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Study  region:  Houay  Xon  catchment  in northern  Laos.
Study  focus:  Because  agricultural  headwater  catchments  of  SE Asia  are  prone  to erosion  and
deliver  a significant  proportion  of the  total  suspended  sediment  supply  to major  rivers  and
floodplains,  the  potential  sources  of sediments  and  their  dynamics  were  studied  for  two
successive  storm  flow  events  in  June  2013.  Characterization  of suspended  sediment  loads
was  carried  out  along  a continuum  of  7 monitoring  stations,  combining  analyses  of fallout
radionuclides,  particle  borne  organic  matter  and  stream  water  properties.
New hydrological  insights:  Radionuclide  activities  showed  that remobilization  of  soil  par-
ticles deposited  during  the  previous  rainy season  or supplied  by riverbank  erosion  is
the dominant  process,  although  pulses  of  surface-soil  derived  sediments  also  propagate
downstream.  This interpretation  is  supported  by suspended  organic  matter  data  that  also
fingerprints  the  mixing  of surface  soil  vs.  subsurface  particles.  The  study  moreover  high-
lights the  advantages  and  the  drawbacks  of combining  fallout  radionuclides,  particle  borne
organic matter  composition  and  stream  water  characteristics  to discriminate  and  quantify
sediment  sources  and  dynamics  in  rural  areas  undergoing  urban  sprawl.
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1. Introduction

Intense monsoon rainfalls may  trigger severe erosion on cultivated or afforested hillslopes in small tropical mountainous
catchments of SE Asia (Sidle et al., 2006; Valentin et al., 2008). Headwater catchments are characterized by high specific water
discharges and sediment loads (Milliman and Syvitski, 1992) and may  be considered as important sources of sediments to
the floodplains of large rivers draining the region, such as the Mekong River (Lacombe et al., 2016). Furthermore, Southeast
Asian rivers were also identified as major contributors of terrestrial organic matter supply to the ocean (Ludwig et al., 1996;
Huang et al., 2012) and play a significant role in the global carbon cycle (Lal, 2003).

Fallout radionuclides can be used to understand the dynamics of suspended matter and sediment deposits in riverine
environments (e.g., Matisoff et al., 2005; Olley et al., 2012, 2013). Beryllium-7 (7Be; produced in the upper atmosphere)
and unsupported lead-210 (210Pbxs; produced by the decay of radon-222 emitted by continental surfaces) are both mainly
supplied to the soil surface by wet deposition (e.g., Caillet et al., 2001; Ioannidou and Papastefanou, 2006; Conaway et al.,
2013). They are characterized by contrasted half-lives, 53.2 days and 22.3 years for 7Be and 210Pb, respectively, and by high
solid − dissolved distribution coefficients (Olsen et al., 1985; Taylor et al., 2012). As they both bind strongly and rapidly to
particles, they may  be used to trace, during flood events, the source of fine suspended sediments from soils to deposition
areas (Dominik et al., 1987; Bonniwell et al., 1999; Matisoff et al., 2002; Evrard et al., 2010; Saari et al., 2010). Furthermore,
in tropical catchments where the summer monsoon is followed by a long dry period, the complete decay of 7Be deposits
occurs every year after the rainy season. It can then be assumed that most of the particles tagged with 7Be at the onset
of the monsoon are supplied to the rivers during the first storms of the rainy season. Discrimination between particles
originating from surface soil and subsurface sources (gullies and riverbanks) can be achieved by comparing their activities
in fallout cesium-137 (137Cs) that was delivered by atmospheric nuclear bomb tests in the 1960s (Ritchie and McHenry,
1990). Measurable activities of 137Cs (half-life of 30.2 years) are still found in surface soils whereas soil particles originating
from gullies or riverbank collapses, sheltered from fallout radionuclides, are depleted in this radioisotope (Olley et al., 1993;
Evrard et al., 2013; Hancock et al., 2014). In addition the composition of total organic matter (Kao and Liu, 2000; Masiello
and Druffel, 2001; Bellanger et al., 2004; Huon et al., 2006; Hilton et al., 2010; Smith et al., 2013; Laceby et al., 2014) can also
be used to trace changes in sources and pathways of particle borne organic matter across catchments (Ritchie and McCarty,
2003; Ellis et al., 2012; Schindler Wildhaber et al., 2012; Ben Slimane et al., 2013; Koiter et al., 2013; Laceby et al., 2016). To
relate water flow to sediment transport, water characteristics such as its electric conductivity and 18O content (�18O) can
also provide useful information on the contribution of overland flow and groundwater to river discharge (Nakamura, 1971;
Pilgrim et al., 1979; Sklash and Farvolden, 1979; Ribolzi et al., 1996; Collins and Neal, 1998; Klaus and McDonnell, 2013).

