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Abstract  

Determining the riverine carbon fluxes to oceans is critical for an improved 

understanding of C budgets and biogeochemical cycles (C, O) over a broad range of 

spatial and time scales. Among the particulate organic carbon (POC) involved in 

these fluxes, those yielded by sedimentary rocks (petrogenic POC: pPOC) remain 

somewhat uncertain as to their source on continental surfaces. Based on time series 

from long-term observatories, we refine the POC and sediments flux of the Rhône 

River, one of the major tributaries to the Mediterranean Sea. Radiocarbon 

measurements on a set of riverine samples and - forward modelling were used to (i) 

determine a modelled pPOC content and pPOC / POC ratio for each sample set, (ii) 

assess a pPOC flux delivered to the NW Mediterranean Sea, and (iii) estimate the 

badlands contribution from the Durance catchment to both the pPOC and to 

sediment discharges. The weighted pPOC flux contributes up to 26 % of the POC 

flux (145 Gg yr-1) discharged into the Mediterranean Sea, whereas the weighted 

pPOC content reaches 0.31 wt. %. Despite their low contributive surface area (0.2 

%), badlands provide, respectively, 12, 3.5 and 14 % of the pPOC, POC and 

sediment fluxes to the Rhône River. Consequently, such rocks can be considered as 

a major source of pPOC and sediments for the NW Mediterranean Sea and 

potentially for oceans. We suggest that river-dominated ocean margins, such as the 

Rhône River, with badlands in their catchment could export a significant amount of 

pPOC to the oceans. 
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Introduction 

Carbon exchange assessments between reservoirs in the critical zone, such as the 

atmosphere, water, soil and sediments, are important to understand the 

biogeochemical cycle (Petsch, 2014 and references therein). This is partially due to 

the variability of the particulate organic carbon (POC) fluxes from continents to 

oceans, which have a major role in the regulation of atmospheric C regardless of the 

timescale (Berner, 1982, Sarmiento and Gruber, 2006). Consequently, we need to 

discern the contribution of the different continental POC origins to these fluxes. POC 

origins can be classified into two main sources: (i) the recent POC (rPOC) produced 

by modern photosynthesis, primarily stored in soils and sediments and belonging to 

the short-term C cycle, and (ii) the petrogenic POC (pPOC) initially belonging to the 

long-term C cycle, but joining the short cycle when it is released within continental 

surfaces through erosion and weathering of sedimentary rocks (e.g., Copard et al., 

2007). Early budgets of POC transfer by rivers did not thoroughly assess pPOC 

deliver to the oceans from continental surfaces (e.g., Berner, 1989, Ludwig et al., 

1996), but there is now widespread evidences that pPOC contributes to many rivers 

(e.g., Kao and Liu, 1996, Hilton et al., 2011) and marine sediments (e.g., Sackett et 

al., 1974, Galy et al., 2008). At the global scale, 20 - 25 % of the continental POC 

flux delivered to the world oceans, representing approximately 43 Tg yr-1, could have 

a petrogenic origin (Galy et al., 2015). However, some unknowns remain, in 

particular, the nature of the sedimentary rocks hosting this pPOC, their organic 

carbon content (expressed in weight %), and the identification of the major 

continental hot spots responsible for the export of pPOC to rivers. With an organic 

carbon concentrations frequently higher than the average content of most 

sedimentary rocks (Ronov and Yaroshevski, 1976), and a global stock of 1100 Pg of 
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C in the first metre of the (sub)-outcropping rocks (Copard et al., 2007), shales and 

clayey-carbonated rocks (e.g., marls) can be considered as relevant candidates to 

deliver pPOC to rivers due to surface processes. In addition, due to their mechanical 

properties (fine grain sizes, brittleness, and erodibility, e.g., Chorley et al., 1984), 

they can form badlands generally devoid of soils with a high gully density (Gallart et 

al., 2013). According to Nadal-Romero et al. (2011), these highly erodible surfaces 

enhance the sediment yield by a factor of 7 to 8 around the Mediterranean area, 

even though the badlands proportion in the catchments with an area over 106 ha is 

rarely over 5 %. Therefore, badlands surfaces can be reasonably viewed as a major 

contributor to the pPOC input into rivers of this region. 

With a suspended particulate matter (SPM) flux ranging from 1 to 11 Tg yr-1 over the 

last two decades (Ollivier et al., 2010, Eyrolle et al., 2012, Delmas et al., 2012) and 

due to the Nile River management (e.g., the Aswan dam), the Rhône River, despite 

being strongly anthropised (e.g. dams) is now one of the primary continental tributary 

of the Mediterranean Sea with the Po and Semani rivers (Milliman and Farnsworth, 

2011) and supplies approximately one third of the fresh water brought to this sea 

(Ludwig et al., 2009). In the NW Mediterranean area, 95 % of the sediments 

deposited in the Gulf of Lion are sourced from the Rhône River (Sadaoui et al., 

2016). Accordingly, it is crucial to specify the primary sediment sources in the Rhône 

catchment and to discriminate the rPOC and pPOC fluxes to refine the lateral 

transfer of C from continental surfaces to the Mediterranean Sea and the C budget at 

this regional scale. Among the main tributaries of the Rhône River, the Durance 

River drains approximately 233 km2 of the bare Mesozoic badlands locally named 

Terres Noires (Rey et al., 2007). Even though there are no direct measurements of 

the contribution of SPM or pPOC fluxes from the badlands to the sedimentary and 
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POC fluxes of the Durance and Rhône Rivers, we believe that these surfaces would 

significantly contribute to the SPM and pPOC of both rivers. The significant decrease 

in 14C activity of SPM of the Rhône River, sampled downstream the confluence 

Rhône / Durance rivers, was previously attributed to the dilution of the SPM in the 

Durance River, which is depleted in 14C (Eyrolle-Boyer et al., 2015). Badlands 

erosion could also contribute 27 % of the pPOC discharged to the Mediterranean 

Sea (Graz et al., 2012). However, this first estimation based on the extrapolation of 

sediment yield from small instrumented catchments, and the previously acquired 

Rhône River POC flux of 44 to 200 Gg yr-1 (Ludwig et al., 1996, Sempéré et al., 

2000) needs to be updated in order to refine the OC budget and the role of rivers in 

the lateral transfer of C. Three objectives motivated this study:  

(i) Reassessing the POC fluxes exported by the Durance and Rhône Rivers 

using time series data of sediment discharges, SPM concentrations and POC 

concentrations,  

(ii) Determining the SPM pPOC content of these two rivers and the petrogenic 

carbon concentrations in the POC fluxes, and 

(iii) Estimating the Durance catchment badlands contribution to the organic 

carbon flux delivered to the Mediterranean Sea.  

Methodologies used in this work consist of bulk organic (Rock-Eval 6 pyrolysis) and 

isotopic (14C) geochemistry performed on SPM and flood sediment samples from 

these rivers. These results are discussed in the context of a regional C budget and in 

a global framework where we compare our results to the pPOC/POC ratio from other 

rivers. We concluded that badlands surfaces should be considered a major 

continental contributor of sediment and pPOC to rivers and, subsequently, to 

oceans. 
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2. Study area and badlands distribution 

Samples from badlands area were collected from two instrumented catchments of 

Draix (Laval and Brusquet), belonging to the French Network of Drainage Basins 

(RBV). This network is a part of the French System of long-term Observation and 

Experimentation for environmental REsearch (SOERE, fig. 1). These two drainage 

basins are representative of badlands surfaces located in the Durance catchment 

(Brochot, 1993) and are composed of Upper Toarcian to Oxfordian marls or marly 

limestones. Estimates of the surface area of the Badlands come from two sources. A 

bare badlands area of 119 km2 with active erosion processes was estimated by 

coupling the DEM (75 m resolution), the geological maps covering the Durance 

catchment (Rouire et al., 1979a, b, 1980, Kerchove et al., 1980), with the CLC2 2006 

code from the CORINE Land Cover inventory (fig. 2). This spatial extension is 

approximately half of a previously mapped area of 233 km2 (Rey et al., 2007), a 

difference due to the input of Cretaceous rocks in the previous extension and the 

restricted use of the class "open space without or with little or no vegetation" labelled 

for bare badlands (CORINE Land Cover class number 33). In this work, we use a 

mean value of 176 ± 57 km2 for these surface estimates. Such highly erodible 

surfaces, primarily distributed in the middle Durance, represent only 1.2 % of the 

Durance catchment area and less than 0.2 % of that of the Rhône.  

