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A B S T R A C T

The concentration of meteoric 10Be in estuarine sediment samples has been measured by Spanish Accelerator for
Radionuclides Analysis (SARA) at CNA and subsequently used to assess the denudation rate in Guadiana river
basin together with the sediment budget method, on both sides of the frontier between Spain and Portugal. The
two methods yielded coincident results. The estimation by the 10Be method gave the denudation rate of
(0.76 ± 0.10)× 10−2 cm/y. After correcting for an approximate 80% attenuation of the sediment discharge
into the ocean, caused by the river dams, the sediment budget method yielded the rate of
(0.77 ± 0.17)× 10−2 cm/y.

1. Introduction

Erosion and sedimentation responses to the changes occurring in
hydrographical basins or in fluvial channels are of broad scientific and
practical interest in agriculture, forestry and territorial management in
general. There is a need to predict how the land use would affect the
erosion and sedimentation as well as the relative importance of the
different sediment sources to prioritize measures of erosion control. It is
necessary to anticipate the location of sediment deposition, the storage
duration and their re-mobilisation, therefore, a precise estimation of
denudation rate can be used to estimate the temporal variability of the
sediment retention rate within the upstream of the estuary limits.

In the recent years, great progress in several areas was achieved
thanks to the application of meteoric 10Be in terms of the measurements
of soil profile ages, denudation rates, production models in the atmo-
sphere, the influence of the weather on its production or solar activity
(Field et al., 2006; Heikkilä, 2007).10Be is a radionuclide which may be
found in water, soil and rocks in very low concentration such as
107 atm/g in sediments, 107 atm/m3 in aerosol filters, 105 atm/L in rain
waters or 104 atm/gin ice cores (von Blanckenburg, 2005; von
Blanckenburg et al., 1996). It is produced by interaction of cosmic rays

with atmospheric 16O and 14N (meteoric) and 16O within mineral lat-
tices at the Earth's surface (in situ) through spallation reactions
(Fig. 1a). Meteoric 10Be is primarily produced in the lower Stratosphere
and upper Troposphere. The average residence time in the atmosphere
ranges between two weeks and several years, depending on the origin
layer (Troposphere or Stratosphere). The production, Stratosphere-
Troposphere exchanges, as well as transport and tropospheric deposi-
tion, modulate the fluxes to the Earth surface, and influence the 10Be
concentrations at the surface (Graly et al., 2010). 10Be attached to
aerosols particles in the atmosphere is carried to the lower Troposphere
and deposited at the Earth surface, either by rain, in soluble form or by
dry deposition (Field et al., 2005). Once on the surface, the high re-
activity of hydrolized 10Be at most natural pH levels ensures that me-
teoric 10Be is readily adsorbed to particles in the upper meters of soil
profiles (von Blanckenburg et al., 2012), serving as a tracer of the path
taken by soil particles. Sedimentary systems can record the long-term
deposition of meteoric 10Be even after complex pathways due to the
chemical leaching, dissolution by rain, erosion or mixing in soils. Hence
meteoric 10Be has a great potential to be used as a geochemical tracer
for denudation rate (Ebert et al., 2012; Masarik and Beer, 1999).

The denudation rate in a drainage basin is also very useful for the
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study of the sediment filling models of estuarine systems. It refers to the
total mass of solids removed from the shallow depth at Earth surface. It
is the result of the combined effect of the physical (erosion) and che-
mical (weathering) processes. Since cosmogenic radionuclides collected
into the material are continuously transferred to the ground surface, the
total denudation rate (cm/y) can be measured. The estimations of the
rate of the cosmogenic radionuclide transfer into soils reflect the de-
nudation rate of fluvial geographical accidents, which are subject to
geological processes such as weathering, mass movements and surface
and fluvial flux. Those geological processes can be measured in time
scales ranging from 103 to 107 years (von Blanckenburg, 2005;
Willenbring and von Blanckenburg, 2010). The advantages of the

meteroric 10Be over the insitu-produced nuclides consists in the higher
concentrations of the former, requiring smaller sample amounts, its
applicability to quartz-free lithologies, and the possibility to determine
denudation rate time series in fine-grained fluvial or estuarine sedi-
ments. The interference of 10Be produced in situ in these depositional
settings may be easily eliminated by chemical stripping from the grain
surface (meteoric) and dissolution of the mineral (in situ produced)
(Willenbring and von Blanckenburg, 2010).

The sediment budget method for a river catchment has to take into
account all the sources and deposition of the sediment as well as its
transportation from the origin to its evacuation from a drainage basin,
usually called the yield (Wasson, 2003). In its complete form, the

Fig. 1. a) Diagram of the production of both meteoric 10Be in atmosphere and in situ 10Be at the Earth's surface. The assessment of the denudation rate is calculated
with the variables in Eq (2). b) Schematic diagram of a soil profile and definitions of variables for the assessment of the denudation rate by sediment budget method
by Eq. (1).