Relevant information on soil sources of sediments in upstream catchments can be inferred from the study of suspended
and dissolved load characteristics (Gourdin et al., 2014a, 2014b; Gourdin et al., 2015; Evrard et al., 2016). However, the
nature of particulate matter may  change further downstream, in particular, when land use involves areas affected by urban
sprawl. Moreover linking soil sources to sediment delivery is not straightforward as deposition and remobilization processes
take place, in particular, in lower parts of hillslopes (Chaplot and Poesen, 2012) and in ephemeral riverine depositional areas.
The main objective of this study was to determine the contribution of cultivated soil surface and in-channel (subsurface)
sources of particles in suspended sediment loads using a multi-tracer approach that combines fallout radionuclide activity
measurements (137Cs, 210Pbxs and 7Be), total organic matter analyses (total organic carbon and total nitrogen concentrations,
�13C and �15N) and water flow characteristics (electrical conductivity and �18O). These investigations were carried out in
June 2013 for two successive storm flow events along the course of the Houay Xon river, flowing into the Mekong at Luang
Prabang in Laos.

2. Study site

With an extension of 22 km2 the Houay Xon (HX) catchment is located 10 km SE of Luang Prabang in northern Laos
(Fig. 1). Its permanent stream is a tributary of the Nam Dong River, flowing into the Mekong River in Luang Prabang (Ribolzi
et al., 2010). Its upstream basin, the Houay Pano (HP) catchment, is part of the MSEC (Monitoring Soil Erosion Consortium)
network since 1998 (Valentin et al., 2008; Lacombe et al., 2016). The tropical monsoon climate of the region is characterized
by the succession of dry and wet seasons, ca. 80% of annual rainfall (1302 ± 364 mm  yr−1 on average between 1960 and
2013; Gourdin et al., 2014a) occurring during the rainy season from May  to October (Ribolzi et al., 2008). The stream has an
average base flow of 0.4 ± 0.1 L s−1 that may  exceed 150 L s−1 at S4 during important flood events and flows into the Houay
Xon (22.4 km2 catchment) in the village of Ban Lak Sip (BLS).

The HX River is continuously monitored at station S10 (11.6 km2 catchment), located 2.5 km downstream of the village.
Additional sampling stations were installed, one within the BLS village (HP1; Fig. 1) and two further downstream along the
HX River (HX2 and HX3 on Fig. 1). Another station, HT1, was  added to monitor the Houay Thong (HT) tributary before its
junction with the HX River, upstream of HX3 (Fig. 1). The characteristics of all the sampling stations and collection points
are summarized in Table 1.
The geological basement of the Houay Xon catchment is composed at 95% by rocks of the lower Indonisian series
(greywackes, pelites and quartzites; VKL, 1971), overlaid in the uppermost part of the catchment by Carboniferous − Per-
mian limestone cliffs. Altitude ranges between 272 and 1300 m a.s.l. (Fig. 1). Soils consist of deep ( > 2 m)  and moderately
deep (>0.5 m)  Alfisols (UNESCO, 1974), except along crests and ridges where Inceptisols can be also found (Chaplot et al.,
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Fig. 1. Location of the Houay Xon catchment in Laos.

009). Soils, devoid of carbonate minerals (Gourdin et al., 2015), have low cation exchange capacities and low pH ranging
.9-5.5. In the Houay Xon catchment, native vegetation is lowland forest dominated by bamboos that was first cleared to

mplement shifting cultivation of upland rice at the end of the 1960s (Huon et al., 2013). Swampy areas are covered by Napier
rass in the Houay Pano catchment and locally along the main stream at the outlet of Ban Lak Sip. As cultivation mainly
akes place on steep slopes (3–150%, 61% on average), the Houay Pano catchment is very sensitive to soil erosion (Chaplot
t al., 2005; Ribolzi et al., 2011; Patin et al., 2012; Chaplot and Poesen 2012). Due to the decline of soil productivity triggered
y soil erosion over time and to an increasing need of labour to control weed invasion (Dupin et al., 2009), farmers have
rogressively replaced cultivated fields with teak plantations (Lacombe et al., 2016), which may  grow on less fertile soils
nd provide income by tree logging after 10–12 years (Fig. 1). The main land uses over the catchment (Fig. 2) were primary
nd secondary forests (56%), cultivated lands (rice, maize and Job’s tears, 23%), teak plantations (15%) and urban areas (6%).
he downstream part of the Houay Xon catchment is connected to the suburban area of Luang Prabang where urban sprawl
akes place on hillslopes connected to the river (Fig. 2). The evolution of stream water quality has been previously studied
long the course of the HX river and revealed increasing releases of wastewater in downstream direction (Ribolzi et al.,
010).
able 1
haracteristics of the sampling stations installed along the Houay Xon river.