The Durance River headwaters are in the Alpine mountains at the French-Italian 

border and join the Rhône River south of Avignon. The catchment covers 14,400 

km2, and the river has a mean slope of 3 ‰ over 200 km2 primarily with a torrential 

regime. Approximately 30 % of the water is diverted towards the Berre pond or is 

used for electricity supply. At Bonpas (fig. 1), the annual mean flow is 187 m3 s-1, and 

the annual and decennial flood discharges are 743 and 2,500 m3 s-1, respectively 
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(www.eaufrance.fr). From 1860 to 2007, the mean annual SPM flux had a strong 

annual variability (0.8 to 16 Tg yr-1), but since river management commenced 

(1950s), it did not exceed 4.7 Tg yr-1 (Poirel, 2009, Bertier and Bouchard, 2007). 

The Rhône River originates in the Swiss Alps (Valais canton) and joins the Gulf of 

Lion (NW Mediterranean Sea) after flowing 800 km through France (catchment 

surface: 99800 km2). At Beaucaire, 50 km from the river mouth, the mean annual 

flow rate between 1920 and 2007 was 1700 m3 s-1. The average flow rates for the 

annual and decennial floods reach 4930 and 7570 m3 s-1, respectively 

(www.eaufrance.fr). In Arles, ten kilometres downstream from Beaucaire, the river is 

divided into two main drains branches: the Petit and Grand Rhône Rivers, with the 

latter representing approximately 90 % of the water flow to the Mediterranean Sea. 

With a range between 2 and 26 Tg yr-1, a strong annual variability is observed for the 

sediment flux (e.g., Pont et al., 2002, Eyrolle et al. 2012, Sadaoui et al., 2016). The 

northwestern Mediterranean area is strongly influenced by the Rhône River, where 

95 % of the solid load inputs to the Gulf of Lion have a Rhodanian origin (Sadaoui et 

al., 2016).  

 

 

3. Materials 

3.1 Available data for the suspended sediment load, water discharge and POC flux 

Since 2001, the Durance River time series data of the annual SPM flux (tab. 1) were 

obtained via hourly measurements of turbidity and daily water flow (m3 s-1) from the 

Bonpas Dam water budget (fig. 1) monitored by the national company Electricité de 

France (EdF) and more recently by the Rhône Sediment Observatory (OSR). From 

1990 to 2001, SPM fluxes at Bonpas Dam were calculated following an unpublished 

http://www.eaufrance.fr/
http://www.eaufrance.fr/
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hydro-sedimentary model developed by Electricité de France (Poirel, 1998, Bertier 

and Bouchard, 2007). 

For the Rhône River, SPM samples and measurements (SPM and POC 

concentrations, water flow) were collected at the SORA monitoring station (Arles, fig. 

1) by the French long-term observation program MOOSE (Mediterranean Ocean 

Observing System on Environment). Principles for SPM and POC fluxes calculation 

are described in section 5.1. From 2005 to 2014, annual SPM fluxes were 

determined from the daily SPM concentrations (mg L-1), and daily water discharge 

(m3 s-1), while POC daily concentrations (in moles C L-1) were used from 2007 to 

2014 (tab. 1). However, when the flows were higher than 3000 m3 s-1 or when a flood 

was expected, samples were collected 2 to 6 times per day. From 1990 to 2004 

(missing year: 1997 and 2000), SPM and flow time series data were derived from 

Pont et al. (2002). From 1990 to 1996, annual POC fluxes were obtained from 

Sempéré et al. (2000) and were modelled from 1997 - 2006 (cf. section 5.3).  

 

3.2 Sediment samples (SPM, FS and BS) 

The nature and origin of samples and analysis results are listed in table 2. SPM 

samples were collected from either water decantation or water centrifugation, while 

flood sediments (FS) were collected directly from the riverbanks and sieved at 2 mm.  

Seven SPM and two river bed sediments (BS) sampled between 1999 and 2007 

from instrumented badlands catchments were used in this study and were subjected 

to radiocarbon analyses. Their POC contents were determined using RE6 pyrolysis 

or were extracted from the literature (Graz et al., 2012). POC data previously 

published for more than 60 SPM samples were also used in this work (Copard et al., 

2006, Graz, 2009; Graz et al., 2012). 
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For the Durance River, 3 FS and 6 SPM samples collected between 2010 and 2015 

during floods were used in this study (fig. 1). These SPM samples are representative 

of the river sediment load since approximately 77 to 85 % of the sediment discharge 

occurred 2 % of the time during the period 2001 - 2014 (Electricité de France, pers. 

com.). All these samples were subjected to Rock-Eval 6 analyses for the 

quantification of their POC content. Radiocarbon measurements were performed on 

five samples (tab. 2). These samples were collected downstream of the diversion to 

the Berre pond. For the Rhône River, 17 SPM samples were collected between 2009 

and 2014 at the SORA monitoring station (Arles, fig. 1) and were subjected to 14C 

and bulk geochemical investigations to quantify their POC content (tab. 2). 

 

 

4 Methods 

4.1 POC analyses 

In this study, POC content (in wt. %) was obtained using either the POC and SPM 

concentrations from the SORA station for the Rhône River SPM or using a bulk 

organic geochemistry method (Rock-Eval 6 (RE6) pyrolysis). RE6 pyrolysis consists 

of pyrolysis and then combustion to perform a complete thermal degradation of OM. 

First, 50-80 mg of previously crushed sample is pyrolyzed in an oven at a 

temperature range of 200–650 °C at 25 °C min−1, where pyrolysis effluents are 

transported via nitrogen. Hydrocarbons are quantified with a Flame Ionization 

Detector, while the yield of oxygenate compounds (CO2 and CO) are quantified via 

Infra-Red cells. This pyrolysis stage provides an organic C concentration (pyrolyzed 

carbon, expressed in wt. %). The second stage consists of oxidation in an oven and 

of the pyrolyzed carbonaceous residue being subjected to a temperature between 
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400 °C and 750 °C. Oxidation effluents are transported via air, and only CO2 and CO 

are quantified with IR cells. A residual or remaining organic C concentration is 

determined during this last stage. The POC value is the sum of these two organic C 

fractions. The primary advantage over other classical methods used for POC 

analyses is the absence of chemical pretreatments due to the thermal decomposition 

of the carbonates (Lafargue et al., 1998 for principles of the method). 

 

4.2 Radiocarbon analyses 

14C contents were analysed using an accelerator mass spectrometer. Sample 

preparation consisted of washing the sample (0.5 M HCl, 0.1 M NaOH) and then 

drying it under a vacuum to eliminate the carbonates. Decarbonized samples were 

then sealed in quartz tubes under a vacuum with an excess of CuO and silver wire. 