S. Padilla et al. Journal of Environmental Radioactivity 189 (2018) 227–235

228



sediment budget method represents the rate of erosion combined with
the transportation of the sediment through the fluvial channels, its
temporary storage in bars, banks and alluvial fans, as well as its
weathering and breakdown during transport and storage (Reid and
Dunne, 2000). Usually, the sediment budget also includes measure-
ments of the residence time of the sediment in the intermittent traps,
thus providing the data necessary for estimating the long-term impacts.
Then, the results can be combined to produce an estimation of the se-
diment fluxes in several transport paths within the drainage the basin
(Fig. 1b). The data can be used to assess the magnitude of the changes
in the production of the sediment and the relative importance of sedi-
ment sources (Reid et al., 1981). The denudation rate in the drainage
basin and the subsequent transfer to the ocean-continent interface is a
key parameter for forecasting the evolution of coastal systems like es-
tuaries, deltas and lagoons. This is of particular importance for the
estuarine/deltaic areas like the Guadiana Estuary because of the ac-
celerating sea–level rise on one hand and the retention of land born
sediments behind the river dams on the other.

In order to assess the coherence of the information based on 10Be
data we confronted denudation rate derived from the 10Be measurement
with the result obtained by the sediment budget method. The study was
applied to the samples from the estuary of Guadiana River making the
border between Spain and Portugal in the SW Iberian Peninsula.

2. Geographical and hydrodynamic setting

The Guadiana River has its sources in Lagunas de Ruidera in Spain,
at 1700m altitude, and runs 810 km until reaching the Atlantic Ocean,
between the Portuguese town Vila Real de Santo António and the

Spanish town Ayamonte. Located between 37° and 40° N and between
2° and 8° W, its catchment area covers 66 889 km2 (Fig. 2). The estuary
is funnel-shaped, deeply incised terminal part of river valley, infilled
with post-glacial sediments (Boski et al., 2008). Currently, it is in ad-
vanced state of sediment infilling, with the formation of a flood delta in
its mouth caused by the interaction of coastal sedimentation processes
and a relatively stable sea level. According to the chemical definition of
an estuary it is located along a 10 km of the terminal of boundary be-
tween Portugal and Spain, in a semi-arid region with a Mediterranean
climate (Martinez-Aldaya and Llamas, 2009), characterized by a pro-
nounced inter-annual variability, with sporadic rainy years alternating
with years of droughts (Boski et al., 2008). As a result, river inputs to
Guadiana estuary are highly variable resulting, at a seasonal and inter-
annual scale, in droughts and episodic floods in the river basin. In the
period 1947–2001, the monthly river discharge ranged from<10m3/s
to 4660m3/s and 50% of the recorded values were less than 110m3/s
(Fortunato and Oliveira, 2004). The mean river flow measured at Pulo
do Lobo station (about 85 km upstream from river mouth) during
summer reached 20–25m3/s during 1997 and 1998, before the closure
of Alqueva dam and decreased below 10m3/s from 1999 to 2003,
during the Alqueva dam construction and filling (Galvão et al., 2012).
The estuary exhibits a semi-diurnal, meso-tidal regime with a mean
range of approximately 2.5m. The mean neap tidal range is 1.22m and
the mean spring tidal range is 2.82m with a maximum spring tidal
range of 3.5m (Garel et al., 2009). In the context of rapid sea-level rise
in the 21st century, the reduction of fluvial sediment supply due to the
regulation of river discharge represents a major challenge for the
management of estuarine ecosystems such as salt marshes and the re-
duction of sediment into the sea also result in severe erosion of the

Fig. 2. Guadiana river hydrographical or drainage basin (http://www.chguadiana.es/).
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Guadina coastal systems including its eastern shoreface (Sampath and
Boski, 2016). Therefore, a precise estimation of denudation rate can be
used to estimate the temporal variability of the sediment retention rate
within the upstream of the estuary limits, which is about 60 km above
the river mouth. Thereby, a coastal zone management strategy can be
developed to mitigate of adapt to the impacts on the lower Guadiana
estuary habitats and shoreface erosion due to flow regulations in the
upstream of the estuary.

3. Sampling and sample preparation

For sampling of surficial sediments, 8 representative sampling
points in the estuarine area were selected, in 2008. The sampling points
were located in the lower estuary within 10 km of the shoreline, re-
presenting almost entire mixing zone of the estuary (Fig. 3). The surface
sediments correspond to the intertidal flats along principal channels in
the estuary. They included the main channel of the Guadiana River
itself and the stream channels in the Spanish basin such as “La Canela”,
“San Bruno” and “Carreras”. The channels sites were chosen to re-
present active sediment deposition environment. (Delgado et al., 2011).
The sample profiles are shown in Table 2. The purpose of the sample

preparation procedure was to extract Be from sediments and convert it
to BeO, which can then be used as target for the AMS measurement. The
procedure of leaching and extraction of Be from river sediment samples
(Fig. 4) has been adapted to our laboratory from (Gutjahr et al., 2007;
Lachner et al., 2013).