Station* Stream Draining area (km2) Nature of samplesa Type of rainwater sampler Type of river/OF sampler

S1 HP 0.20 SW – automatic pumping collector
S4  HP 0.60 SW cumulative automatic pumping collector
HP1  HP 1.15 SW – auto-capping collector
S10  HX 11.6 SW fractionated automatic pumping collector
HT1  HT 5.6 SW – auto-capping collector
HX3 HX 18.6 SW cumulative auto-capping collector
HX2 HX 19.8 SW – auto-capping collector
S7  hillslope 0.006 OF – manual collection
S8  hillslope 0.006 OF – manual collection
BLS  village 0.01 OF – auto-capping collector

* HP = Houay Pano, HX = Houay Xon, HT = Houay Thong (location on Fig. 1).
a SW = stream water and OF = overland flow.
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Fig. 2. Land use map  of the catchment in 2012 and river water sampling devices installed at the different stations. Left picture: automatic pumping sampler;
right  picture: passive auto-capping collector (flood rise sampling). Bottom sketch: section views of the sampling stages of the passive auto-capping collector
during water level rise (1–3) and decrease (4).
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Table  2
Slope and estimated Manning’s n coefficients used for discharge calculation at the passive collection stations.

Stations* HP1 HT1 HX3 HX2

Slope 0.002 0.010 0.008 0.010
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Manning’s coefficient 0.040 0.056 0.029 0.022

* See Table 1 for description of the acronyms and Fig. 1 for station locations.

. Materials and methods

.1. Sampling and data collection

Rainfall, stream and overland flow water samples were collected during two storm flow events that occurred at the
eginning of the rainy season on June 2 and June 4, 2013. The cumulated rainfall since the beginning of the year amounted to
32 mm for a total of 1742 mm in 2013. Rainfall intensity was monitored by an automatic tipping-bucket and by cumulative
aily rain gauges. Stream water was collected by: (1) direct water uptake by automatic pumping samplers into plastic bottles
t S4 and S10 after each 2-cm water level change above the defined flood threshold (Fig. 2); (2) passive collection during
he flood rising stage at stations HP1, BLS, HT1, HX3 and HX2 (Fig. 2). The later collectors were made of ca. 1.3 L capacity
uperimposed tubes, installed along the river channel. They started filling with stream water once the level reached a fixed
eight and closed automatically by the means of an internal floating ball, preventing further mixing with overflowing river
ater (Fig. 2). Additional river water samples were collected manually during both the flood rise and the falling limb. Stream

ischarges were calculated from water level continuous records and rating curves at stations equipped with a gauging weir
S1, S4, S10) or estimated using Manning’s equation (Manning, 1889 in Ferguson, 2010), for the sites equipped with passive
uto-capping collectors using the following equation:

Q = (1/n) × S1/2 × A × (A/P)2/3 (1)

here Q is the water discharge (m3 s−1); n is the Manning’s roughness coefficient estimated for open channel flows following
he method in Chow et al. (1988); S is the slope gradient (fractional number); A is the cross sectional area of flow (m2) and P
s the wetted perimeter (m). The values of S and n are summarized for each station in Table 2. Manning’s coefficient typically
aries between 0.012 for concrete to 0.100 for natural streams with heavy brush and timber.

The A and P values were determined for each corresponding water level (with 5 cm-  height increments) using natural
iverbed cross-sections. Stream discharge vs. water level relationships used at the passive collector stations were derived
rom continuous water level measurements by Schlumberger CTD-Diver

®
probes (Appendix A in Supplementary material).

Overall, 58 total suspended sediment samples (TSS) were collected, 53 at the 7 stations (S1, S4, HP1, S10, HT1, HX3 and
X2; Fig. 1) and 5 in a culvert installed along the main road in Ban Lak Sip (ca. 1 ha catchment). Samples were dried for 48 h at

ow temperature (t ≈ 50 ◦C) shortly after collection to avoid clay-bound organic matter breakdown. All results are reported
n Appendix B in Supplementary material. Surface soil samples (0–10 cm soil depth or less, n = 65), previously collected using
lastic trowels or density cylinders in the hillslopes connected to the Houay Pano Stream and the Houay Xon River (Huon
t al., 2013; Gourdin et al., 2015) were considered in this study. Additional subsurface sources of sediments, namely gullies
n = 6) and riverbanks (n = 8), were sampled in December 2012.

