highly erosive landforms and the effect of sediment storage on geomorphological 82 

sinks, such as topographical concavities, debris fans and streambeds (Nadal-Romero et 83 

al. 2011). Sediment transfer in Mediterranean mountain basins not only varies in space, 84 

but also in time (Duvert et al. 2012). Temporal aspects are mainly related to the size and 85 

frequency of sediment transfer processes. In fact, the temporal dynamics of rainfall 86 

intensity and flood magnitude greatly affect the distribution and activity of sources, stores 87 

and sinks of sediments, which ultimately reflect the routes, travel distances and pathways 88 

of sediment transfer (Bracken & Croke 2007; Nadal-Romero et al. 2008; Gallart et al. 89 

2013). 90 

 Sediment budget analysis by standard sediment load monitoring programs 91 

provides little information on the mobilization, delivery and storage of sediments within 92 

the entire catchment. Thus, new approaches are required for improving the interpretation 93 

of basin sediment dynamics (Fryirs et al. 2007; Porto et al. 2013). Connectivity has 94 

recently emerged in Earth Surface and Environmental sciences, upon old questions (e.g. 95 

the sediment delivery problem; Walling 1983), as a useful concept for understanding the 96 

movement and spatiotemporal coupling of sediments between parts of the catchment. 97 

Sediment connectivity can be described as the active transfer of sediments from a source 98 

to a sink or the catchment outlet via soil particle/sediment detachment and transport, 99 
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which is affected by how the sediment moves between all geomorphic zones in the 100 

catchment (Bracken et al. 2015). Sediment connectivity varies for each (and within each) 101 

flood event in response to the highly dynamic nature of soil erosion, sediment transport 102 

and deposition, which complicates process-based quantification and analysis 103 

(Wainwright et al. 2011). In fact, attempts to measure (functional or process-based) 104 

sediment connectivity explicitly are scarce and homogeneous analytical frameworks are 105 

lacking (Letxartza-Artza & Wainwright 2011; Fryirs 2013; Bracken et al. 2015). 106 

 The use of fallout radioactive isotopes can provide important clues for sediment 107 

tracing and connectivity analysis. Particularly, the fallout component of the lead-210 108 

radioisotope (generally termed unsupported or excess lead-210, 210Pbex) has been very 109 

valuable in a variety of applications during the last decades. 210Pbex applications have 110 

included the exploration of sedimentation rates in lakes, reservoirs, floodplains and other 111 

sedimentary systems (Appleby & Oldfield 1978; Foster et al. 2007; Du & Walling 2012), 112 

the analysis of soil erosion patterns (Mabit et al. 2010; Benmansour et al. 2013; Porto et 113 

al. 2013) and spatial analysis of the processes of sediment transport and redistribution, 114 

including sediment fingerprinting techniques (Collins et al. 1996; Walling 2005; Hancock 115 

et al. 2014; Wilkinson et al. 2015; Estrany et al. 2016). Fallout lead-210 has a relatively 116 

long half-life (22 years). It is deposited naturally, mostly through rainfall, on the soil 117 

surface, where it is strongly adsorbed by clay-sized soil particles. Subsequent 118 

redistribution of this fallout radionuclide across the landscape is mainly controlled by soil 119 

erosion and sediment transport processes, which founds the basis for the broad potential 120 

of 210Pbex for soil and sediment tracing in terrestrial and aquatic environments (Walling 121 

2003; Mabit et al. 2014). Recent applications of fallout lead-210 analysis for sediment 122 

source tracing indicated that downstream transport, mixing and dilution of sediments can 123 

obliterate the fallout radionuclide signal of sediment sources with low 210Pbex initial 124 



6 
 

concentrations (e.g. large gullies and badlands), providing geomorphic evidence of 125 

sediment (dis)connectivity (Wethered et al. 2015). 126 

 High measurement uncertainty (i.e. weight of analytical error over measured 127 

values) and interference of sediment sampling/processing methods in radionuclide 128 

determinations may, however, complicate the application of 210Pbex for the assessment of 129 

sediment redistribution processes, particularly in areas with highly erosive landforms 130 

where radionuclide activities are usually low (Mabit et al. 2010; 2014; Dercon et al. 131 

2012). In fact, the sampling methods and processing of sediments may influence particle-132 

size composition (Phillips et al. 2000; Soler et al. 2006; 2012; Regüés & Nadal-Romero 133 

2012), a factor that affects considerably the concentration and measurement uncertainty 134 

of fallout radionuclides (He & Walling 1996; Walling 2005; Smith & Blake 2014; 135 

Foucher et al. 2015). 136 

 The aim of this work is to study the feasibility of using 210Pbex analysis to assess 137 

sediment connectivity in a small Mediterranean mountain basin with badlands (Vallcebre 138 

catchments, Eastern Pyrenees). Our study approach is based on the analysis of the 139 

spatiotemporal changes in the activity of fallout lead-210 for investigating sediment 140 

(dis)connectivity between the badland areas and catchment streams, by applying 210Pbex 141 

balance models for hypothesis generation and further experimental testing in the field. 142 

We also evaluate the possible interferences and limitations of the sediment sampling 143 

methods in our fallout radionuclide-based approach to sediment connectivity. 144 

 This paper is organized in two parts. First, after a brief description of the 145 

experimental site, we present the conceptual underpinning and general sediment 146 

connectivity hypotheses of the study. For this purpose, we use simple mass balance 147 

models that simulate the spatiotemporal 210Pbex signal of badland surface materials and 148 

in-stream (transit) sediments in our experimental catchments. Second, we explore the 149 
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spatiotemporal patterns of sediment 210Pbex activity empirically by a range of sampling 150 

methods (i.e. surface sediment traps, manual collection in streambeds, time-integrated 151 

and automated sampling of suspended sediments) in a variety of geomorphic sites (i.e. 152 

badland toes, stream transit sites, gauging stations), to assess spatial coupling of 153 

sediments across the basin and interpret the influence of the sediment sampling method 154 

on the radionuclide patterns analysed. 155 

 156 

CHARACTERISTICS OF THE STUDY AREA: THE VALLCEBRE CATCHMENTS 157 

The Vallcebre research catchments are located at the headwaters of the Llobregat River, 158 

in the Catalan Pyrenees, NE Spain (42º12’N, 1º49’E). The main cluster (Cal Rodó basin, 159 

Figure 1a) has an extension of 4.17 km2 and an elevation gradient of 600 m (from 1,100 160 

to 1,700 masl). The climate is Mediterranean humid. Mean annual air temperature is 9ºC; 161 