About 1 g aliquot was taken from the river sediment sample. The
carbonate fraction contained in the sample was dissolved and a first
leaching was carried out in 40mL acetate buffer (pH 4.66) shaken for
2 h, then centrifuged (4000 r.p.m. 10 min) to finally remove the su-
pernatant. The Be fraction was extracted from the solid in a second
leaching in 40mL of 0.05M hydroxyl-amine hydrochloride in 15%
acetic acid, and buffered to pH 4 with NaOH. After 2 h of shaking, Fe-
Mn oxihydroxide was dissolved into the sample. After centrifugation,
the supernatant was evaporated in a beaker with 250 μl of 9Be carrier
(Be4O(C2H3O2)6 standard 1000mg/l to ICP, Merck) and re-dissolved in
about 8mL 6M HCl. The Fe was separated on a column containing 2mL
Bio-Rad AG1x8 (100–200 mesh) resin. The resin was first rinsed with
10mL MilliQ water, cleaned with 10mL 0.3M HCl and conditioned
with 6mL 6M HCl. The sample was then loaded onto the column and
the fraction was collected immediately. The column was afterwards
rinsed with 6mL 6M HCl. The solution (6mL 6M HCl) was then col-
lected and combined with the Be fraction for further processing. The
solution was then evaporated and re-dissolved in about 10mL 0.4M
oxalic acid. The Ca into material may be precipitated at this stage. After
centrifugation, the supernatant was again evaporated and re-dissolved
in 10mL oxalic acid. The next purification step was carried out on 2mL
columns of Bio-Rad AG50x8 (200–400 mesh). The resin was cleaned
with 12mL 5M HNO3 and rinsed with 16mL MilliQ water. Afterwards,
the resin was conditioned with 16mL 0,4M. The sample was then
loaded onto the column and the sample was washed with 4mL 0.4M
oxalic acid. Further cations like Fe, Al and Ti were removed with 24mL
0.4M oxalic acid. After rinsing with 8mL MilliQ water, 12mL 0,5M
HNO3 was used to elute Na. Finally, the Be fraction was collected in
30mL 1M HNO3 (Lachner et al., 2013). The dissolution of Be was
evaporated and dissolved in 1mL pure HNO3. The sample was then
loaded onto a centrifuge tube and the beaker was cleaned with 10mL of
water. The Be was precipitated into Be(OH)2 with Ammonia (pH 9).
After centrifugation, the supernatant was removed and the solid was
calcined into BeO in an oven at 1000 °C in a crucible during 1 h.
Afterwards it was mixed with about 4mg Nb powder. Finally, the

Fig. 3. Sampling zone within the Guadiana river catchment (Delgado et al., 2011).

Table 1
Meteoric 10Be deposition flux values reported by U. Heikkilä (Q in equation
(2)), obtained by simulation by ECHAM5-HAM for every month along 2008 on
Guadiana river [22].

Month 2008 Deposition flux meteoric 10Be (Q) (109 atoms/m2/y)

January 5.85
February 10.32
March 14.32
April 11.47
May 19.49
June 9.07
July 1.35
August 0.33
September 0.79
October 7.96
November 3.47
December 13.28
Average value 8.14 ± 1.74

S. Padilla et al. Journal of Environmental Radioactivity 189 (2018) 227–235

230



material was pressured into an Al cathode-holder and measured in
SARA (Padilla Domínguez, 2015) (Fig. 4).

4. AMS measurement

The radionuclides were measured during 1 h each using the 1MV
AMS - Spanish Accelerator for Radionuclides Analysis - (SARA) system
installed at the Centro Nacional de Aceleradores (CNA, Seville, Spain).
SARA has a very compact design (3.8×6.3 m2). On the low energy
side, a Cs-Sputter SO110 ion source produces the negative ion beam
within a vacuum about 1.4×10−7 mbar and a beam energy of 35 keV.
It was mass-analysed by a 40 cm radius 90° sector magnet (low energy
magnet), and accelerated in a 1MV Tandetron accelerator, stable in a
voltage range from 0.1 to 1.1MV, using argon gas in the terminal
stripper. The beam was then analysed for mass and energy by an 85 cm
radius 90° sector magnet (high energy magnet) and by a 120° electro-
static analyser (ESA). The ions were finally counted and identified in a
two-anode gas ionization chamber provided with a 40mm silicon ni-
tride entrance window (Calvo et al., 2015). To separate the isobaric 10B
from 10Be, a 75 nm thick silicon nitride foil is inserted in front of the
electrostatic analyser in the path of the 10Be. At the detector plane, the
two beams are physically separated about 20mm, and consequently the
countrate in the detector from 10B as well as the background is sub-
stantially reduced (Klein et al., 2006). The average currents obtained on
the measurements of 9Be isotopes in the high energy zone were around