Tubes were introduced into a furnace at 835°C for 5 hours to convert the organic 

carbon into CO2. The quartz tubes were then broken under a vacuum to release, dry, 

measure, and collect the CO2. The graphite target was obtained with a direct 

catalytic reduction of the CO2, using Fe powder as a catalyst. The reduction reaction 

occurs at 600°C with excess H2 (H2/ CO2 = 2.5) and was complete after 4-5 hr. The 

iron-carbon powder was pressed into a flat pellet and stored under pure argon in a 

sealed tube. To reduce contamination from modern carbon or memory effects, all 

quartz and glass dishes were burned at 450°C for at least 5 hr. A turbo-molecular 

pump reaching 10–6 mbar was used to evacuate the vacuum lines. Measurements 

were performed using the Artemis facility: a 3 MV NEC Pelletron Accelerator coupled 

with a spectrometer dedicated to radiocarbon dating, measuring 12C, 13C and 14C 

currents and counting the 14C ions by isobaric discriminations. Analyses require 1 to 

100 mg of dry sample (to obtain 1 mg of carbon). The resulting specific 14C activity is 
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expressed as Becquerel of 14C per kilogram of total organic carbon (Bq kg-1 of C) 

with a detection limit of 0.8 Bq kg-1 of C, and an uncertainty of 0.1 % for modern 

samples (k = 2). In this work, Fraction Modern (Fm) is derived from the normalized 

14C relative activity of the samples (pMC in %, Mook and Van der Plitch, 1999) and 

the Modern C is given by the product POC (wt. %) . Fm (Galy et al., 2008).  

 

 

5 Results 

5.1 Calculation methods for SPM and POC fluxes of the Rhône River 

Table 3 shows that the time series data (SPM concentration: SPM and water flow, 

Q) from the SORA monitoring station are not complete with up to one third of the 

data missing in some years (e.g., 2005). Therefore, we rebuilt the missing flow and 

SPM concentration values (fig. 3a). For [SPM], and contrary to a previous study 

(Eyrolle et al., 2012) that used a logarithm base 10-type equation to link these two 

variables, the best correlation is determined by using an exponential-type law (eq. 1):  

SPM = a ebQ (Eq1) 

units: ([SPM] in mg L-1), (Q in m3 s-1) 

where 2.040 < a < 4.704 and 1.2 10-3 < b < 1.5 10-3 

0.386 (year 2010) < r < 0.756 (year 2007), p < 0.001. 

Subsequently, for each day (or n hours if a flood occurred) of each year, an SPM flux 

(Tg yr-1) was calculated based on the daily / multi-hour SPM concentrations and the 

water flow. These fluxes were then summed, and when daily measurements were 

missing, they were calculated as a proportion for the corresponding year. Missing 

data for the POC time series (2007-2014) increased some years up to 50% (2009, 
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tab. 3) and were reconstructed using [SPM] and the following power-type law (fig. 

3b, eq. 2):

POC= c SPMd (Eq2) 

units: ([POC] in mol L-1), ([SPM] in mg L-1) 

where 708.5 < c < 1807.7 and 6.40 10-1 < d < 8.27 10-1 

0.509 (year 2012) < r < 0.955 (year 2011), p < 0.001. 

To provide an annual POC flux (Tg yr-1), a POC value (in wt. %) was first determined 

using the corresponding SPM and POC concentrations (eq. 3). Then, and classically, 

the daily POC flux was calculated using the POC content from equation 3 and the 

daily SPM flux (eq. 4). The annual POC flux calculation is similar to the annual SPM 

flux. 

POC = (POC / 10SPM). MCarbon (Eq 3) 

units: POC: wt. %, MCarbon = 12 g mol-1 

and  

POC flux = POC . (SPM flux) / 10 (Eq 4) 

units: (POC flux: Gg day-1), (SPM flux: Tg day-1). 

 

 

5.2 SPM and POC flux dynamics of the Rhône River 

Sediment transfer dynamics of the lower Rhône River can be illustrated with the daily 

SPM flux duration versus time graph (fig. 4a). During the 8 years of measurements, 

50% of the SPM flux (Ts50) is delivered in 2 to 9 % of the time, with an average of 

4.3% (tab. 4). This corresponds to 1 to 8 flood events per year, occurring primarily in 

late autumn or early winter. Such flood events account for 2/3 of the total flood 

events during this long-term record. Similarly, POC transfer dynamics of the lower 
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Rhône River can be described with the daily POC flux duration versus time graph 

(fig. 4b). Thus, during this 8 year record, 50% of the POC flux (TPOC50) is delivered in 

2 to 8% of the time, with an average of 5.4% (tab. 4), a dynamic significantly similar 

to the SPM flux. This corresponds to 2 to 7 events, occurring primarily in late autumn 

and winter (months: 1, 2, 3, 11, and 12) and occasionally in early autumn (2013 and 

2014) and spring (2008, 2010 and 2013). There is no clear relationship between the 

spring and autumn occurrences with the annual POC fluxes. 

 

 

5.3 SPM and POC fluxes of the Durance and Rhône Rivers 

During the period 1990-2014, annual SPM fluxes exported by the Durance River 

range from 0.6 to 4.7 Tg yr-1 (tab. 1) with an inter-annual average of 2.1  0.9 Tg yr-1; 

indicating a large variability of sediment export. POC contents of the sediments 

transported by the Durance River were not previously documented and were 

calculated using the mean POC (0.58  0.09 wt. %) determined by RE6 pyrolysis of 

the SPM and FS samples (tab. 2). Using this value and the SPM fluxes, the average 

POC flux from the Durance River was estimated at 12.4  5.3 Gg yr-1 from 1990 to 

2014. 

For the same study period, annual SPM fluxes from the Rhône River range between 

0.98 and 19.69 Tg yr-1 with an inter-annual average SPM flux of 6.4  4.3 Tg yr-1 

(tab. 2), a value fairly similar to previous estimates (e.g., Pont et al., 2002, Delmas et 

al., 2012). However, if the SPM fluxes are well documented, the POC fluxes are far 

less so. POC fluxes calculated in this work for the period 2007-2014 and those 

published in Sempéré et al. (2000) provide a linear relationship for the corresponding 

annual SPM flux (eq. 5): 
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y = 20.4x + 15.36, R2 = 0.96, (Eq. 5) 

This robust correlation finds its roots in the interdependence between these two 

parameters (eqs. 3 and 4). Nevertheless, equation 5 can be used to rebuild and 

estimate the missing inter-annual POC fluxes for the study period (tab. 1). 

Consequently, we estimate an inter-annual mean POC flux from the Rhône River to 

the Gulf of Lion of approximately 145  89 Gg yr-1, which is in the same order of 

magnitude as the most recently published value of 200 Gg yr-1 (Sempéré et al., 

2000). 

 

 

5.4 Petrogenic POC (pPOC) content and its contribution to the POC. 

5.4.1 pPOC (wt. %) assessment: a linear model approach 

It is possible to assess a mean pPOC value (wt. %) of SPM from rivers by plotting 

the POC content and the product of this value with the corresponding modern 

fraction (fig. 5, Galy et al., 2008, Blair et al., 2010). Classically, the pPOC is given 

when the line defined by equation 6 (see below) crosses the x-axis. However, in 

order to use this equation and to provide a pPOC content, three criteria must be met 

(Galy et al., 2008, Galy and Eglinton, 2011, Hilton 2017): (i) POC in SPM samples 

should be seen as a binary mixture of petrogenic and recent POC, (ii) the pPOC 

content should be relatively constant and homogenised whatever the studied sample 

and (iii) radiocarbon activity of rPOC (i.e. rFm) is also relatively constant and 

homogenised. When these three conditions are met, the data plotted in the figure 5 

must produce a perfect linear trend to predict the pPOC.  