.2. Fallout radionuclide activity measurements

Total suspended sediments and rainwater sample treatments were conducted following the protocol detailed in Gourdin
t al. (2014a, 2014b). Sample residues were placed in polypropylene tubes or packed into 15–60-mL polyethylene containers
nd sealed airtight to contain 222Rn and allow in-growth of its decay products. Gamma  spectrometry analyses were conducted
t the Laboratoire des Sciences du Climat et de l’Environnement (LSCE) in Gif-sur-Yvette (France) for most samples and at
he Laboratoire Souterrain de Modane (Reyss et al., 1995) for the smallest sediment samples (<4 g of dry matter), using low-
ackground, high-efficiency, well-type or coaxial N- and P- type (Canberra Ortec

®
) GeHP detectors. Samples were analyzed

ithin less than 53 days (7Be half-life) after sampling. Counting time reached a maximum of ca. 9 × 104 s to minimize 7Be
ecay during counting. Depending on the amount of sediment recovered, radionuclide activities were measured in individual
r composite suspended sediment samples. The 7Be, 137Cs and 210Pb activities were determined at 477.6 keV, 661.6 keV and
6.5 keV, respectively. The 210Pbxs activity was calculated by subtracting the supported activity from the total 210Pb activity
measured at 46.5 keV) using two 226Ra daughters, 214Pb (average count at 295.2 and 351.9 keV) and 214Bi (609.3 keV)
Le Cloarec et al., 2007). All measurements were corrected for background level determined every two months and for
etector and geometry efficiencies. All activities were expressed in Bq kg−1 and were decay-corrected to the sampling date

June 2013). Counting efficiencies and reliability were checked using certified International Atomic Energy Agency (IAEA)
tandards prepared in the same containers as the samples. Efficiencies were interpolated for 7Be energy. The uncertainty on
adionuclide activity measurements averaged 16% for 210Pbxs and 7Be and up to 34% for 137Cs, depending on the amount of
ample available, the counting time and the detector type.
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Table 3
Average total organic matter composition and radionuclide activity in soils and sediments of the Houay Xon catchment.

Location TOC (mgC g−1) TN (mgN g−1) TOC/TN �13C (‰,  PDB) �15N (‰, AIR) 137Cs (Bq kg−1) 210Pbxs (Bq kg−1)

Surface soils (0–10 cm) 25 ± 5 2.1 ± 0.5 11.6 ± 2.0 −25.5 ± 1.4 6.7 ± 1.3 2.2 ± 0.9 38 ± 19
Stream  banks 13 ± 6 1.1 ± 0.3 12.4 ± 7.7 −23.2 ± 4.4 8.6 ± 1.9 0.4 ± 0.3 14 ± 11

Gullies  14 ± 7 1.4 ± 0.6 9.6 ± 0.8 −22.7 ± 0.8 8.7 ± 2.1 0.4 ± 0.3 21 ± 27

Means ± 1 standard deviation. Data in Gourdin et al. (2014b, 2015).

The respective proportions of: (1) recently eroded sediment delivered during the event and labelled by rainfall radionu-
clides and, (2) surface soil particles labelled by 137Cs, opposed to subsurface particles supplied by gullies and riverbanks
were estimated in TSS load. The proportion of recently eroded sediment was  determined following the method of Matisoff
et al. (2005):

F = 100 × [(A/B)/(A0/B0)] (2)

where F is the percentage of recently eroded sediment, A and B are the 7Be and 210Pbxs activities in TSS (Bq kg−1) and A0 and
B0 are the 7Be and 210Pbxs activities in rainfall (Bq L−1). A constant value of 6.2 for A0/B0 was  used for F because a constant
7Be: 210Pb ratio was observed for the daily cumulative wet deposition both on June 2 and June 4 events (Gourdin et al.,
2014a).

The proportion of surface soil − derived particles in each sediment sample was  estimated using the equation proposed
in Brigham et al. (2001) and Olley et al. (2012):

� = 100 × [(Cssample − Cssubsurf .)/(Cssurf .soil − Cssubsurf ·)] (3)

where � is the percentage of particles derived from surface soil, Cssample is the 137Cs activity in the sample, Cssubsurf. and
Cssurf.soil are the mean 137Cs activities in subsurface and surface soils, 0.4 ± 0.3 Bq kg−1 and 2.2 ± 1.9 Bq kg−1, respectively
(see Table 3 further in the text).

3.3. Total organic matter composition

Total suspended sediment samples were grounded with an agate mortar, weighed and packed into tin containers
(5 × 9 mm).  Total organic carbon (TOC) and total nitrogen (TN) concentrations, and stable C and N isotopes were measured
using the Elementar

®
VarioPyro cube analyzer on line with a Micromass

®
Isoprime Isotope Ratio Mass Spectrometer (IRMS)

facility at iEES-Paris. All samples were first analyzed for TOC and �13C using a set of tyrosine standards to calibrate TOC
and TN concentrations and �13C measurements. When too low TN contents were obtained, a second run was  performed on
separate aliquots in order to optimize sample weight for �15N measurements. Oxygen for combustion was injected during
70 s (30 mL  min−1) and temperatures were set at 850 ◦C and 1120 ◦C for the reduction and combustion furnaces, respec-
tively. Analytical precision was better than ± 0.1‰ vs. PDB and 0.2‰ vs.  AIR standards (Coplen et al., 1983) for �13C and �15N,
respectively and ± 0.1 mg  g−1 for TOC and TN. Data reproducibility was checked by replicate analyses of samples (50%) and of
the tyrosine laboratory standard (Girardin and Mariotti, 1991). Due to the clayed and siliceous nature of soils and suspended
sediments, no preliminary carbonate removal was  required (Gourdin et al., 2015). Controls were made by adding a few drop
of 10% HCl on selected samples. No visual CO2 bubbling, typical for the dissolution of carbonate minerals, was observed.

