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ABSTRACT: Influence of the rainfall regime on erosion and transfer of suspended sediment in a 905-km² mountainous catchment of the southern French Alps was investigated by combining sediment monitoring, rainfall data, and sediment fingerprinting (based on geochemistry and radionuclide concentrations). Suspended sediment yields were monitored between October 2007 and December 2009 in four subcatchments (22–713 km²). Automatic sediment sampling was triggered during floods to trace the sediment origin in the catchment. Sediment exports at the river catchment outlet (330  100 t km-2 yr-1) were mainly driven (80%) by widespread rainfall events (long duration, low intensities). In contrast, heavy, local and short duration storms, generated high peak discharges and suspended sediment concentrations in small upstream torrents. However, these upstream floods had generally not the capacity to transfer the sediment down to the catchment outlet and the bulk of this fine sediment deposited along downstream sections of the river. This study also confirmed the important contribution of black marls (up to 70%) to sediment transported in rivers, although this substrate only occupies c. 10% of the total catchment surface. Sediment exports generated by local convective storms varied significantly at both intra- and inter-flood scales, because of spatial heterogeneity of rainfall. However, black marls/marly limestones contribution remained systematically high. In contrast, widespread flood events that generate the bulk of annual sediment supply at the outlet were characterized by a more stable lithologic composition and by a larger contribution of limestones/marls, Quaternary deposits and conglomerates, which corroborates the results of a previous sediment fingerprinting study conducted on riverbed sediment. Copyright © 2012 John Wiley & Sons, Ltd. KEYWORDS: river gauging; suspended sediment fingerprinting; radar imagery; geochemistry; radionuclide; wash load



Introduction Suspended sediment transported by rivers has fundamental environmental and economic consequences. An excess of sediment leads, for instance, to an increase in water turbidity, eutrophication, alteration of river habitats and reservoir siltation (Carpenter et al., 1998; Packman and Mackay, 2003; Owens et al., 2005). The suspended load comprises all the particles with a diameter lower than 2 mm (i.e. sand-sized or less). The finer particle fraction (2 g L-1), the sample was dried for 24 h at 60  C and the residue was weighed. A reliable turbidity–SSC calibration curve was built for each station using a polynomial function and was Earth Surf. Process. Landforms (2012)



TEMPORAL VARIABILITY OF SUSPENDED SEDIMENT SOURCES IN MOUNTAINS Table II.



Floods investigated in this study (W: widespread; S: storm) and analyses conducted (X: available; n/a: not available) Rainfall



Analysis



Event date



Case study code



Samples



Hail



Snow cover



Duration (h)



Volume (mm)



Intensity a (mm h-1)



River monitoring



Rainfall



Sediment fingerprinting



Topography and imagery



22/12/2009 31/10/2008 02/11/2008 12/11/2008 12/08/2008 29/06/2009 07/08/2009



W1 W2a W2b W2c S1 S2 S3



F1 – F6 B1 B2 B3 A1 – A5 C1 – C6 D1 – D6



no no no no no yes no



yes no no no no no no



21 16 49 16 4 5 5



108d 67c 33c 77c 24c 6b 61b



20 9 15 19 90 30 63



X X X X X X X



X X X X X X X



X X X X X X X



X n/a n/a n/a n/a n/a n/a



a



Maximum intensity derived from 10-min time-step rainfall data, except for W3 and W4 case studies Estimated based on data from the Haut-Vernet raingauge. c Estimated based on data from the Ainac raingauge. d Estimated based on data from the Barles raingauge. b



subsequently used to calculate the SSC time series (Navratil et al., 2010, 2011; Duvert et al., 2011). Suspended sediment flux SSF [t s-1] was then calculated using SSF ¼ QSSC103



(1)



where Q is the discharge (m3 s-1) and SSC is the suspended sediment concentration (g L-1). Then, suspended sediment yields (SSY; in tons, t) were calculated for each flood as follows Ztf SSY ¼