16ºC in summer and 3ºC in winter, with approx. 40 days per year with mean air 162 

temperature below 0ºC. Mean annual precipitation is about 860 mm, with 90 rainy days 163 

per year on average and two wet periods (April-May and August-November) that account 164 

for about 70% of annual precipitation (Latron et al. 2009; Duvert et al. 2012). 165 

Precipitation characteristics have a seasonal pattern, with short storms of high rainfall 166 

intensity occurring in summer, and longer precipitation events of low to moderate 167 

intensity in autumn and spring. Snowfall accounts for less than 5% of annual precipitation 168 

(Gallart et al. 2013). 169 

 The research catchments lie on continental sedimentary bedrocks of Cretaceous-170 

Paleocene age (Garumnian facies of the Tremp formation; Arostegui et al. 2011), 171 

dominated by smectite-rich mudstones that are susceptible to mass movements, erosion 172 

and badland formation (Solé et al. 1992; Moreno-de las Heras & Gallart 2016). Badlands 173 

extend over 2.8% of the surface of the Cal Rodó basin. These highly erosive landforms 174 
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are most widespread in the Ca l’Isard sub-basin (1.32 km2 area contained within the Cal 175 

Rodó basin), where they cover 4.5% of the catchment (Figures 1a and b). Elsewhere, the 176 

basin is covered by pasture, Mediterranean shrubs and Pinus sylvestris forests. Forests 177 

now cover about 60% of the area. During the last 60 years they have spontaneously spread 178 

over old terraced agricultural fields due to land abandonment (Poyatos et al. 2003; Latron 179 

et al. 2009). 180 

 Badland dynamics in the Vallcebre catchments follow a seasonal pattern of 181 

regolith formation and erosion. Bedrock weathering takes place in winter due to repeated 182 

freezing cycles, which lead to the development of highly erodible “popcorn” regolith 183 

surfaces (Clotet et al. 1988; Regüés et al. 1995). Rill incision and erosion of the regolith 184 

mantle are caused by high-intensity convective storms in summer. Typically, the eroded 185 

sediments are straightaway transferred to the streams (i.e. badland slopes in the area are 186 

rectilinear, generally lacking of significant sediment transport/storage layers such as large 187 

slope toe concavities or major debris fans). Most of the sediment is, however, deposited 188 

a short distance away due to low and ephemeral streamflow during summer (i.e. basin 189 

runoff coefficients are usually about 1% in summer) and may remain stored from months 190 

to years as streambed sediment deposits within the drainage network until long-lasting 191 

autumn precipitations cause high runoff flow by means of saturation mechanisms (Gallart 192 

et al. 2002; Latron et al. 2009; Gallart et al. 2013). 193 

 Erosion at the Vallcebre badlands has been explored during the last decades by a 194 

variety of methods, i.e. short-term studies using erosion pins, plastic bags and Geib slot 195 

divisors, extended 15-year model simulations using KINEROS2 and 40-year estimations 196 

using a natural sediment trap. These gave an average erosion rate of 6-17 kg m-2 yr-1 or 197 

an equivalent ~1 cm yr-1 mean denudation rate (Clotet et al. 1988; Castelltort 1995; 198 

Martínez-Carreras et al. 2007; Gallart et al. 2013). Monitoring of badland surface 199 
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dynamics in the Vallcebre catchments indicated that their regolith mantle is hardly ever 200 

exhausted due to deep weathering caused by freezing, suggesting that badland erosion 201 

rates are essentially limited by rainfall energy (Regüés et al. 1995; Regüés & Gallart 202 

2004). In contrast, sediment load and erosion rate at the basin scale are independent of 203 

rainfall energy and intensity. Rather, they are controlled by peak discharge, which is a 204 

function of rainfall depth and preceding soil moisture conditions (Soler et al. 2008; 205 

Duvert et al. 2012; Gallart et al. 2013). Decadal monitoring (1996-2009) of suspended 206 

sediment loads at the Vallcebre stream gauging stations provided catchment-scale annual 207 

erosion rates of 0.9 and 0.5 kg m-2 yr-1 for the Ca l’Isard sub-basin and Cal Rodó basin, 208 

respectively (Nord et al. 2010; Gallart et al. 2013). 209 

 210 

HYPOTHESIS GENERATION USING 210Pbex BALANCE MODELS 211 

We apply two 210Pbex balance models exploring (i) the temporal dynamics of badland 212 

regolith and sediment 210Pbex activities, and (ii) the effects of in-stream sediment transit-213 

time on the spatial patterns of 210Pbex activity, to formulate a set of general sediment 214 

connectivity study hypotheses for the Vallcebre research catchments. 215 

 216 

Badland regolith 210Pbex activity model 217 

A simple mass-balance model defining the 210Pbex areal activity density at a stable 218 

reference site (Aref, Bq m-2) and at the end of a period of time (t, days) reflects the site 219 

activity density for the previous day (t-1), the 210Pbex activity decay rate (λ=8.5 10-5 days-220 

1) and the 210Pbex depositional input (or deposition flux). Assuming a steady (and 221 

essentially wet) deposition flux of fallout lead-210 (Appleby & Oldfield 1978; Mabit et 222 

al. 2014), the 210Pbex depositional input can be calculated by the product of daily 223 

precipitation (P, mm day-1) and mean lead-210 activity per precipitation unit (a, Bq L-1): 224 
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𝐴𝑟𝑒𝑓 𝑡 = 𝐴𝑡−1𝑒−𝜆 + 𝑎𝑃 (1) 225 

Aref in eq. 1 reaches equilibrium after 4-6 half-lives of lead-210 (about 90-140 226 

years). However, 210Pbex areal activity density for sites subjected to intense soil erosion, 227 

such as badlands, is far from equilibrium (Hancock et al. 2014; Wilkinson et al. 2015). 228 

On the assumption that each erosion event removes a layer of soil, and that depth 229 

distribution of 210Pbex mass activity (Bq kg-1) approaches a negative exponential form 230 

(Walling et al. 2003; Benmansour et al. 2013; Porto et al. 2013), the remaining 210Pbex 231 

areal activity density of a site after the effects of an erosion event (A(Er), Bq m-2) can be 232 

calculated as (Walling et al. 2009): 233 

𝐴(𝐸𝑟) = 𝐴𝑟𝑒𝑓 𝑒
−

𝐸𝑟

ℎ0 (2) 234 

where Er (kg m-2) is the erosion rate of the event, and h0 is the relaxation mass depth (or 235 