POC . Fm = POC . rFm – pPOC . rFm (Eq. 6, with POC expressed in wt. %) 

If POC Fm = 0, then POC = pPOC 
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Fm is the measured radiocarbon composition of the sample (modern fraction), and 

rFm corresponds to the radiocarbon composition of the rPOC (i.e., non-petrogenic 

POC) in the sample.  

In the figure 5, correlation coefficients of the sample sets (tab. 2) vary from 0.58 

(Rhône) to 0.85 (Durance). Samples from small-instrumented badlands catchment 

have a low correlation coefficient ranging from 0.01 (Brusquet) to 0.61 (Laval). In 

addition,, the distribution of the data is not well defined to validate this linear model 

well. The poor linear correlations seen in figure 5 raise doubt on the pPOC values 

obtained using Equation 6. If we consider that POC in SPM samples is a mixture of 

pPOC and rPOC, the second and third conditions previously described are not 

fulfilled. The possible explanations are that: (i) the contribution of at least two 

sources of sedimentary rocks having their own pPOC value (for Durance and Rhône 

samples set), (ii) the contribution of various sources of recent material show variable 

rFM values, and (iii) the streams draining catchments only capture the variability at 

the small scale. The explanatory reasons also originate from the nature of the 

samples and in the size of the Rhône and the Durance catchments. Indeed, a high 

variability in pPOC content and in 14C activity of rPOC might be expected since these 

are all SPM or flood samples collected at different times. These variabilities become 

even larger when the catchment size increases.  

 

5.4.2 pPOC (wt. %) assessment: a forward model approach 

In order to assess a mean pPOC value and to calculate a pPOC flux for the different 

catchments, and because the linear modelling did not work, here we test a forward 

modelling technique by defining a rFm value and then estimate the pPOC content for 
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each samples set. First, and since pFm is supposed to be equal at 0, we rearrange 

equation 6 as:  

rPOC = (Fm . POC) / rFm (Eq. 7)  

where all terms of this equation are known with the exception of rFm. For the rPOC 

from the Durance and Rhône rivers, we then hypothesize two ages for rPOC: 100 

and 1000 years BP. For the small badlands’ catchments, only the age of 100 years is 

selected because these terrains are considered to be very erodible surfaces. 

Consequently, the rFm can be calculated given the age of OM as per Mook and Van 

der Plitch (1999), where, 

rFm = EXP (- age / 8033) (Eq. 8) 

Applied to an age of 100 and 1000 years BP for recent OM exported in rivers, rFm 

values are set to 0.99 or 0.88. Accordingly, rPOC value can be estimated by using 

equation 7 (tab. 2), and the difference between POC and rPOC provides an estimate 

for the pPOC value for each sample (tab. 2). For the Laval and Brusquet 

catchments, pPOC contents are close to those of marls (e.g. Graz et al., 2012): 0.53 

± 0.05 wt.% and 0.50  0.18 wt.% respectively. For the Durance samples, and 

considering the two rFm values, pPOC reaches either 0.26  0.12 wt.% or 0.30  

0.11 wt.% if the recent OM is 1000 or 100 years, respectively; for the Durance 

sample set, a pPOC value of 0.28  0.11 wt.%, representing the mean of the two 

estimates, is considered. Following these two ages for recent OM, the petrogenic 

organic fraction in the Rhône SPM samples exhibit a large variability (0.46  0.49 

wt.% and 0.60  0.55 wt.%) with an average close to 0.53  0.52 wt.%.  

However, for two of these samples set (the badlands’ streams and the Rhône River), 

we can refine these data by introducing for the badlands, the importance of 

sediments exported by the Laval compared to that of the Brusquet; and for the 
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Rhône River, the ratio between the daily POC flux of the sampling date (tab. 2) vs. 

the annual POC flux (tab. 1).  

Based on data from this French Critical Zone Observatory, Laval stream exports 30 

times more of sediments than the Brusquet stream, so a coefficient of 30:1 was 

applied to data from the Laval catchment. The average of pPOC from these 

badlands reaches 0.53  0.05 wt.% (tab. 2). 

For the Rhône river, as seen in the cumulative percentage of the POC flux versus 

the cumulative percentage of time (fig. 4b), the contribution of daily POC flux to the 

yearly POC flux is not homogeneously distributed. Using daily data collected at the 

gauging station at Arles (SORA), we have calculated a coefficient for each SPM 

sample corresponding to the ratio between the daily POC flux compared to the 

annual POC flux (tab. 1); to facilitate the reading and to produce a weighted average 

this coefficient was then multiplied by 1000. These coefficients (tab. 2) are then 

applied to the pPOC value of each sample to estimate a weighted pPOC. Thus with 

rFm values of 0.88 and 0.99, two new weighted average pPOC values of 0.27  0.26 

wt.% and 0.35  0.32 wt.%, respectively were calculated. Accordingly, the mean 

pPOC content in samples of the Rhône River were estimated to be 0.31 ± 0.29 wt.%. 

 

 5.4.3 pPOC / POC ratio assessment with a forward model 

The pPOC / POC ratios, given for stream samples from badlands’ catchments, range 

from 0.37 to 0.97 with a weighted (coefficient 30:1) average of 0.93  0.01 (tab. 2, 

fig. 6). This implies that most of the POC released by badlands’ surfaces to streams 

has a petrogenic origin. For each sample from Durance, there are two ratios 

according to the two rFm value (section 5.4.2); when recent OM is aged (1000 

years), the ratio ranges from 0.31 to 0.79 (average 0.46 ± 0.19), while for fresh and 
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recent OM (100 years), the range is 0.38 to 0.82 (average 0.52 ± 0.17). The selected 

value of this ratio for the Durance samples set corresponds to the average between 

these two values: 0.49 ± 0.18, which means that approximately half of the POC 

carried by the Durance River has a petrogenic origin. 

For the Rhône samples set, using the two rFm values the pPOC / POC ratio ranges 

from 0.00 to 0.44 (average 0.19 ± 0.15) when recent OM is aged (1000 years), while 

for fresh and recent OM (100 years), the range is 0.00 to 0.49 (average 0.26 ± 0.17). 

When weighted by the coefficients, these ratio raise to 0.22 ± 0.16 and 0.30 ± 0.17 

with mean ratio of 0.26 ± 0.17 for the Rhône samples set. Thus, approximately one 

quarter of POC delivered to the Mediterranean could be of petrogenic origin. 

 

5.5 pPOC fluxes 

Based on the POC flux (12.4 ± 5.3 Gg. yr-1) and the pPOC / POC ratio (0.49 ± 0.18), 

the petrogenic POC flux delivered by the Durance to the Rhône River reaches 6.1 ± 

2.6 Gg yr-1. However, this petrogenic fraction includes badlands and other 

sedimentary rocks outcropping in the catchment. Among the main other sources of 

material in Durance River, the molasse formation (composed of coarse detritic 

materials more and less consolidated) is considered as strongly erodible (e.g. 

Chorley et al., 1984) and could significantly contribute to the sediment load as 

already seen for the Bléone River one of Durance’s tributaries (Navratil et al., 2012); 

in addition, molasse outcrops are widespread in other areas of the Durance 

catchment (Rouire et al, 1979a, b, Kerchove et al., 1980). According to the mean 

total organic carbon (TOC) content of the sedimentary rocks (Ronov and 

Yaroshevski, 1980), it is reasonable to consider that molasses may hold a TOC 

content of 0.10 wt. %. Hence, the badlands contribution is calculated using the 
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following equations (eq. 9) accounting for a binary mixture between badlands 

(pPOCb) and molasse (pPOCm): 

  

a pPOCb + b pPOCm = 0.28, with a + b = 1 (Eq. 9),  

with pPOCb = 0.53 wt.% (section 5.4.2). 