3.4. Particle size distribution measurements

The particle size distribution of TSS was analyzed using the laser diffraction system (Malvern
®

Mastersizer 2000) coupled
to a liquid dispersing unit (Hydro 2000G) available at Géosciences Paris-Sud lab (Université Paris-Sud, Orsay, France). The
parameter chosen for comparison of the particle size distributions is d50, the median diameter (�m)  of sediment particles
(Grangeon et al., 2012).

3.5. Water ı18O and electrical conductivity measurements

Water sample aliquots were recovered in 30-mL glass flasks from stream, overland flow and rain, and filtered
using <0.2 �m acetate filters. Stable oxygen isotope measurements were carried out using the standard CO2 equilibration
method (Epstein and Mayeda, 1953) and determined with a VG Optima

®
mass spectrometer (IEES-Paris, Thiverval Grignon,

France). Isotopic ratios are reported using the �18O notation, relative to the Vienna-Standard Mean Ocean Water (V-SMOW,

Gonfiantini, 1978) with an analytical precision better than ± 0.1‰.  Water electric conductivity (EC) was  monitored every
6-mn at the inlet of each gauging station using in situ CTD-Diver

®
probes. Complementary measurements were performed

with an YSI
®

556 probe on water samples.
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. Results and interpretation

.1. Storm flow characteristics

Four successive storms took place between June 2 and 4. They were characterized by variable rainfall intensities (for a
etailed description see in Gourdin et al., 2014a) and triggered two successive low intensity flood events that propagated
ownstream in the Houay Xon catchment (Fig. 3). At four stations located downstream of nearby residential areas (i.e. HP1,
10, HX3 and HX2, Fig. 1 and 2), daily cyclic variations of river EC were observed as a consequence of variable wastewater
eleases into the channel. For two of these stations (S10 and HX3), pulses of high EC (>1000 �S cm−1) occurred during base
ow, resulting from intermittent releases by a fruit juice factory located just upstream of S10. They were removed in order to

ocus on the study of the evolution of EC during the flood events. The river water EC evolved during the two floods (Fig. 4) as
he result of varying contributions of event water (EW) and pre-event water (PEW) to total water discharge (Gourdin et al.,
014b). Groundwater (GW), characterized by high EC (350–550 �S cm−1), typically supplies stream water during base flow
PEW) whereas rainwater with very low EC (mainly below the detection limit of the conductivity meter) has a dilution effect
uring the floods. Most of EW was supplied by overland flow (OF) that displayed intermediate EC values, 20–150 �S cm−1,
ontrolled by interactions between runoff water and surface soil particles along catchment’s slopes (Gourdin et al., 2015).
owever, in most cases OF is characterized by low EC, ca.  20 �S cm−1. As a consequence, mixing between GW and OF supplied

tream water compositions with typically decreasing patterns (down to 100–200 �S cm−1), related to the dilution of PEW
ase flow by OF (Fig. 4) and initiated during the water rising stage. River water �18O ranged −9.5–−4.1‰ (Fig. 4). These values
uggest a higher 18O content for PEW and a lower 18O content for EW during the period of maximum rainfall intensity of
he June 2 storm and during the second and third storms on June 4 (Gourdin et al., 2014a).

Rainclouds moved in SE direction across HT1 and HX3 drainage areas. Afterwards, they continued in upstream direction
ver the catchment and reached successively S10, HP1, S4 and S1 (Fig. 3). Most discharge peaks involved a large supply of
F water, as illustrated by the opposite evolution of EC and discharge. However, the dilution trend is thoroughly reduced
ownstream (at HT1, HX3, HX2; Fig. 4), in particular during the second flood of June 4, indicating that the contribution of
oil water and groundwater was enhanced compared to the pattern observed in the upper catchment. These events most
ikely corresponded to OF originating from the hillslopes directly connected to the main channel.

Three successive storms triggered flood events on June 4. During the first event that occurred during the night, cumulative
ainfall amounted ca. 5-mm resulting in limited rises of water level at the gauging stations (Fig. 4).

The increase of water discharge at all stations was  almost synchronous. The second storm took place 12 h later and was
ollowed less than 3 h after by a third event (Fig. 3). During these two  storms, rainclouds moved from S10 towards S1, as
hown by the relative increase of rainfall intensity (Gourdin et al., 2014a). In contrast to June 2, rainfall did not start earlier
t HX2, suggesting a SW origin of the related air masses. The successive peaks of water discharge reached higher levels than
uring the June 2 event at all stations with the exception of HX2 (Fig. 3).