210Pbex penetration depth) that represents the depth above which 63% (i.e. 1-1/e) of total 236 

210Pbex is distributed. 237 

 By substituting Aref in eq. 2, we can represent a daily-step 210Pbex areal activity 238 

density balance model for a badland (regolith) site (A, Bq m-2; Figure 2a): 239 

𝐴𝑡 = (𝐴𝑡−1𝑒−𝜆 + 𝑎𝑃) 𝑒
−

𝐸𝑟

ℎ𝑜  (3) 240 

 The loss of 210Pbex areal activity density by soil erosion in the badland regolith 241 

(Al, Bq m-2) can be determined by subtracting the activity before and after the erosion 242 

event (i.e. difference between eqs. 1 and 3): 243 

𝐴𝑙𝑡 = (𝐴𝑡−1𝑒−𝜆 + 𝑎𝑃)(1 − 𝑒
−

𝐸𝑟

ℎ0) (4) 244 

 Modelled 210Pbex mass activity of the eroded sediments (Sa, Bq kg-1; Figure 2a) 245 

can be calculated from the areal activity density loss at the badland regolith (eq. 3) divided 246 

by the mass eroded per unit area: 247 

𝑆𝑎𝑡 =
(𝐴𝑡−1𝑒−𝜆+𝑎𝑃)(1−𝑒

−
𝐸𝑟
ℎ0)

𝐸𝑟
 (5) 248 
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 249 

Transit-time sediment 210Pbex activity model 250 

An equivalent formulation of the areal activity density 210Pbex balance model presented 251 

in eq. 1 can be used to represent the (daily-step) transit variation of the sediment 210Pbex 252 

mass activity (TSa, Bq kg-1; Figure 2b) for sediments deposited in atmospherically 253 

exposed sediment stores within the stream network: 254 

𝑇𝑆𝑎𝑡 = 𝑇𝑆𝑎𝑡−1𝑒−𝜆 +
𝐹

𝐵𝑘
 (6) 255 

where TSat-1 (Bq kg-1) is the mass activity of sediments deposited at time t-1 (days), λ is 256 

the 210Pbex activity decay rate (8.5 10-5 days-1), F is the 210Pbex depositional input (Bq m-257 

2 day-1) and Bk is the blanket thickness of deposited sediments (kg m-2). 258 

 259 

Site simulations of 210Pbex activity dynamics for badland surfaces and transit sediments 260 

Site parameterization of the lead-210 atmospheric depositional input (or deposition flux) 261 

for the Vallcebre area is provided by the analysis of a reference 210Pbex soil inventory (40 262 

x 40 cm surface, 15 cm depth) in an undisturbed site (i.e. a natural meadow nearby the 263 

main badland areas) within the Cal Rodó basin (site location in Figure 1). 210Pbex mass 264 

activity at the soil surface is 62 Bq kg-1 and decreases exponentially with depth (Figure 265 

2c). Depth-integration of the soil 210Pbex activity gives an areal density of 2,449 Bq m-2 266 

(Figure 2c). Assuming a steady state balance between 210Pbex input and decay, the 267 

reference soil inventory yields a depositional flux, F, of 0.21 Bq m-2 day-1 (76 Bq m-2 yr-268 

1 annual flux), which is similar to the mean atmospheric flux of fallout lead-210 for the 269 

northwest coast of the Mediterranean basin (71 ± 27 Bq m-2 year-1; Garcia-Orellana et al. 270 

2006). Taking into consideration that fallout lead-210 flux is essentially controlled by wet 271 

deposition (Mabit et al. 2014) 210Pb activity per precipitation unit, a, for the Vallcebre 272 

area (with a mean annual precipitation of 860 mm) can be calculated as 0.09 Bq L-1. 273 
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 The short fallout exposure duration of badland surface materials due to high 274 

erosion rates usually results in low 210Pbex activity levels that are confined to the upper 1-275 

2 cm of the regolith mantle (Hancock et al. 2014; Wilkinson et al. 2015). We, therefore, 276 

assume a small fallout lead-210 penetration for our regolith simulations, with a relaxation 277 

mass depth, h0, of 8.3 kg m-2, which is equivalent to a 1 cm depth for the average 1.2 g 278 

cm-3 regolith bulk density of the Vallcebre badland surface materials (Regüés et al. 1995). 279 

Detailed explorations of erosion dynamics for the Vallcebre badlands applying 3-year 280 

(1990-1993) experimental data from a small (1,240 m2) badland area (“el Carot macro-281 

plot”; Castelltort 1995) and extended 15-year (1994-2009) simulations using the event-282 

oriented and physically-based KINEROS2 model (Martínez-Carreras et al. 2007; Gallart 283 

et al. 2013) indicated that the event-scale erosion rate correlates closely (Pearson’s R= 284 

0.85; 91 events) with the product of 5-minute maximum rainfall intensity and kinetic 285 

energy. Accordingly, the above-described regolith and sediment 210Pbex activity models 286 

are fed by using a simple linear equation for calculating event badland erosion in the 287 

Vallcebre area (9% normalized root-mean-square error): 288 

𝐸𝑟 = 4.9 10−5𝐼5 𝐾𝑒 − 0.29 (7) 289 

where Er (kg m-2) is the event-scale badland erosion, I5 (mm h-1) is the maximum rainfall 290 

intensity in 5 minutes, and Ke (J m-2) is the storm kinetic energy. 291 

 We applied local daily precipitation records (i.e. precipitation amount, storm I5 292 

and Ke) to simulate 210Pbex activity for the Vallcebre badland regoliths during 2013 and 293 

2014 in mass-balance equations 3 and 5, with a preceding model warming-up period of 294 

18 months, which resulted in a saw-tooth seasonal pattern of excess lead-210 associated 295 

with the temporal patterns of rainfall characteristics (Figure 2d). Badland surface 210Pbex 296 

activity increased from October to May, accumulating the fallout radionuclide flux 297 

generated by low-intensity rainfall events from autumn to spring. Conversely, regolith 298 
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210Pbex activity decreased from June to September, due to the erosive effect of high-299 

intensity summer storms, which were particularly active in July and August 2013 (with 300 