 

The resolution of this equation shows that the badlands contribute to 42% of the 

petrogenic OC origin in riverine material from the Durance River. At the outlet of the 

Durance River, this implies that the badlands produce a pPOCb flux of 2.5  1.1 Gg 

yr-1 and would contribute ~20 % of the POC flux.  

pPOC flux from badlands outcropping in the Durance catchment can also be 

calculated following an another approach derived from the literature and considered 

here as an upstream approach. Indeed, with a pPOC yield of 52 Mg km-2 yr-1 from 

233 km2 of bare badlands erosion within the Durance catchment, it was previously 

assumed that the pPOCb flux (petrogenic POC flux delivered by the badlands) to the 

Gulf of Lion could reach 12 Gg yr-1 (Graz et al., 2012). This organic flux was refined 

in this study by considering a lower extent of the badlands surfaces (119 km2) and 

the amount of water and sediments diverted towards the Berre pond and other minor 

reservoirs (29% in Bertier and Bouchard, 2007). Based on these considerations, the 

pPOCb flux would reach 4.4 Gg yr-1 and 8.6 Gg yr-1 if we consider the badlands 

cover 233 km2 (Rey et al., 2007). Using the average of the two surface estimates, 

the mean pPOCb flux delivered by the Durance River to the Rhône River would be 

6.5  2 Gg yr-1. Using the average between these two approaches, the pPOC flux 

from the badlands reaches 4.5  1.5 Gg yr-1. Considering the ratio pPOC / POC of 
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0.93, the POC flux originate from badlands would be on the average of 4.9  1.5 Gg 

yr-1. 

Based on the POC flux (145  89 Gg yr-1) and the weighted ratio pPOC / POC (0.26 

 0.17) previously given in section 5.4, the petrogenic POC flux delivered by the 

Rhône River to the NW Mediterranean Sea would be approximately 37.7 ± 15.1 Gg 

yr-1. 

 

 

6. Discussion 

6.1 SPM fluxes delivered by the Rhône River: contribution of the Durance River and 

the badlands hot spot 

The Durance River significantly contributes to the SPM fluxes delivered to the Gulf of 

Lion (Sadaoui et al., 2016). These last authors report the major role of sedimentary 

rocks outcropping in the mountains (e.g., the Alps and Pyrénées) as a source of the 

solid fluxes delivered by coastal rivers to the Mediterranean Sea (Sadaoui et al., 

2016). By using a model based on sedimentary mass balance, these authors 

estimated that the Durance River contributes 23 % of the SPM flux transported by 

the Rhône River. Furthermore, Zebracki et al. (2015) used geogenic radionuclides as 

fingerprints of sedimentary masses transported during flood events to estimate that 

the Pre-Alpine tributaries (Durance, Ouvèze, Aigues, fig. 1) would account for 38 to 

53% of the SPM flux delivered by the Rhône River. In our study, the Durance River 

contribution to the SPM load of the Rhône River is estimated at 32% (fig. 7B), which 

agrees well with these previous estimates. 

Based on the mean pPOC content of SPM (0.53 wt. %), the ratio pPOC / POC of 

0.93, and on the badlands contribution to the POC fluxes of the Durance River (4.9 
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Gg yr-1, see section 5.5), SPM fluxes from badlands erosion can be determined and 

would reach 0.9  0.4 Tg yr-1 (Fig 7B), which is approximately 40 % of the sediment 

mass transported by this river, even though those sedimentary formations cover less 

than 1.5 % of the total Durance catchment area. This high SPM flux contribution is 

twice lower than the calculation of Fournier (2004). Using the mean badlands 

surface, we estimate that the sediment yield could reach 5.10  3 Gg km-2 yr-1, which 

is also similar to previous reports (e.g., Mathys et al., 2003).  

At the Rhône catchment scale, the badlands contribution from the Durance 

catchment to the SPM fluxes transported in the lower Rhône River would reach 

approximately 14 % (fig. 7B) with a surface area of approximately 0.2% (fig. 7A). 

This large SPM contribution associated with a very small erosive surface area was 

also reported for the Red Deer River in Alberta, where badlands contribute to 80% of 

the SPM fluxes transported by the river, while these rocks cover less than 2% of the 

total watershed surface area (Bryan and Campbell, 1986). For the NW 

Mediterranean Sea, the badlands can be considered as a major contributor of 

sediments transported to the marine environments.  

The required time percentage (fig. 4a, tab. 4) to transport 50 % of the SPM flux 

(mean Ts50 = 4.3 %) approximates that published for the alpine Rhône River (i.e., 

5.7% in Switzerland, Meybeck et al., 2003). For half of the studied period with Ts50 

values lower than 3 %, the Rhône River, despite its catchment size (105 km2), could 

be considered a mountainous catchment (Meybeck et al., 2003). The Rhône River 

transports most of its sediment load during flood events over a short time period 

(Sempéré et al., 2000, Pont et al., 2002, Rolland 2006). The significant flood event in 

November 2011 delivered 1.64 Tg of SPM in five days, representing 66% of the 

annual SPM flux in that year. Additionally, the flood event of December 2003 
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accounted for 83% of the annual SPM flux over several days (Ollivier et al., 2010). 

These two examples emphasize that such "extreme" events occur frequently in this 

area and should become more frequent in the context of climate change 

(Scoccimarro et al., 2016).  

 

 

6.2 POC flux of the Durance and Rhône Rivers 

These fluxes from the Rhône River tributaries are poorly documented. To our 

knowledge, only the Isère River, the other major tributary of the Rhône River, has 

had organic carbon (including the dissolved form) transports estimated at being 

approximately 37 Gg yr-1 (Nemery et al., 2012). Badlands contribute to 40% of the 

POC flux of the Durance River which, in turn, accounts for a minor contribution (8-9 

%) of the POC discharged by the Rhône River (fig. 7C vs 7B). At the Rhône scale, 

POC flux from badlands only contributes for approximately 3.5 % (fig. 7C). This 

clearly signifies the dilution of the riverine sediment POC contents transported by the 

Durance River by the marly rocks from badlands sediments depleted in POC (the 

OC contents of marls range from 0.47 to 0.70 wt. %; Copard et al., 2006, Graz et al., 

2011). Hence, with values ranging from 0.55 to 0.74 wt.%, SPM POC contents from 

the Durance River are among the lowest recorded in drainage basins worldwide 

(Roose et al., 2006). The Rhône River yields 1.45 Mg km-2 yr-1 of POC, a yield higher 

than those published for other Mediterranean rivers, such as the Po and Tiber Rivers 

(Ludwig et al., 1996). However, this yield remains on the same order of magnitude 

as those calculated for southern Europe (1.242 Mg km-2 yr-1), and at this regional 

scale, the Rhône River provides approximately 12 % of the POC transported to the 

continental shelf (Ciais et al., 2006).  
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POC contents transported by the Rhône River are relatively low compared to those 

from other rivers. For example, SPM concentrations of approximately 10 mg L-1 have 

a mean POC content in the downstream Rhône River of 3.8 ± 2.2 wt. %, whereas 

they are significantly higher in other hydrosystems (6.5 ± 3.2 wt. %; Roose et al., 

2006). For SPM concentrations higher than 50 mg L-1, the mean POC contents (1.5 

to 4.2 wt %) are at the lower limit values from other rivers (1.9 ± 1.0 wt. %). Due to 

their high erodibility, badlands are responsible for a significant dilution of the POC 

contents in the Durance and Rhône River sediments. At the event scale, extreme 

floods can annually transport more than one third of the POC flux delivered to the 

Gulf of Lion (14 Gg in several days in November 2011) with a strong probable 

contribution from badlands in the organic petrogenic counterpart. If the occurrence of 

extreme events increases in the foreseeable future for the SPM, most of the POC 

flux would reach the Mediterranean Sea in several days (Scoccimarro et al., 2016).  