.2. Suspended sediment transport during storm flows

.2.1. Total suspended sediment load and particle size distribution
The TSS loads ranged 0.2–27.7 g L−1 (Appendix B in Supplementary material). As for water discharge, the highest values

ere recorded at downstream stations during both floods (HT1, HX2 and HX3, Fig. 5). Suspended loads first increased during
he water rising stage and quickly decreased near peak flow (S4, HP1, S10, HT1 and HX3, Fig. 5). This behaviour was mainly
bserved during the June 4 event and reflected a clockwise hysteresis pattern, as shown for the upper catchment in 2012
y Gourdin et al. (2014b). The median size of suspended particles ranged between 6 and 24 �m,  showing the preferential
ransport of fine sediments by these low intensity floods. Except for HX2, the highest d50 values were recorded during the
une 4 storm. At S4, S10 and HX3, d50 values decreased at peak flow. In other words, finer particles were associated with
igher discharges and TSS loads.

.2.2. Fallout radionuclide activity in suspended sediment loads
The fallout radionuclide activities in TSS are reported in Appendix B in Supplementary material and their temporal

volution is plotted on Fig. 6. Maximum activities reached 234 ± 18 Bq kg−1 for 7Be (first discharge peak at S10 on June 2),
5 ± 20 Bq kg−1 for 210Pbxs (main discharge peak at S4 on June 4) and 3.1 ± 1.3 Bq kg−1 for 137Cs (main discharge peak at
4 on June 4). Half of the TSS loads displayed low 137Cs activities (below 0.5 Bq kg−1) suggesting that the contribution of
ubsurface sources to suspended loads, dominated during both floods, in particular in the downstream areas. High 137Cs
ctivities (>1.5 Bq kg−1), reflecting high contributions of particles derived from soil surface layers, were only measured at
pstream stations S4, HT1 and HX3 on June 4 during the first and second discharge peaks.

The 210Pbxs activities of suspended sediments at S4 were high and increased with Q and TSS load during the rising stage
f the June 4 flood (Fig. 6). Similarly, 210Pbxs evolved together with Q and TSS at HX2 during the same flood. In contrast,

ecreasing trends were observed at HX3 during both events and at HT1 during the June 2 event.

The 7Be activities strongly varied during both flood events. On June 2, several samples displayed values above 100 Bq kg−1

including all S10 samples) and only one showed an activity lower than 50 Bq kg−1. In contrast, all suspended sediment
amples collected during the second flood displayed low activities below 100 Bq kg−1 including 13 samples with activities
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Fig. 3. Rainfall intensity (I, black bars), Houay Xon water discharge (Q, shaded area) and water samples collection time (open circles) during the June 2 and
4  floods at each station along the HX continuum (location in Fig. 1). For HT1, HX3 and HX2 rainfall intensity is that recorded at S10. Note the different Q
scales.

below 50 Bq kg−1. This behaviour may  be related to 7Be wet deposition that was  almost twice lower on June 4 than on June
2 at S10, 6.0 ± 0.1 vs. 11.6 ± 1.0 Bq m−2, respectively, despite similar cumulative rainfall records for both floods (Gourdin

et al., 2014a). Different fallout radionuclide evolution patterns were observed at the successive stations during each flood.
At S10, HT1 and HX3 on June 2, 7Be and 210Pbxs activities decreased throughout the event, a behaviour consistent with the
decreasing trends observed for both radionuclides in rainwater during the same event (Gourdin et al., 2014a). The collection
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Fig. 4. Stream water �18O (filled circles and dashed line) and water electric conductivity (EC, solid line) records during the June 2 and 4 floods at each
s
t

o
a
e
c

tation  (location in Fig. 1). Shaded areas represent water discharge (Q), vertical bars rainfall intensity (I) at each station, except at HT1, HX3 and HX2, where
he  rainfall data recorded at S10 were used. Note the different Q and EC scales in each plot and the different time scales for each flood.

f particles with high 7Be activities reflects the transport of sediments labelled by the previous rainfall events that occurred

t the beginning of the 2013 monsoon. Furthermore, 7Be displayed larger variations upstream, whereas dilution of recently
roded particles (high 7Be content) by remobilized particles (depleted in 7Be) was  likely observed downstream. The particles
ollected at all stations on June 5, i.e. the day following the second flood, displayed low fallout radionuclide activities (Fig. 6).
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Fig. 5. Total suspended sediment loads (TSS, filled circles) and particle size distributions (d50, triangles) during the June 2 and 4 floods at each station
(location in Fig. 1). Shaded areas represent water discharge (Q), vertical bars rainfall intensity (I) at each station, except at HT1, HX3 and HX2 where rainfall
data  recorded at S10 were used. Note the different Q and TSS scales in each plot and the different time scales for each flood.
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Fig. 6. Fallout radionuclide activities (7Be, filled circles; 210Pbxs, triangles; 137Cs, squares) in TSS loads collected during the June 2 and 4 floods at each
station  (location in Fig. 1). Shaded areas represent water discharge (Q), vertical bars rainfall intensity (I) at each station, except at HT1, HX3 and HX2 where
S10  data were used. Note the different Q scales and the different time scales for each flood.
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4.3. Composition of suspended organic matter