I5 and Ke reaching up to 94 mm h-1 and 1,500 J m-2, respectively). Summer storms caused 301 

a periodic reset of the badland regolith inventory, which resulted in maximum 210Pbex 302 

activity levels below or near the lead-210 annual deposition flux for the study site (76 Bq 303 

m-2, Figure 2d). Simulated badland erosion for the modelled period was 14.2 kg m-2 yr-1, 304 

with an equivalent badland denudation rate of 1.1 cm yr-1 that broadly matches long-term 305 

estimations of badland erosion activity for the Vallcebre experimental area (Clotet et al. 306 

1988; Gallart et al. 2013). 307 

 Simulation of transit-time influence on sediment 210Pbex activity by using the 308 

mass-balance equation 6 along with the Vallcebre fallout flux calculation (F, 0.21 Bq m-309 

2 day-1) and three plausible sediment blanket thickness values reported for first-order 310 

streams in Pyrenean catchments affected by badlands (Bk, 1, 5 and 10 kg m-2; López-311 

Tarazón et al. 2011; Piqué et al. 2014) indicated a general increase in sediment 210Pbex 312 

activity with increased in-stream residence time or age of the sediments (Figure 2e). 313 

Sediment 210Pbex activity increases were particularly important for the first years of stream 314 

sediment storage, causing a sharp rise of modelled sediment activity after 2-5 years of in-315 

stream sediment residence of up to an order of magnitude for an initial sediment 210Pbex 316 

concentration of 10 Bq m-2 and a blanket thickness of 1 kg m-2. Similarly, empirical 317 

estimations of sediment residence time by Wallbrink et al. (2002) for the Brisbane and 318 

Logan rivers in Australia reflected a sharp increase in sediment 210Pbex activity within 2-319 

5 years of in-stream storage, which also suggests that, for simple channels, accumulation 320 

of fallout 210-lead in sediments may increase downstream with sediment age. 321 

 322 

Formulation of sediment connectivity hypotheses for the Vallcebre research catchments 323 
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Our 210Pbex balance models for the Vallcebre research catchments suggested: (i) a saw-324 

tooth temporal pattern of sediment 210Pbex activity in the sediment sources (i.e. the 325 

badland surfaces) due to the accumulation of fallout lead-210 because of low-intensity 326 

autumn and winter rainfalls, and subsequent 210Pbex loss caused by highly erosive summer 327 

storms, and (ii) an increase in sediment 210Pbex activity with in-stream sediment 328 

storage/age. Geomorphic evidence for spatiotemporal changes in the activity of fallout 329 

radionuclides provides a ready approach for assessing sediment (dis)connectivity 330 

between sediment sources and basin streams (Wethered et al. 2015). Accordingly, we 331 

hypothesize that: 332 

(i) Spatial sediment coupling between badland sites and basin streams is reflected by 333 

the conservation of the modelled (saw-tooth) seasonal pattern of badland surface 334 

210Pbex activity in the suspended sediments of the streams. 335 

(ii) Storage of fine sediments within the streambeds results in downstream increases 336 

in sediment 210Pbex activity, also reflecting temporal decoupling between the 337 

production of sediments at their sources (i.e. badland surface) and the mobilization 338 

of sediments in the basin streams. 339 

 340 

METHODS FOR HYPOTHESIS TESTING 341 

Sediment sampling and laboratory analyses 342 

Sediment sampling took place during 2013 and 2014 at a variety of basin locations along 343 

a 1.5 km section of the Torrent del Purgatori, a first-order stream connecting the most 344 

significant badland areas of the Vallcebre catchments with the outlets of the Ca l’Isard 345 

sub-basin and the Cal Rodó basin (Figure 1a). The locations included the slope toe of a 346 

badland site at the head of the stream, downstream places at stream transit sites, and two 347 

automated gauging stations at the outlet of Ca l’Isard and Cal Rodó. Sediments were 348 
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sampled by a range of methods: (a) a surface trap (permeable bag) of sediments at the toe 349 

of the badland site (Figures 1a and 1c), (b) direct collection of (2-3 cm depth) sediments 350 

from streambed deposits at three stream transit sites (at 100-300 m and 1.3 km 351 

downstream from the badland site) and the two gauging stations (Figures 1a and 1d), (c) 352 

five time-integrated sediment samplers (following the design of Phillips et al. 2000) at 353 

the same five (stream transit and gauging station) locations (Figures 1a and 1e), and (d) 354 

two automated (ISCO) sequential water samplers with high-frequency acquisition (as 355 

much as one sample every 2 mins during high-discharge events) of (1 litre) water and 356 

suspended sediment samples at the two gauging stations (Figures 1a and 1f). Because of 357 

the transient character of the flow in the streams studied, the time-integrated samplers 358 

were installed in nearly dry streambeds (Figure 1e). Consequently, their original design 359 

was slightly modified by piercing three (2 mm) air escape holes in the upper part of the 360 

samplers to facilitate the filling of the tubes at the beginning of the events. 361 

Complementary data for the calculation of catchment-scale sediment yield during the 362 

study period was provided by monitoring sediment load at the Ca l’Isard and Cal Rodó 363 

gauging stations in continuous by means of automated turbidity (D&A OBS3) and 364 

ultrasonic (Bestobell-Mobrey MSM40) suspended sediment sensors (Soler et al. 2012; 365 

Gallart et al. 2013). 366 

A total of 50 sediment samples were collected during the study period, 367 

encompassing 11 badland sediment samples from the surface trap (taken from April to 368 

December 2014), 7 streambed sediment samples (taken from April to May 2014), 16 369 

suspended sediment samples from the automated (ISCO) sequential samplers (taken from 370 

March 2013 to December 2014, and integrated over consecutive runoff events to reach a 371 

minimum size of 50-100 g of dry matter for laboratory analysis), and 17 suspended 372 

sediment samples from the time-integrated samplers (taken from June to December 373 
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2014). The samples were taken to the laboratory and oven-dried at 65ºC. Both sequential 374 

and time-integrated sediment samples were recovered by means of sedimentation. 375 

Previous field observations of sediment dynamics in the Vallcebre catchments indicated 376 

that peak streamflow transports significant amounts of poorly weathered particles of 377 

mudstone in suspension, which can be strongly altered by sediment pre-processing in the 378 

laboratory (Soler et al. 2012). To preserve the original physical characteristics of the 379 

sediments, no sieving or sediment fractioning was applied. Absolute grain-size 380 

composition and specific surface area (SSA, m2g-1) for all the samples was measured by 381 

a laser-diffraction analyser (Malvern Mastersizer 2000). 382 

Total 210Pb and 226Ra (from 214Bi) activity (Bq kg-1) was measured by gamma 383 

spectrometry (gamma-ray emissions at 46.5 and 609.3 keV, respectively) using an iron-384 

shielded, high-purity coaxial germanium detector (Canberra GR5023-7500 SL). Spectra 385 

were acquired and analysed by the Canberra GENIE 2000 software. Energy and 386 

efficiency calibrations were performed by certified gamma cocktail standards purchased 387 

from the Spanish Research Centre for Energy, Environment and Technology (CIEMAT). 388 