 

 

6.3 pPOC from badlands: importance, contribution and nature 

Considering the bare badlands surfaces within the Durance catchment and a pPOC 

flux of 4.5 Gg yr-1, badlands yield about 26 Mg km-2 yr-1. This yield is remarkable 

compared with those of the Durance and the Rhône rivers both close to 0.4 Mg km-2 

yr-1. pPOC flux from badlands accounts for more than 73 % of the pPOC exported 

each year by the Durance River and 12 % of the pPOC delivered to the 

Mediterranean Sea by the Rhône River, highlighting that these surfaces are hot 

spots for their contributions of pPOC (fig. 7D).  

Since the other pPOC sources of the Rhône River are unknown and considering the 

lower pPOC content of the SPM samples of the Rhône River compared to that of the 
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badlands, it is reasonable to state that the other sedimentary rocks may have lower 

pPOC content than the marls. Due to the large size of the Rhône catchment, it is 

difficult to accurately predict which lithology could be a significant candidate to this 

petrogenic flux. Seeking highly erodible sedimentary rocks outcropping within other 

major and alpine tributaries, such as the Isère River, could be a pertinent option. 

Other tributaries draining the Massif Central and Cevennes ranges (e.g. Ardèche 

River), mainly composed of magmatic and metamorphic rocks, and the Saone River 

draining some lowlands area, would likely not contribute significantly to the SPM flux 

of the Rhône River (Sadaoui et al., 2016), and would probably not hold areas of 

potentially large pPOC contributions. By contrast, other Mesozoic black marls and 

molasses outcropping along the external alpine range (Agard and Lemoine, 2003), 

could be considered as more conceivable candidates. Unpublished data on these 

marls reveal an intense weathering with lower TOC content (~0.20 wt. %), while 

molasses are rather devoid (~0.10 wt %) of TOC. 

The nature of this pPOC would consist in refractory organic fraction mainly 

constituted of graphitic carbon, an ultimate state of thermal evolution of kerogen and 

originating from sedimentary or metamorphic rocks (Cathalot et al., 2013). These 

authors have reported that the graphitic POC content (considered as pPOC) would 

reach 0.34 wt. %, close to the weighted value calculated in this study (0.31 wt. %) 

with, however, a pPOC / POC ratio of 0.18 significantly lower than that modelled in 

this study. Is it possible that the pPOC from the badlands could be categorized as 

graphitic POC? This question requires further study, but regarding the moderate to 

high thermal evolution degree reached by the OM from these badlands (Copard et 

al., 2006, Graz et al., 2011), the OM could be retrieved after the heavy treatment 

applied to extract the refractory OM (Cathalot et al., 2013). 
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6.4 pPOC at the regional and global scale and the badlands contribution 

In the Mediterranean region, pPOC fluxes had not previously been documented 

except for the Rhône River, for which the pPOC flux was indirectly assessed using 

the POC yield of an instrumented badlands catchment (Graz et al., (2012). The 

comparison of our findings to those reported in the literature, and more specifically 

the ratio pPOC / POC compiled for some worldwide catchments (Galy et al., 2015, 

supp. material), reveals that our calculated and weighted ratio are rather high, 

especially for the badlands and the Durance River (fig. 8). Indeed, such high ratios 

are found for rivers classified as small mountainous river systems (SMRs, Leithold et 

al., 2006) draining active tectonic surfaces as in New Zealand (e.g. Waiaipu, 0.66), in 

Taiwan (e.g. Langyang, 0.70) or in California (e.g. Eel, 0.48, Santa Clara, 0.40). If 

badlands surfaces provide a high ratio (0.93), the Durance River exhibits a 

comparable significant ratio (0.49) although this river is not considered to drain an 

active tectonic surface (moderate seismicity) nor developed in the vicinity of an 

active margin. Clearly, this high ratio finds its origin in the occurrence of the badlands 

outcrops. Nadal-Romero et al. (2011) demonstrated that a small surface of bare 

badlands may increase the sediments yield by a factor of 7 to 8 for the 

Mediterranean catchment with a surface area over 104 ha. In that sense, factors 

applied to the sediments should also be verified for the pPOC content, but this 

should be moderated by the TOC content of rocks constituting these badlands and 

by other parameters regulating the transit time in the catchment. However, common 

characteristics can be found between the Durance River and these SMRs have a 

very short transit time during sediments transport (e.g., Blair et al., 2003) coupled 

with a low Ts50 value (Meybeck et al., 2003).  
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The Rhône River is a significant conveyor of ageing organic carbon to the 

Mediterranean marine environments (fig. 8). The calculated and weighted pPOC / 

POC ratio is in the same order of magnitude than the upper Yukon River (0.22, 

0.23), the Beni River, a major tributary of the Amazon River draining the eastern part 

of the Andean range (0.34) and the Narayani River, draining the southern part of the 

Himalayan range and considered as a one of the major tributary of the Gange-

Brahmaputra River (0.31).  

Regarding its continental shelf, the Rhone River is a River-dominated Ocean Margin 

(RiOMar, e.g., Cathalot et al., 2013) for which sediment and nutrient exports 

significantly impact the biogeochemical ocean cycles (Hedges and Keil, 1995, 

Bianchi and Allisson, 2009). It is currently accepted that these RiOMars transport 

large amounts of POC towards the ocean, primarily in the form of rPOC, as seen for 

the Amazon, Mississippi or Ganges-Brahmaputra rivers characterised by low pPOC / 

POC ratios (< 0.08, fig. 8); and transporting significant amounts of aged dissolved 

OC (e.g., Mississippi: Raymond and Bauer, 2001). These low ratios are strongly 

dependent of the size of the catchment, but even for rivers with a catchment sizes 

comparable to that of the Rhône River, the ratio is generally lower than 0.17 (e.g. Fly 

and Fraser rivers, fig. 8). Hitherto, pPOC export to the oceans has therefore been 

primarily attributed to rivers classified as small mountainous river systems (Leithold 

et al., 2006, Petsch, 2014).  

We demonstrated here that these RiOMars could also export significantly petrogenic 

OM in particulate forms to the marine environments, as shown for the Yangtze River 

(0.47, fig. 8). For this river, the main pPOC source consists in carbonate interlayed 

black shales formation (Li et al., 2015), probably developing gullies and subjected to 

debris flow on steep slope as seen in the Upper Yangtze River (Wang et al., 2007). 
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The most likely hypothesis explaining the ratio of 0.26 found for the Rhône River is 

the occurrence of badlands, also subjected to gullying, in its catchment and the fact 

that this river exhibits a rapid transit time (Ts50 lower than 4.5%, section 5.2). 

Essentially, this pPOC export capacity is linked to several major factors i) the 

occurrence of eroded and erodible outcropped sedimentary rocks, ii) climatic 

conditions, iii) a relatively short residence time of sediments in the river minimizing 

the intensity of weathering, and iv) an intrinsic resistance of pPOC towards 

(sub)surface processes depending on the nature and origin of the OM (e.g., OM 

types classically used in petroleum studies, e.g., Van Krevelen, 1993).  

Our study confirms that the RiOMar could, at least regionally and with the 

occurrence of sedimentary rocks with high erosion rates, such as those forming 

badlands, be significant in the pPOC transfer and its recycling to the oceans. 