The composition of particle borne organic matter in TSS (TOC and TN concentrations, TOC/TN, �13C and �15N) is reported
in Appendix B in Supplementary material. The TOC concentrations ranged between 8 and 129 mgC  g−1. More than half of the
samples are enriched in TOC compared to the average concentration of 25 ± 5 mgC  g−1 reported for surface soils of the catch-
ment (Table 3). The TOC concentration decreases with soil depth to averages of 14.8 ± 4.7 mgC  g−1 and 12.1 ± 4.2 mgC  g−1 at
10–20 cm and 20–30 cm soil depths, respectively (Huon et al., 2013). The �13C increases with soil depth to −24.0 ± 1.3‰ at
20–30 cm.  Accordingly, soil particles originating from subsurface sources should be depleted in TOC and enriched in 13C (as
well as in 15N) with respect to surface soil derived material.

In upper parts of the catchment (S1, S4, HP1) and downstream (S10) their temporal evolution during the floods is con-
sistent with the observations made during the study of a previous flood, in 2012 (Gourdin et al., 2015). Suspended loads
are characterized by varying suspended organic matter compositions. Most of the changes took place during the discharge
peaks, during which TOC concentration, TOC/TN and �13C in TSS loads decreased towards the average composition of surface
soil-derived organic matter at S1 and S4. Further downstream the �13C values were higher than in the upper parts of the
catchment, which reflects both the input of C4-plant derived organic matter originating from swamps covered with Napier
grass along the HX course (Huon et al., 2013) and of subsurface particles supplied by channel banks and gullies (Table 3).
Half of suspended sediments collected downstream (Appendix B in Supplementary material) displayed �13C values above
−24‰.  These two potential sources of suspended organic matter could not be separated except for S1 where Napier grass
grows within the main channel just upstream of the station. The enhanced supply of weakly mineralized organic matter
(i.e., vegetation debris) is illustrated by increasing TOC/TN values. Ratios in the range 9–14 are typical for surface soil organic
matter in the catchment (11.6 ± 2.0; Table 3) whereas channel banks display a wider range of values, associated with the
different types of organic matter deposited in the channel during water level decrease. It can be noticed that high supplies
of weakly degraded vegetation debris should also be characterized by low �15N (Gourdin et al., 2015). At peak flow most
�15N values in suspended sediments shifted to ca. 7–8‰,  in the range of the surface soil (6.7 ± 1.3‰,  Table 3) and subsurface
(8.6 ± 1.9‰,  Table 3) pools. Only a few low values, down to 2‰, clearly support the major contribution of weakly mineralized
organic matter at S4, S10 and HT1 (Appendix B in Supplementary material).

5. Discussion

With a return period of less than 1 year (Bricquet et al., 2003), the two flood events studied were representative of
the common rainfall conditions prevailing during the rainy season in northern Laos. Although low rainfall intensities were
observed, early monsoon events may, nevertheless, be responsible for significant sediment yields because: 1) they take place
when soil surfaces are still sparsely covered by vegetation and, 2) they remobilize sediment deposits along stream banks
and in river channels and swampy areas. Surface soil is the dominant potential source of particles for cultivated areas in
the upper catchment parts. In contrast sediment remobilization processes are expected to play a key role in downstream
areas (Gourdin et al., 2014b). Mixing between these two potential sources of suspended sediments can be inferred from
radionuclide activity measurements with the � and F parameters (Fig. 7). Total suspended sediment loads in streams draining
cultivated sub-catchments (S4, HP1 and HT1) are characterized by lower sediment yields (below ca.  200 g s−1). They can be
distinguished from those collected downstream along the main river channel (above ca.  200 g s−1; S10, HX2 and HX3).
The former display variable proportions of recently eroded (ca. 0 < F < 40%) fine suspended sediments (ca. 10 < d50 < 25 �m)
originating, to a large extent, from the surface soil of these sub-catchments (ca. 40 < � < 100%). In contrast, the later display
a lower contribution of surface soil 137Cs-enriched particles (ca. � < 40%) with an equivalent or even higher proportion of
recently eroded particles labelled by 7Be/210Pbxs (ca. 0 < F < 60%). High F and low � values reflect higher occurrences of 7Be-
labelled subsurface particles depleted both in 137Cs and in 210Pbxs and also result from the exposure of collapsed riverbanks to
recent radionuclide deposition by rainfall (Olley et al., 2013; Laceby et al., 2014). The smaller particle size of the corresponding
TSS loads (d50 ≈ 10–12 �m)  is best explained by particle sorting processes that take place during suspended transport in the
river, i.e., local deposition of coarser particles due to decreases in flow velocity. In addition, runoff flowing on deeper soil
layers exhausted at construction sites (i.e., Nelson and Booth, 2002) also likely supplied fine subsurface particles depleted
in 137Cs, particularly in the downstream section of the main HX channel (Fig. 2).