Counting time applied for gamma spectrometry was 86,400 s for all samples, obtaining a 389 

data precision range of 10-20% at the 95% confidence level.  Prior to analysis, all samples 390 

were sealed in polyethylene bottles for 21 days to achieve equilibrium between 226Ra and 391 

its daughter 222Rn (1,622 years and 4 days half-life, respectively). 210Pbex activity for each 392 

sample was determined by subtracting the supported lead-210 in equilibrium with 226Ra 393 

from the total 210Pb activity. Measured 226Ra activity values were corrected (~0.8 factor) 394 

for the calculation of in situ 226Ra-supported 210Pb concentrations, based on the ratio of 395 

total 210Pb to (uncorrected) 226Ra observed in the lower part (i.e. depth >10 cm) of our 396 

reference 210Pbex soil inventory, where 210Pbex was assumed to be absent (cf. Graunstein 397 

& Turekian 1986; Wallbrink & Murray 1996; Porto et al. 2013; Mabit et al. 2014). 398 
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Uncertainty in the determination of 210Pbex was highly variable, with analytical error 399 

ranging from 10% to over 100% of measured activity values. 210Pbex activity may take 400 

negative values for sediment (or soil) samples where total 210Pb and 226Ra-supported 210Pb 401 

show similar concentrations and are affected by high measurement uncertainty levels 402 

(Mabit et al. 2010). Negative 210Pbex activity measurements in this study were taken as 403 

zero for purposes of data analysis. 404 

 405 

Data analysis 406 

We tested for the effects of the sediment sampling method and its relation with particle-407 

size distribution (i.e. median grain size d50, and SSA) on experimental sediment 210Pbex 408 

activity and its associated measurement uncertainties, by applying Kruskall-Wallis 409 

ANOVA to the full experimental set of 50 sediment samples. 210Pbex activity data with 410 

analytical error above 100% of measured value were subsequently discarded for the 411 

evaluation of the sediment connectivity hypotheses. 412 

The temporal pattern of experimental 210Pbex activity in sediments was evaluated 413 

against the simulated (saw-tooth) seasonal dynamics of fallout radionuclide activities for 414 

the badland surfaces to ascertain spatial coupling (by pattern conservation of fallout 415 

radionuclide concentrations) between the badland regoliths and the sediments in the basin 416 

streams. Comparison of radionuclide concentrations between source materials (e.g. soils, 417 

regoliths) and sediments generally reflects sediment enrichment ratios due to strong 418 

radionuclide binding to the most mobile, fine-grained particles, which requires the 419 

application of particle-size corrections for exploring source-stream sediment radionuclide 420 

distribution patterns (Collins et al. 1996; He & Walling 1996; Walling 2005; Smith & 421 

Blake 2014). The simulated 210Pbex activities at the badland surfaces were, therefore, 422 
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particle-size corrected for comparison with the experimental 210Pbex in sediments using 423 

the following conversion equation (He & Walling 1996; Porto et al. 2003): 424 

𝐶𝐶 = (
𝑆𝑆

𝑆𝑅
⁄ )

𝑛

𝐶0     (8) 425 

where C0 is the original (simulated) 210Pbex activity for sediments generated at the badland 426 

surface, CC is the corrected 210Pbex activity value, SS is the mean SSA for the experimental 427 

sediments applied in the evaluation, SR is the typical SSA for the badland regoliths, and 428 

n is a scaling exponent. We used the minimum SSA measured for the 11 sediment samples 429 

collected at the badland toe location (surface sediment trap), as a conservative estimate 430 

of the particle size for the original regolith materials at the badland surface, SR. A value 431 

of 0.75 was applied to the scaling exponent, n, which is within the range of empirical 432 

values reported by He & Walling (1996) for the correction of soil/sediment 210Pbex 433 

measurements. 434 

  Temporal (month to year) (dis)connection between the sediment production at 435 

the badland surfaces and the mobilization of sediments in the basin streams was assessed 436 

by analysing downstream patterns of sediment 210Pbex activity with a general linear mixed 437 

model (GLMM). The GLMM included (i) the downstream distance for the sediment 438 

sampling locations along the Torrent del Purgatori as a continuous fixed predictor of 439 

sediment 210Pbex activity, and (ii) the sampling site as a random factor for analysis across 440 

monitored runoff/sediment transport events. 441 

 442 

RESULTS AND DISCUSSION 443 

Effects of sampling method on sediment characteristics and 210Pbex activity patterns 444 

Our results show a strong effect of sampling method on the physical characteristics of 445 

sediments. Suspended sediments showed a smaller median (d50) grain size and larger 446 

SSA than deposited sediments collected at either the badland site (surface trap) or the 447 
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streambed (Figures 3a and b), which reflects general differences in the nature (i.e. 448 

suspended versus deposited) of sediments. In addition, suspended sediments collected by 449 

the sequential (ISCO) samplers were significantly finer than those collected by the time-450 

integrated samplers (Figures 3a and b), which suggests physical interference of sediment 451 

sampling instruments with the sediment characteristics. In fact, at the scale of individual 452 

runoff events, sediments collected by the time-integrated samplers at the gauging stations 453 

showed d50 grain sizes 42-102% bigger than those collected by the sequential (ISCO) 454 

samplers at the same locations. Accordingly, Phillips et al. (2000) demonstrated that the 455 

application of time-integrated samplers for collecting suspended sediments may increase 456 

their median grain size by a 40-150% range, depending on flow velocity and original 457 

particle-size distribution. On the contrary, previous experimental comparisons of 458 

suspended sediment concentration and grain size by using automated and simultaneous 459 

control samples from the Vallcebre catchments indicated that the original grain-size 460 

distributions of suspended sediments were satisfactorily captured by the time-integrated 461 