 

 

6.5 Towards a POC budget in the Gulf of Lion 

Among concerns about the origin and the flux of POC transported by rivers is the C 

balance where the C flux from rivers to oceans represents a lateral C pump. This 

lateral C flux can reach 20 % of the net primary production in European continental 

surfaces, and it could be a sink if C storage occurs in the sediments (Ciais et al., 

2008). Accordingly, it is important to determine the contribution of each OC 

continental reservoir involved in these lateral fluxes in order to define their role as a 

source or sink.  

The POC export from the Rhône River to the Gulf of Lion is less than 10 % of the 

POC from the net marine primary productivity (Durrieu de Mardon et al., 2000), but 

its origin remains contentious. For example, Sempéré et al. (2000) have suggested 
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that more than 80% of the POC content between 1987 and 1996 was refractory OC 

without any petrogenic contribution (Ludwig et al., 1996, Sempéré et al., 2000). In 

Cathalot et al. (2013), the petrogenic contribution is mixed with the combustion 

residues of terrestrial OM (black carbon), without the ability to determine the pPOC 

content in this mixture. In our study, based on 14C activities, we claim that almost one 

quarter of this riverine POC exported by the Rhône River could have a petrogenic 

origin. However, uncertainties remain about its future in the marine environment. 

Past optical observations of deltaic sediments have shown that the pPOC was 

essentially composed of bituminous coals, anthracites and meta-anthracites (Gadel 

and Ragot, 1973). More recently, it was shown that the POC stored in the pro-delta 

sediments has a soil origin (90%), while less than 5% is related to the refractory OM 

(i.e., pPOC and black carbon, Cathalot et al., 2013). In this study, this refractory 

contribution tends to increase up to 40 % in distal sediments with a significant 

decrease in the pPOC fraction due to the black carbon / graphitic POC. These 

findings validate the classical fact that the higher the thermal stress previously 

recorded by kerogen (bearing pPOC) or black carbon is, the stronger the 

preservation of this POC in marine sediments. If we consider that badlands are one 

of the main sources of pPOC at the interface of the Rhône catchment / Gulf of Lion, 

could the pPOC from the badlands be sufficiently thermally evolved to escape from 

any processes in the marine sediments? According to the published geochemical 

data of OM from these badlands (Copard et al., 2006, Graz et al., 2011), this 

hypothesis is fully justified but requires further study of the different POC origins 

preserved in the deltaic sediments. 
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7. Conclusions & Perspectives 

We revisited the Rhône River POC flux, one of the most important sediment 

conveyors to the Mediterranean Sea, with one quarter of this flux associated with 

pPOC. Despite representing only 0.2% of the Rhône catchment area, bare badlands 

outcropping in the Durance catchment could provide 12% of the petrogenic POC, 3% 

of the POC flux and 14% of the SPM flux delivered to the Mediterranean Sea. This 

contribution should be considered as a minimum since badlands also outcrop within 

the catchment of other tributaries, especially the Isère River. At the hydrological 

event scale, such contributions could significantly increase, as seen in November 

2011, since these extreme flood events could be increasingly common in the future 

decades around the Mediterranean area.  

Accordingly, the badlands are considered as a hot spot of pPOC recycling in the 

Rhône catchment, but what about at a regional and global scale? Lacking a precise 

total surface area of these outcropping badlands around the Mediterranean area, 

and based on their high erosion rate, it is likely that these badlands are one of the 

major sources of sediments and pPOC in the Mediterranean rivers. At a global scale, 

we could claim that these specific geoforms occurring in continental surfaces are 

able to deliver a significant amount of sediments and pPOC to the rivers. 

Consequently, as seen for SMRs, RiOMars containing badlands in their catchment 

could significantly contribute to the pPOC recycling in continental surfaces.  
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 Rhône River Durance River 

year Q 

(m3  s-1) 

SPM flux 

(Tg yr-1) 

POC 

flux 

(Gg yr-1) 

Q 

(m3  s-1) 

SPM flux 

(Tg yr-1) 

POC flux 

(Gg yr-1) 

1990 1291 3.04 73.21 6 0.8 4.5 

1991 1395 3.47 85.21 13 2.2 12.8 

1992 1687 6.72 154.81 12 1.6 9.5 

1993 1678 15.42 306.01 33 2.7 15.6 

1994 2175 19.69 402.01 68 4.7 27.2 

1995 2100 10.56 244.81 69 2.0 11.5 

1996 1796 10.62 235.21 94 2.2 12.8 

1997 - - - 91 1.6 9.5 

1998 1256 2.90 74.5 18 0.6 3.3 

1999 1780 9.90 217.3 29 2.0 11.5 

2000 - - - 135 3.4 19.8 

2001 1820 7.08 159.8 155 1.3 7.4 

2002 1531 8.20 182.6 56 2.1 12.2 

2003 1387 6.51 148.1 53 2.8 16.2 

2004 1249 2.12 58.6 18 1.9 11.0 

2005 1009 0.98 35.3 21 - - 

2006 1301 1.98 55.7 33 - - 

2007 1417 1.70 52.0 25 - - 

2008 1716 6.23 154.0 85 2.5 14.5 

2009 1346 3.35 60.0 114 1.9 11.0 
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2010 1645 3.11 66.0 152 1.7 9.9 

2011 1230 2.50 39.0 80 1.9 11.1 

2012 1660 5.76 174.0 97 1.5 8.7 

2013 1970 8.43 222.0 172 3.5 20.3 

2014 1870 6.24 126.0 151 2.0 11.6 

 

table 1: yearly time serie data for water discharge (Q), SPM and POC fluxes for the 

Rhône and the Durance Rivers at SORA (Rhône) and downstream the Bonpas dam 

(Durance), (fig. 1). Origin and methodology for POC fluxes calculation are given in 

the text. For the Rhône River, calculated SPM and Q values between 2011-2014 are 

slightly different from the OSR database (2.7, 5.6, 7.6 and 5.8 Tg). For POC flux of 

the Rhône River: 1: values from Sempéré et al., (2000), italic values: modeled values 

(this work), other values: SOERE MOOSE database (this work). 
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River /  

stations 

sampling  

date 

SPM  

(mg L-1) 

POC  

(μmol L-1) 

POC  

(% wt) 

Absolute 14C 

activity  

(Bq kg C) 

Fm (%) POC . 

Fm 

pPOC  

(wt. %)  

rFm = 0.88 

pPOC  

(wt. %)  

rFm = 0.99 

POC flux 

(Mg d-1) 

Weight 

coef. 

Rhône /            

SORA-Arles 11/02/09 106 171 1.90 258.20 1.15 2.19 0.00 0.00 548.3 9 

 03/03/09 26 63 2.90 250.70 1.12 3.24 0.00 0.00 104.6 2 

 02/06/09 17 24 1.70 209.80 0.93 1.59 0.00 0.09 32.1 1 

 04/11/11 247 408 2.04 226.50 1.01 2.06 0.00 0.00 1010.8 26 

 05/11/11 576 717 1.75 142.67 0.64 1.11 0.49 0.62 2685.4 69 

 06/11/11 2500 1442 0.72 150.30 0.67 0.48 0.17 0.23 6812.3 175 

 07/11/11 1325 807 0.71 144.50 0.64 0.46 0.19 0.25 2467.2 63 

 08/01/13 38 93 2.92 139.70 0.62 1.82 0.86 1.08 183.2 1 

 05/02/13 113 251 2.66 134.00 0.60 1.59 0.86 1.05 703.4 3 

 05/03/13 8 19 2.75 111.80 0.50 1.37 1.20 1.36 31.3 0 

 03/04/13 613 1671 3.27 117.70 0.52 1.72 1.33 1.53 3985.6 18 

 02/05/13 350 - 1.38 114.00 0.84 1.16 0.07 0.21 5952.0 27 

 20/05/13 857 - 1.03 156.16 0.69 0.71 0.23 0.31 6746.3 30 

 04/06/13 74 246 3.96 132.50 0.59 2.34 1.31 1.59 688.7 3 
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 02/07/13 31 57 2.23 146.40 0.65 1.46 0.58 0.76 83.0 0 