SSF dt



(2)



t0



with t0 and tf corresponding to the beginning and the end of the period considered. Uncertainties in SSC monitoring with turbidimeters depend mainly on the turbidity calibration curve, the representativity of the automatic sediment collection by ISCO samplers (position of the intake in the water flow, SSC homogeneity in the channel cross-section), and the laboratory errors (Lewis and Eads, 2008; Némery et al., 2010). SSY thus cumulate uncertainties on both SSC and discharges. Navratil et al. (2011) showed that global uncertainties reached on average 20% for SSC (range, 1–30%) and 30% (range, 20–50%) for SSY at STA2 when considering uncertainties of c. 20 % on discharges. In this study, all monitoring stations were installed using the same methodology and in the same physiographic context. We therefore consider that SSC and SSY uncertainties remained of the same order of magnitude at the other stations.



solids and water volume transported during 2% of the monitoring period (Ms2%, V2% respectively; Meybeck et al., 2003); and the fraction of inter-annual sediment yield produced by widespread rainfall events (SSYw). Floods were also classified according to their Q–SSC hysteretic pattern (i.e. clockwise, anticlockwise or concomitant hysteretic loops), using the categories initially defined by Williams (1989). These patterns provide relevant information to outline the spatial location of sediment sources in the catchment (Williams, 1989; Lenzi and Marchi, 2000; Seeger et al., 2004; Smith and Dragovich, 2009; Duvert et al., 2010). Basically, Q–SSC clockwise patterns are generally attributed to close sediment sources or to the resuspension of fine sediment stored on the river bed or banks. In contrast, Q–SSC anticlockwise patterns would mainly reflect a contribution of sediment sources located at a substantial distance from the outlet. When Q–SSC curves for both hydrograph rising and falling limbs are symmetrical (i.e. concomitant peak), it would reflect that fine sediment availability is never exhausted during the flood; the suspended sediment flux would then only be constrained by the sediment transport capacity of the river. Even though hysteresis analyses provide valuable information to outline the sources of sediment and the timing of its transfer, it is not sufficient to conclude about the sediment origin. We therefore provided additional information derived from sediment fingerprinting, topographical surveys and river monitoring at intermediate stations of the river network to strengthen our findings regarding sediment sources and transfer. When flood peak propagation could be clearly identified at two successive river monitoring stations, we also estimated the transfer time of SSC peak between both stations. The distance between the stations was therefore measured using GIS functions to calculate the mean velocity of suspended sediment propagation between successive monitoring stations.



Data analysis Rainfall events were first characterized by their total volume (mm) and intensity (10 min time-step; mm h-1). Rainfall spatial extent and propagation of the rainfall fronts were estimated with radar imagery and information delivered by the raingauge network. Flood timing was defined by analysing flood hydrographs and sedigraphs. In this study, a flood was identified as soon as rainfall occurred in the catchment and triggered sediment transport in the river. Several flood indicators were estimated: peak discharge (referred to as Qmx); mean annual runoff depth (Qm); baseflow discharge (Qb); mean and maximum suspended sediment concentrations (respectively, SSCm and SSCmx); suspended sediment yield (SSY); percentage of total mass of suspended Copyright © 2012 John Wiley & Sons, Ltd.



Analysis of diachronic aerial pictures and topographic survey Aerial pictures taken at two different dates in 2004 and 2010 by the French National Geographical Institute (IGN) were used to analyse the variations of the lateral margins of the braided channels, and the changing width of the main braided channel. Topographical surveys were also conducted with a total station at three different dates and on three cross-sections (c. 70 points for each cross-section, located at the main morphological changes). These cross-sections are located along the Bès River (lat.: 44 11′ 14.6400 N, long.: 6 16′ 5.7200 E) between the Earth Surf. Process. Landforms (2012)



Copyright © 2012 John Wiley & Sons, Ltd.