(ISCO) samplers (Soler et al. 2006). 462 

Mean sediment 210Pbex activity was in general low, ranging from 0 to about 10 Bq 463 

kg-1 for the variety of sampling methods (Figure 3c), which reflects the fresh rock origin 464 

of the sediments, but also evidences a very strong influence of sampling methods and 465 

sediment physical characteristics on radionuclide concentrations. In fact, the finer, 466 

suspended sediments that were retrieved by the sequential (ISCO) samplers showed 467 

higher radionuclide activities than the coarser suspended sediments retained by the time-468 

integrated samplers. Furthermore, 210Pbex activity for the coarse-grained, deposited 469 

sediments that were collected from the badland sediment bag and the streambed locations 470 

showed zero and near-zero values (Figure 3c). Measurement uncertainty severely affected 471 

the 210Pbex data. 210Pbex analytical error was above 100% of the measured value for all 472 
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data except 16 measurements, all of which corresponded to suspended sediment samples 473 

of median grain size ranging from 5 to 20 µm (Figure 3d). 474 

The impact of sediment particle-size distribution on 210Pbex measurements can be 475 

explained by the selective adsorption of lead-210 by the finer, clay-sized mineral particles 476 

of soils and sediments (He & Walling 1996; Mabit et al. 2014; Foucher et al. 2015). A 477 

common method designed to mitigate differences in particle-size distribution for 478 

radionuclide analysis consists of isolating the <63 µm fraction of the soils and sediments 479 

(Walling 2005). Our results, however, indicate that 210Pbex concentrations are only 480 

detectable for sediments with median grain size below 20 µm (Figure 3d). Other studies 481 

have suggested the application of wet fractioning of sediments by particle settling and 482 

flocculation to isolate <10 µm grains for radionuclide analysis, particularly in catchments 483 

where sediment transport is dominated by clay-sized particles (Olley & Caitcheon 2000; 484 

Hancock et al. 2014; Wilkinson et al. 2015). Nonetheless, wet fractioning of sediments is 485 

undesirable in areas with badlands developed over friable and/or soft materials (e.g. marls 486 

and mudstone), where particle-size distribution may behave as a dynamic sediment 487 

property that can be strongly altered by sediment processing in the laboratory. For 488 

example, observations in the Vallcebre catchments and similar highly erosive mountain 489 

basins with badlands indicated that large floods typically transport significant proportions 490 

of poorly weathered, sand-grained particles of soft bedrock in suspension, which may be 491 

further weathered into new fine sediments in a variable time after deposition on the 492 

streambed or by intense sediment manipulation in the laboratory (Mathys et al. 2003; 493 

Soler et al. 2008, 2012; Regüés and Nadal-Romero 2012). 494 

The dynamic nature of badland-originated sediments (i.e. radionuclide-495 

unlabelled, coarse sediments may decay into fine particles by intensive sediment 496 

processing in the laboratory) and the strong influence of physical sediment characteristics 497 
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(i.e. particle-size distribution) on both radionuclide activity and measurement uncertainty 498 

patterns stress the importance of selecting efficient methods for fine sediment sampling 499 

and investigation in highly erosive catchments with marly and mudstone badlands, where 500 

210Pbex concentrations are low and strongly influenced by high levels of analytical error. 501 

Our experimental results at the Vallcebre catchments suggest that the automatic 502 

sequential water samplers provide the best method for collecting representative samples 503 

(in terms of particle-size distribution) of fine, suspended sediments for implementing 504 

sediment tracing by radionuclide analysis in areas with very active badlands developed 505 

over soft bedrock. Additionally, the application of counting times longer than that used 506 

in this study (86,400 s) for deriving sediment 210Pbex concentration estimates from gamma 507 

spectrometry or the use of alternative analytical methodologies with higher precision for 508 

the detection of low radionuclide activity levels (e.g. alpha spectrometry; Mabit et al. 509 

2008) may help to minimize the uncertainty associated to the sediment 210Pbex 510 

determinations. 511 

 512 

Assessing catchment sediment connectivity: sediment load and spatiotemporal patterns 513 

of suspended sediment 210Pbex activity 514 

Suspended sediment load during the study period totalled 1,370 Mg for Ca l’Isard and 515 

1,875 Mg for Cal Rodó, representing 0.52 and 0.23 kg m-2 yr-1 sediment yield at the sub-516 

basin and basin scales, respectively. These figures are about 50% below the long-term 517 

mean sediment yield records for the Vallcebre catchments (0.9 and 0.5 kg m-2 yr-1 for Ca 518 

l’Isard and Cal Rodó, respectively; Nord et al. 2010; Gallart et al. 2013), and contrast 519 

considerably with the deep badland denudation estimate obtained in our simulation results 520 

for 2013 and 2014 (1.1 cm yr-1). This variation in erosive performance between the 521 

catchment and badland sites for the study period can be explained by the local dynamics 522 
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of precipitation, which suggests low sediment transport capacity at the sub-basin and 523 

basin scales in 2013 and 2014. In fact, 2013-2014 precipitation (910 mm yr-1) was 6% 524 

above the historical average records, with regular activity of high-intensity summer 525 

storms, which strongly control badland erosion rates in the study area (Castelltort 1995; 526 

Martinez-Carreras et al. 2007; Gallart et al. 2013). The long-lasting autumn precipitations 527 

that regulate suspended sediment load in the Vallcebre streams (Soler et al. 2008; Gallart 528 

et al. 2013) were, in turn, 40% below the mean historical rainfall amount, resulting in 529 

limited sediment transport at the broader catchment scale. Accordingly, downscaling of 530 

the 2013-14 sediment yield records obtained at the Ca l’Isard and Cal Rodó gauging 531 

stations over the total badland extension for the Vallcebre catchments (11.7 ha) results in 532 

a figure 30-40% below the simulated badland erosion rate for the study period. These 533 

results suggest that significant amounts of fresh badland sediments remained stored 534 

within the stream network during the study period, which was also confirmed by direct 535 

observation of streambed deposits in the field. 536 

The analysis of spatiotemporal patterns of sediment fallout radionuclide 537 

concentrations can facilitate the assessment of active connections and transit-time 538 

dynamics of sediments between parts of the catchment (Wallbrink et al. 2002; Walling 539 