 06/08/13 16 47 3.40 170.70 0.76 2.59 0.47 0.78 53.3 0 

 27/02/14 99 205 2.49 196.50 0.88 2.18 0.02 0.28 573.1 5 

Durance /            

Mirabeau 05/11/11 - - 0.56 118.80 0.53 0.30 0.22 0.26 - - 

 06/11/11 - - 0.60 40.83 0.18 0.11 0.48 0.49 - - 

 28/11/12 - - 0.56 119.59 0.53 0.30 0.22 0.26 - - 

FS 15/11/12 - - 0.56 136.83 0.61 0.34 0.17 0.21 - - 

 29/04/13 - - 0.55 116.63 0.52 0.29 0.22 0.26 - - 

 29/11/12 - - 0.55 - - - - - - - 

 19/05/13 - - 0.74 - - - - - - - 

FS 18/11/11 - - 0.50 - - - - - - - 

FS 30/05/13 - - 0.63 - - - - - - - 

Draix 12/07/06   0.56 15.71 0.07 0.04 0.52 0.52 nc 30 

Laval 08/09/06 - - 0.62 13.69 0.06 0.04 0.58 0.58 - 30 

 20/10/06 - - 0.53 11.76 0.05 0.03 0.50 0.50 - 30 

 05/06/07 - - 0.61 14.21 0.06 0.04 0.57 0.57 - 30 

 22/11/07 - - 0.48 11.16 0.05 0.02 0.45 0.46 - 30 

BS 20/11/06 - - 0.45 6.73 0.03 0.01 0.43 0.44 - 30 
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Draix 12/07/06 - - 0.88 65.77 0.29 0.26 0.59 0.62 - 1 

Brusquet 21/10/06 - - 1.06 99.84 0.44 0.47 0.53 0.59 - 1 

BS 24/09/99 - - 0.80 140.30 0.62 0.50 0.24 0.30 - 1 

 
table 2: Main parameters of the studied samples (BS: bed sediment, FS: flood sediment, others: SPM), see text for the explanation 

and the use of each parameter. 
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year [POC] 

measures 

(days)  

missing 

[POC] (%) 

Q  

measures 

(days) 

missing 

Q value 

(%) 

[SPM] 

measures 

(days) 

missing 

[SPM]  

(%) 

2005   231 36.7 231 36.7 

2006   323 11.5 323 11.5 

2007 322 11.8 322 11.8 322 11.8 

2008 348 4.9 350 4.4 350 4.4 

2009 179 51.0 342 6.3 342 6.3 

2010 320 12.3 336 7.9 336 7.9 

2011 310 15.1 365 0.0 325 11.0 

2012 308 15.8 366 0.0 342 6.3 

2013 325 11.0 365 0.0 340 6.8 

2014 245 32.9 350 4.1 277 24.1 

table 3: percentages of missing measurements of POC, WD and [SPM] at the station 

SORA (Arles). 
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year Ts50 number of events  months 

and days in () 

Tpoc50 number 

of events  

months 

2014 4 5 1 (8), 2, 10 (2), 11 (4) 7 6 
1, 2, 

10, 11 

2013 6 5 
4, 4/5 (11), 5 (6), 11 

(4), 12 
7 5 

4, 5, 

10, 11 

2012 2 4 1, 11( 6), 12 (2) 5 5 
1, 11, 

12 

2011 2 1 11 (2) 3 2 11, 12 

2010 7 8 

1 (3), 2 (2), 3 (2), 4 

(3), 6 (6), 9, 11, 12 

(4)  

8 7 

1, 4, 5, 

6, 11, 

12 

2009 1 2 2 (2), 12 (2)  2 2 2, 12 

2008 3 3 5/6, 11, 12 3 4 
5, 6, 

11, 12 

2007 9 7 2, 3, 6, 7, 8, 11, 12 8 4 
2, 3, 

11, 12 

average 4.3 4.4  5.4 4.4  

table 4: SPM and POC dynamic for the years 2007-2014. Events number was 

handily extracted. Ts50 and Tpoc50 means that 50% of the SPM and POC flux is 

carried in x % of time. 
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figure 1: Lower Rhône, Durance catchment and sampling locations. Orange triangle: 

SPM sampling at the station; blue triangle: water discharge estimated at the station.  
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figure 2: badlands distribution within the Durance catchment given from geological 

map and Corine Land Cover. Blue: vegetalised badlands surfaces; green: barren 

badlands surfaces. 



 

 
This article is protected by copyright. All rights reserved. 

 

 

figure 3: relation (years 2007 to 2014) between (a) SPM concentrations and water 

discharge, (b) SPM concentrations and POC concentration at the station SORA. 
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figure 4: SPM and POC fluxes dynamics at the station SORA (years 2007 – 2014), 

(a): cumulative percentage of the SPM flux versus cumulative percentage of time, 

(b): cumulative percentage of the POC flux versus cumulative percentage of time.  



 

 
This article is protected by copyright. All rights reserved. 

 

figure 5: Modern rPOC (Fm.POC) content as function of their POC values; SPM with 

similar pPOC content would be ranged on a linear trend and expressed a binary 

mixture between pPOC and rPOC values. Regarding the equations, intercept with 

the x-axis would give the pPOC content for badlands, Durance and Rhône SPM. 

Blue squares: Rhône samples, red diamonds: Durance samples, grey circles: 

Brusquet samples and black circles: Laval samples. Equations and coefficients 

correlation are given for each samples set. 
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figure 6: p POC / POC ratio after the forward modelling for each studied samples. A: 

ratio calculated for the samples from the Rhône River and B: ratio calculated for the 

samples from Durance River and streams draining badlands. For the Rhône and 

Durance, these ratios are given according to the two rFM values (blue bars: rFm = 

0.88 and black bars: rFm = 0.99).  
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figure 7 : Contribution and values of various parameters and fluxes (surface, SPM 

and (p)POC) of Durance River and badlands related to those of the Rhône River. A: 

surface; B: SPM flux; C: POC flux; D: POC flux with the weighted pPOC contribution 

(26 %) from 3 sources: Rhône and other tributaries, Durance without badlands and 

badlands from Durance, percentages given in bold italic correspond to the weighted 

contribution of the Durance without badlands (4%) and badlands from Durance 

(12%) to the pPOC flux (37.7 Gg yr-1). 
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figure 8: compilation of the pPOC / POC ratio for the world rivers database (from 

Galy et al., 2015, supp. Material) ranged following their catchment size, modelled 

ratio from this study are given in red bars. For the Rhône and badlands from 

Durance, the ratios are weighted. 
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Badlands as a hot spot of petrogenic contribution to riverine particulate 

Organic Carbon to the Gulf of Lion (NW Mediterranean Sea)  
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We refine the particulate organic carbon (POC) and sediments flux of the Rhône 

River. Using 14C data and a forward modelling, a quarter of this POC has a 

petrogenic origin. Despite their small surface areas, marly badlands outcropping in 

the Durance catchment are view as a significant continental source of petrogenic 

POC and sediments. We suggest that river-dominated ocean margins, as the Rhône 

River, with badlands in their catchment could export a large amount of pPOC to 

marine environments. 

 

 

 

 
 