n/a: not available To facilitate their analysis and interpretation, the six rock types were regrouped into four classes (black marls of Bathonian age and other black marls were regrouped in one class; grey marls and marly limestones were regrouped in one class entitled ‘limestones’).
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Selection of fingerprints and design of a mixing model Based on the geological map of the catchment, we grouped the geological classes corresponding to our sediment source samples into six main sediment source types: (1) marly limestones; (2) limy marls; (3) conglomerates and sandstones; (4) Quaternary deposits; (5) black marls and (6) gypsum (see Evrard et al., 2011, for more details on sediment source sampling). Given suspended sediment has a finer grain size than riverbed sediment, in this study we sieved the source material to 80% of annual SSY). Sediment dynamics were then probably mainly controlled by the remobilization of fine sediment from the large and well-developed braided river channels that can be observed in this river section. Overall, the relative contribution of direct sediment supply to the river and sediment remobilization from the channel to the total sediment exports from the catchment would mainly be explained by the type of rainfall regime that strongly influences the hydraulic conditions and thus the suspended sediment dynamics. The variability of erosion and sediment transfer processes probably explains part of the observed variability affecting the SSY–Qmx relationship at the different stations (Figure 5). In the next sections, we propose to focus our detailed analyses on a selection of widespread rainfall events recorded in the entire catchment and on a selection of storms (Table II; see the timing of the flood studied on Figure 6).



Detailed analysis of widespread rainfall events We chose two representative events (Figures 4 and 7) to illustrate the variety of sediment erosion/transport processes observed in this mountainous catchment (Figure 6; Table IV): (1) a major flood that occurred on 22 December 2009 on the Bès River and monitored at STA4 (referred to as case W1); (2) a comparison of three floods that occurred between 31 October 2008 and Earth Surf. Process. Landforms (2012)



TEMPORAL VARIABILITY OF SUSPENDED SEDIMENT SOURCES IN MOUNTAINS



12 November 2009 on the Galabre River and recorded at STA2 (case W2a/b/c). Case W1: Analysis of the 22 December 2009 flood on the Bès River at Pérouré (STA4) This 10-yr return period flood was recorded at STA4 (Qmx = 140 7m3 s-1; Table IV; Figure 7). It was the second largest flood observed in the Bléone catchment during the 27 months monitoring period (Figures 5 and 6). The return period of this flood is probably lower downstream than in upstream



Figure 4. Rainfall intensity (mm h-1) vs. rainfall total amount (mm) measured at the raingauges of the Bléone catchment with a 10-min time-step (R1–R10).



subcatchments (i.e. Bès) because of a strongly heterogeneous rainfall pattern. The flood occurred after a succession of six low-intensity floods in autumn. It was followed 2 days later by a 15-yr return period flood (Qmx = 180 m3 s-1). These floods were generated by a rapid air temperature warming associated with a wet Mediterranean southwestern depression, when the catchment was covered by a substantial snow layer. Minimum daily temperature increased indeed from 12  C to +5  C within 4 days (data from the R15 station). Rainfall volume was very important (108 mm during 1 day; Figure 7(c)), but rainfall intensity remained low (20 mm h-1). Rainfall was distributed homogeneously over the Bès subcatchment, upstream of STA4 (Figure 7(a)). Sediment export at the outlet reached 57 500  17 500 tons, i.e. 50% of the mean annual SSY. Its contribution to the total SSY produced during the 27-months monitoring period was significant at all the stations (Figure 6). Transfer time of the SSC peaks between the Bès River at Pérouré (STA4) and the Bléone River at Le Chaffaut (STA1) stations reached about 4 h, with a mean flow velocity of about 1.8 m s-1. Mean flow velocity estimated from STA4 to STA5 was higher (3 m s-1), showing a significant slow-down of the sediment propagation that could be associated with the river bed slope decrease (from 1.4% at STA5 to 0.8% at STA1). The Q–SSC relationship during this flood is characterized by a well-marked clockwise hysteretic pattern (Figure 7(e)) that reflects a rapid contribution of sediment sources to the outlet. After the flood rising phase, SSC remained stable (at c. 25 g L-1) and did not vary with discharge anymore, which probably indicates a significant remobilization of riverbed sediment. Six suspended sediment samples were analysed to outline the potential variations of sediment origin during the flood



Figure 5. Relationship between suspended sediment yield (SSY; t) and peak discharge (Qmx; m3 s-1) for the floods that occurred in the Bléone catchment between October 2007 and December 2009. Several events were selected for further analysis (see Table II for details). Copyright © 2012 John Wiley & Sons, Ltd.