2005; Belmont et al. 2014; Wethered et al. 2015). The group of experimental sediment 540 

samples unaffected by severe 210Pbex measurement uncertainty (i.e. suspended sediments 541 

with homogeneous 5-20 µm median grain size) showed 210Pbex activity levels ranging 542 

from 7 to about 25 Bq kg-1 during the study period, which overall matches simulated 543 

radionuclide concentrations (Figure 4a). More importantly, the temporal variations in 544 

experimental 210Pbex sediment activity reproduced the simulated temporal pattern of 545 

fallout lead-210 for sediments generated at the badland surfaces. In fact, 210Pbex activity 546 

in the experimental sediments tracked the characteristic (saw-tooth) seasonal pattern of 547 
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fallout radionuclide concentrations modelled for the badland regoliths, which predicted a 548 

build-up of 210Pbex activity at the badland regoliths due to low-intensity precipitation 549 

events in autumn and spring, and a subsequent 210Pbex depletion caused by high-intensity 550 

showers in summer (Figures 2d and 4a). As expected, the drop in measured suspended 551 

sediment 210Pbex activity levels was particularly pronounced during July and August 552 

2013, when strong summer storms with intensities up to 94 mm h-1 in five minutes caused 553 

deep erosion at the badland sites. The close similarity of both the simulated and the 554 

experimental sediment radionuclide activity patterns discard any significant contributions 555 

of sediments from other surface cover types, such as the very stable pastures and forests 556 

of the Vallcebre catchments, where soil 210Pbex patterns can be assumed to be in 557 

equilibrium at activity levels of about 60 Bq kg-1 at the soil surface (Figure 2c). These 558 

results agree with previous sediment budget investigations in the Vallcebre catchments, 559 

which revealed the badland surfaces as the ruling source to basin sediment load (Gallart 560 

et al. 2002; 2013; Soler et al. 2008). 561 

The observed conservation of the modelled seasonal arrangement of badland 562 

regolith 210Pbex concentrations in the radionuclide signatures of collected suspended 563 

sediment samples (Figure 4a) indicates high fine sediment connectivity between the 564 

badland sites, the streams and the outlet of the Vallcebre catchments. Similarly, a broad 565 

range of sediment studies in small (i.e. less than 50 km2) Mediterranean mountain basins 566 

across the Pyrenees and Central Alps have highlighted a high connectivity and fast stream 567 

transmission of fine sediments originating in highly dynamic humid badlands, especially 568 

for areas where these erosive landforms are structurally integrated in the basin stream 569 

network (Descroix & Mathys 2003; Francke et al. 2008; Nadal-Romero et al. 2008; 570 

Duvert et al. 2012; Gallart et al. 2013). At the larger regional scale, the high mobility of 571 

fine sediments generated in these badland landscapes can result in the delivery of large 572 
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amounts of suspended sediments through the drainage networks. For example, sediment 573 

budget investigations and spectral fingerprinting analysis of suspended sediment 574 

transport for the Isabena basin, a central Pyrenean 445-km2 basin affected by (about 1% 575 

of terrain) badlands, reflected a yearly average input of about 260,000 t y-1 badland 576 

sediments and a 60-80% sediment delivery ratio (López-Tarazón et al. 2012; Brosinsky 577 

et al. 2014). Similarly, for the mesoscale regional context of the Vallcebre catchments 578 

(i.e. the upper Llobregat basin; 500 km2) where badlands represent ~0.5% of the terrain, 579 

integrated sediment budget and GIS analysis estimated badland sediment contribution to 580 

represent up to 30% of the regional flux of suspended sediments (Clotet et al. 1984; 581 

Moreno-de las Heras et al. 2016). 582 

Unlike the downstream sediment 210Pbex concentration increase with sediment age 583 

suggested by our transit-time sediment simulations (Figure 2e), fallout lead-210 activity 584 

levels for the experimental suspended sediments decreased downstream between the 585 

sampling locations of the Vallcebre catchments (Figure 4b). A variety of studies have 586 

explained downstream decreases in the 210Pbex concentrations of suspended sediments by 587 

the contribution of unlabelled fresh materials from (nearly vertical) streambanks showing 588 

nil or little fallout lead-210 interception (Belmont et al. 2014; Hancock et al. 2014; 589 

Wethered et al. 2015). Channel entrenchment in the Vallcebre catchments is strongly 590 

conditioned by the occurrence of infrequent, strong autumn events with an approx. 5-year 591 

return period (Gallart et al. 2002, 2013). Nonetheless, the observed low sediment 592 

transport conditions for 2013 and 2014 did not support streambank erosive activity during 593 

the study period. More likely, flushing of the most dynamic, fine sediments from the 594 

streambed by flooding may have prevented 210Pbex accumulation in temporary sediment 595 

stores within the stream network. Decay of poorly weathered sand-grained particles of 596 

clayey bedrock stored in streambed deposits into fine particles may also add radionuclide-597 
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unlabelled suspended sediments to the streamflow (Soler et al. 2012), contributing to the 598 

observed downstream reduction in sediment 210Pbex activity. These results must, however, 599 

be explored with caution due to the scarcity of events with paired observations between 600 

sediment sampling locations with reliable sediment 210Pbex measurements in our data. 601 

More information is required, optimally for a wide variety of streamflow conditions (e.g. 602 

low, regular and extreme runoff events), to disentangle the complex interactions that 603 

control the downstream dynamics of sediment 210Pbex concentration. In the light provided 604 

by our results, we hypothesize that high streamflow conditions that dramatically activate 605 

the mobilization of long-term sediment stores and general channel entrenchment in the 606 

drainage network (Gallart & Clotet 1988; Gallart et al. 2013; Serrano-Muela et al. 2015) 607 

will exacerbate the downstream obliteration of the suspended sediment 210Pbex signatures. 608 

Process-based understanding of sediment connectivity (i.e. the continuity of 609 

sediment transfer between different zones of a catchment; Bracken et al. 2015) is required 610 

for effective basin management, particularly in Mediterranean mountain basins, where 611 

badland occurrence is a common phenomenon that can have important consequences for 612 

river dynamics, freshwater ecosystems and the security of water resources. Despite very 613 

intense discussion in a series of recent conceptual studies (e.g. Bracken & Croke 2007; 614 

Lexartza-Artza & Wainwright 2011; Wainwright et al. 2011; Bracken et al. 2015; Okin 615 

et al. 2015) there is little consensus about how to quantify sediment connectivity. A broad 616 

range of studies carried out in Mediterranean mountain basins with badlands have applied 617 

the sediment budget approach, which rely on the measurement, extrapolation and 618 

accumulation of sediment production/transport in different parts of the catchment to infer 619 

sediment transfer (Clotet 1984; Llorens et al. 1997; Nadal-Romero et al. 2008; López-620 