The composition of particle borne organic matter in samples with low sediment content (below ca.  200 g s−1) also cor-
responded to surface soil sources that are characterized by high TOC contents (3–13 mgC  g−1, Fig. 8), high TOC:TN ratios
(>12, Fig. 8), relatively low �15N (<6‰,  Fig. 8) and variable �13C values (ca. −20‰ to −27‰ in Fig. 8). The 13C-depleted
samples are consistent with surface soil organic matter supply derived from land under shifting cultivation of upland rice
and teak plantations at S4 (C3-dominant vegetation cover in the Houay Pano catchment, Fig. 2) whereas the 13C-enriched
samples may  reflect mixed C3-C4 vegetation covers in the HT catchment (Fig. 2). However, the input of subsurface particles
can also provide 13C-enriched particle borne organic matter from deep soil layers. Indeed, the composition of soil organic
matter often displays 13C- and 15N-enrichment patterns with depth (up to 1–3‰),  associated with selective mineralization

or organic compounds (e.g., Desjardins et al., 1994; Boström et al., 2007; Rumpel and Kögel-Knabner, 2011), which could
explain the observed trends.

The large variability observed is also controlled by the dynamics of TSS supply during the flood events and involves
the mixing of recently eroded soil surface particles, originating from cultivated soils, and soil surface particles previously
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ig. 7. Relations between total suspended sediment (TSS) flux and the proportion of recently eroded sediment (F), the proportion of surface soil-derived
articles (�), the median particle size diameter (d50) and the water electrical conductivity (EC) in TSS loads sampled during the June 2 and 4 floods at 6
tations along the HX continuum (location in Fig. 1). The dashed lines separate TSS with very low sediment yields at ca.  200 g s−1.

eposited in the channels that are remobilized and exported downstream during the floods. When plotted against TSS flux,
he evolution of TOC content, TOC/TN, �13C and �15N display typical hyperbolic like trends (Fig. 8) that have been interpreted
n different ways. They can either be explained by an enhanced contribution of particulate “fossil” organic matter supplied by
n increasing mechanical erosion of the geological basement of the riverbed during storm flows (Meybeck, 2006; Copard et al.,
007; Clark et al., 2013) or by the evolution of TSS loads towards the “average” composition of soils in the catchment with

ntensifying soil erosion and sediment transport (Ludwig et al., 1996). They can alternatively reflect the dilution of particle
orne organic matter by in-channel or allochthonous mineral matter supply (Gourdin et al., 2015). The first interpretation
oes not match our data as only low intensity erosive events occurred. With high sediment deliveries �15N increased to ca.
–9‰ (Fig. 8) but low values are rather expected for the contribution of “fossil organic matter”, often displaying the signature
f buried vegetation residues (Huon et al., 2006). Except for TOC, the supply of sediments with a typical subsurface �13C, �15N
nd TOC/TN signature corresponding either to particles originating from subsoil layers and exported by gullies or remobilized
atter from river channels (Table 3), better matches with the observed trends. However, no significant correlation directly

inks radionuclide activities and total organic matter composition and only mixing patterns were observed. In addition, the
ontribution of fine subsoil particles, impoverished in organic matter, supplied by exhausted soils at construction sites, could
ave further diluted the TOC concentration of TSS loads in downstream sections without significantly changing the isotopic
omposition of suspended organic matter.

. Conclusions
Monitoring suspended sediment loads with fallout radionuclide activities and total organic matter elemental and stable
sotopic compositions during two successive low intensity floods at the beginning of the rainy season across a network
f nested sub-catchments along the Houay Xon River in Northern Laos provided information on sediment sources and
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Fig. 8. Relations between total suspended sediment (TSS) flux and total organic carbon concentration (TOC), TOC/TN ratio, �13C and �15N of particle borne
organic matter in TSS loads sampled during the June 2 and 4 floods at 6 stations along the HX continuum (location in Fig. 1). The dashed lines separate TSS
with  very low sediment yields at ca.  200 g s−1. Same legend as in Fig. 7.

propagation. In upper catchment parts most sediment originated from the surface layers of cultivated soils. Further down-
stream, mixed contributions of surface (recently eroded surface soil particles) and subsurface (in-channel remobilization
and riverbank erosion) particle sources dominated. In addition suspended loads also likely involved the contribution of
recently eroded subsurface particles supplied by runoff from exhausted soil layers at construction sites. Overall, the data
showed that, during low intensity storm flow events, the source of suspended sediments along the course of this tropical
mountainous river was mainly controlled by land use and by the connectivity of hillslopes to the mainstream channel.
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