Earth Surf. Process. Landforms (2012)



O. NAVRATIL ET AL.



Figure 6. Hydrological regime close to the catchment outlet (STA1) between 2007 and 2009, and timing of the floods selected for further investigation (W1, W2; S1–S3).



(Table V; Figure 7(d)). We observed a major contribution of black marls (45%) during the rising phase of the hydrograph that can be attributed to a contribution of black marl sources located close to the outlet and that were first eroded during the rainfall front propagation from the southwest to the northeast. During the flood peak that coincided with the maximum



(c) Cumulated Rainfall (mm)



(a)



sediment transport, sediment was provided by the different lithological sources available along the river network, i.e. black marls (mean, 33%), limestones/marls (mean, 25%), Quaternary deposits (mean, 24%) and conglomerates (mean, 18%); Figure 7(d)). Overall, contribution of the different sources corresponded to their occurrence in the draining catchment (Figure 2).



R15



R2



0



R1



R2



50



R15



100 150



:24 14 /09 /12



/12



23



23



23



23



/12



/09



/09



9:3



4:4



6



8



0 /12



/09



0:0



:12 /09 /12 22



/12



/09



14



19



:24



6 22



22



22



/12



/09



/09



4:4



9:3



8



0 /09



Conglomerates/sandstones Quaternary deposits Limestones/ marly limestones Black marls



(d)



SSC (g l-1)



F6 F1



/12



(e) 30 F3



25



F1



F2



F3



F4



F5



F6



1 0 1 1



51 75 42 89



65 94 97 106



58 68 105 120



22 11 28 39



1 1 2 3



SSC (g l-1)



Suspended sediment flux (t 10min-1)



400 350 300 250 200 150 100 50 0



F4



F2



F5



22



(b)



30 25 20 15 10 5 0



F3



SSY = 57,500 tons



0:0



STA4



200 160 120 80 40 0



/12



Discharge (m3 s-1)



R1



F2



20



F4



15 F5



10 5



F6 F1



0 0



50



100



150



Q (m3 s-1) Figure 7. Case study W1: temporal dynamics of the 22 December 2009 flood that occurred on the Bès River at Pérouré (STA4) station. (a) Radar rainfall image showing the maximum hourly rainfall depths during the event; (b) picture of the Bès river reaching a 30 m3 s-1 discharge and taken from the monitoring station. (c) Evolution of rainfall (data available from R1–R2 and R15 gauges; Figure 1), discharge (Q; red curve) and SSC (black curve) during the flood and timing of sediment sampling (F1–F6). (d) Evolution of sediment source contribution (in t per 10 min) in suspended sediment. (e) Q–SSC clockwise hysteretic relationship (and timing of sediment sampling) observed on the Bès River at Pérouré. This figure is available in colour online at wileyonlinelibrary.com/journal/espl Copyright © 2012 John Wiley & Sons, Ltd.
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Date



Time



Site



SSC (g L-1) Mg



Al



Ca



Ti



Copyright © 2012 John Wiley & Sons, Ltd.



n/a: not available



Ag



Cd



Sb



Ba



96 78 69 72 74 78



546 514 580 641 720 671



47 42 39 40 42 42



19 18 18 16 19 20



0.15 0.15 0.11 0.12 0.13 0.13



0.17 0.15 0.24 0.21 0.19 0.24



0.63 0.35 0.45 0.46 0.52 0.65



0.35 0.55 0.29 0.28 0.65 0.59



84 642 45 22 0.15 0.28 118 1128 51 22 0.18 0.23 103 796 44 21 0.16 0.14 62 468 35 15 0.10 0.15 130 1186 58 23 0.24 0.16 126 869 51 24 0.23 0.28



0.14 0.14 0.29 0.17 0.24 0.38
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0.19 0.29 0.48 0.41 1.28 0.69
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178 152 164 178 210 206
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