Tarazón et al. 2012; Gallart et al. 2013). In this context, the use of environmental tracers, 621 

such as the fallout component of the radioactive isotope lead-210, has provided alternative 622 
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methodologies for inferring sediment transfer in a variety of environments (e.g. Walling 623 

2005; Porto et al. 2013; Wilkinson et al. 2015; Estrany et al. 2016). Radioisotope 624 

sediment studies are, however, notably lacking in badland environments, where their 625 

highly erosive nature is frequently perceived as a major limitation for 210Pbex analysis 626 

(Mabit et al. 2008; Dercon et al. 2012). Differently, our study indicates that the highly 627 

dynamic nature of mountain Mediterranean badlands provides an opportunity for the 628 

assessment of sediment connectivity on the basis of fallout lead-210 activity patterns. In 629 

fact, badland surface 210Pbex activity is characterized by a seasonal pattern (i.e. 630 

progressive accumulation in autumn/winter followed by a sharp summer reduction of 631 

fallout levels) that can be used to track the continuity of sediment transfer between 632 

different parts of the catchment by spatiotemporal analysis of sediment 210Pbex 633 

concentration. Overall, our study reveals sediment 210Pbex analysis as a powerful tool that 634 

can complement more traditional sediment load monitoring programs for the study of fine 635 

sediment connectivity in Mediterranean basins affected by the activity of highly erosive 636 

landforms. 637 

 638 

CONCLUSIONS 639 

This work provides empirical evidence of the feasibility of using excess lead-210 analysis 640 

to study sediment connectivity in Mediterranean basins affected by badland dynamics, 641 

and also illustrates the analytical difficulties of the sediment 210Pbex approach (in relation 642 

to sediment characteristics and sampling method) for catchments where the sediment 643 

dynamics are strongly controlled by highly erosive landforms over soft bedrock. Both 644 

deposited and suspended sediments collected at the Vallcebre catchments showed, in 645 

general, low sediment 210Pbex concentrations, illustrating their fresh-rock origin at the 646 

badland sites, but also hampering the understanding of sediment 210Pbex patterns due to 647 
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high measurement uncertainty (particularly for sediments with d50>20µm) and to strong 648 

dependence on sediment sampling methodology. Application of mass balance models for 649 

exploring the spatiotemporal patterns of sediment 210Pbex signatures demonstrated that the 650 

fine, suspended sediments collected at the Vallcebre streams showed a saw-tooth pattern 651 

of 210Pbex activity that mimics the seasonal cycles of (autumn to springtime) lead-210 652 

fallout accumulation and subsequent erosion by summer storms at the badland sites. 653 

Contrary to the in-stream transit increases of sediment 210Pbex activity that were predicted 654 

by our model simulations, fallout lead-210 concentrations in the suspended sediments 655 

decreased towards the basin outlet, suggesting that fine sediment flushing by flooding 656 

prevented 210Pbex accumulation in the coarser streambed sediment deposits. These results 657 

indicate very high fine-sediment connectivity between the badlands, streams and basin 658 

outlet of the Vallcebre catchments, as well as the fast transmission of fallout lead-210 by 659 

the finest and most dynamic fraction of sediments. Conversely, a significant fraction of 660 

fresh sediments eroded from badland surfaces are sandy or coarser and untagged by the 661 

fallout; the connectivity of these sediments appears to be much lower, as they manly 662 

remain in the streambed and their decay into finer particles contributes to the bulk 663 

sediment load during major sediment load events. This study was carried out during a 664 

period with relatively low sediment transport capacity and characterized by the build-up 665 

of temporal streambed deposits of coarse sediments. Further research is required to 666 

analyse the influence on the spatiotemporal sediment 210Pbex patterns studied of low-667 

recurrence, high-flow events that mobilize long-term sediment stores from the 668 

streambeds. 669 
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 926 

Figure 1. Location map and experimental setup: (a) map of the Vallcebre research 927 

catchments (Cal Rodó basin and Ca l’Isard sub-basin) with details of the sediment 928 

sampling locations; (b) general view of a badland within Ca l’Isard sub-basin; (c) surface 929 

trap of sediments (permeable bag) at a badland surface; (d) streambed sediment deposit 930 

in Torrent del Purgatori; (e) Ca l’Isard gauging station with detail of a time-integrated 931 

sediment sampler on the wall; (f) runoff flow event at Cal Rodó gauging station (with 932 

detail of an ISCO sequential sediment sampler). Source for background image: Institut 933 

Cartogràfic i Geològic de Catalunya (a). Pictures by M. Moreno-de las Heras (b), F. 934 

Gallart (c-d) and J. Latron (e-f).  935 
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 936 

Figure 2. 210Pbex modelling details: diagrams of (a) the badland regolith and (b) transit 937 

sediment 210Pbex activity models; (c) the reference, undisturbed soil 210Pbex inventory used 938 

for parameterizing the fallout 210-lead atmospheric flux in the mass-balance models (soil 939 

profile 40 x 40 cm surface, 15 cm depth; sampling site location is shown in Figure 1a); 940 

(d) simulated 210Pbex at the badland surfaces (daily time step); (e) simulated effect of in-941 

stream sediment residence time on sediment 210Pbex activity. Bars in panel (c) indicate the 942 

analytical error. 943 

  944 
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 945 

Figure 3. Effect of sediment sampling method on (a) median (d50) sediment grain size, 946 

(b) specific surface area of sediment, and (c) 210Pbex sediment activity. Graph (d) 947 

illustrates the general influence of sediment grain size on 210Pbex sediment activity 948 

(black/grey circles indicate 210Pbex data with analytical error below/above 100% of 949 

measured value). Abbreviations: AE, analytical error. 950 

  951 
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 952 

Figure 4. Spatiotemporal patterns of sediment 210Pbex activities: (a) temporal pattern of 953 

daily precipitation, as well as simulated and experimentally measured sediment 210Pbex 954 

activities; (b) influence of downstream distance on measured sediment 210Pbex activity 955 

(the dotted lines connect the samples for three flow events with available paired 956 

measurements for the sampling locations). Abbreviations: GLMM, general linear mixed 957 

model statistics. Notes: spatiotemporal data were analysed by the experimental sediment 958 

210Pbex records with analytical error below 100% of measured values; simulated sediment 959 

210Pbex activities in graph (a) were particle-size corrected by use of eq. 8 along with the 960 

mean specific surface area (SSA) of displayed experimental sediments (0.50 m2 g-1) and 961 

the SSA estimate for the badland regoliths (0.14 m2 g-1). 962 