1 μA. Measurements were carried out in charge state +1 for the Be after
the accelerator and +2 after the passive absorber. The energy reached
was 1403.61 keV for 10Be. The ratios 10Be/9Be obtained were around
(1.59–3.32)× 10−12 and the 10Be concentrations were around
(2.49–5.50)× 107 atoms/g (Table 2). The results were normalized with
Nishiizumi standard 10Be-01-5-1 with a nominal 10Be/9Be ratio of
2.709×10−11 (Nishiizumi et al., 2007). The value for blank was
(5.39 ± 1.34)× 10−14 and the uncertainties of the results were found
to be around 3% (Table 2).

5. Sediment budget method

Sediment budget method of estimating the denudation rate is es-
sentially a mass balance based approach, which accounts the sources,
sinks and redistribution pathways of sediments in a unit region over
unit time (Slaymaker, 2003) and it is independent of 10Be approach
because the sediment budget approach depends on the direct processes
involved with mass wasting. However, the 10Be approach is a proxy to
estimate the denudation rate of the catchment. According to Gregory
and Goudie (2011), the simple form of the sediment mass balance re-
lates the sediment inputs (I) from upstream, tributaries, and slopes to
outputs (O) and a change in sediment storage (ΔS) due to deposition
and erosion of the valley, floodplain and lacustrine sediment stores:

I = O± ΔS (1)

As the estimation of direct denudation measurements on slopes can
lead to pitfalls, the denudation rate is usually derived from the de-
termination of the sediment transport of streams or rivers (Ahnert,
1970). Accordingly, sediment load estimations or measurements give a
value for the total mass of rock or soil removed from the drainage basin
per unit time. If the average density of material is known, this mass can
be converted into volume per unit time. If the basin area is known, then
the thickness of removed material or the average denudation rate can
be derived for the whole basin (Fig. 5).

Though there are no measured values for the suspended load and
bedload sediment transport in the Guadiana estuary, estimation of these
parameters by (Morales González, 1995; Portela, 2006) was used for the
estimation of the denudation rate using the sediment budget method.
The estimation of the annual rate of deposition of the sediment in the
estuarine system, including the intertidal area was carried out by using
the Hybrid Estuarine Sedimentation Model (Sampath et al., 2015).
Using the HESM, the total fluvial sediment load deposited in the es-
tuary, including the intertidal zone area of the lower Guadiana estuary
is described below. The sea-level rise rate from 11500 Cal. y BP (Ca-
lander years Before Present) to 7500 Cal y BP was 7.5mm/y and then
up to the present pre-anthropogenic period, it was about 1.3 mm/y and
it has kept pace with sea-level rise during the Holocene (Boski et al.,
2008, 2002; Delgado et al., 2012).

Table 2
Characteristics, average values obtained for the ratios and for the 10Be (atoms/g) concentrations in Guadiana river sediment samples and the assessment of the
denudation rate (D) using equation (2).

Sample Position Mass (g) 10Be/9Be (10−12) 10Be (Nsurf) (107 atoms/
g)

Density (ρ) (kg/
L)

Denudation rate (D) (10−2 cm/y) Average annual flux
2008

Latitude (°N) Longitude (°W)

CARR-4 37.20 −7.33 1.0028 2.48 ± 0.31 3.99 ± 0.11 2.679 0.76 ± 0.16
CARR 15 37.19 −7.37 1.0033 3.32 ± 0.24 5.50 ± 0.12 2.684 0.55 ± 0.12
CAN 1 37.20 −7.40 1.0037 3.29 ± 0.36 5.39 ± 0.12 2.683 0.56 ± 0.12
BRU 2 37.18 −7.40 1.0022 2.75 ± 0.18 4.47 ± 0.11 2.684 0.68 ± 0.15
S-4 37.18 −7.40 1.0007 1.74 ± 0.17 2.73 ± 0.10 2.680 1.11 ± 0.24
S-00-5 37.23 −7.42 1.0008 2.56 ± 0.16 4.21 ± 0.11 2.678 0.72 ± 0.16
S-00-12 37.24 −7.43 1.0031 2.07 ± 0.24 3.32 ± 0.10 2.677 0.92 ± 0.20
S-00-15 37.21 −7.41 1.0065 1.59 ± 0.25 2.49 ± 0.10 2.673 1.22 ± 0.26

Average value 0.76 ± 0.10

Fig. 4. Scheme for separation of the Al and the Be with ion exchange resins
(Padilla Domínguez, 2015).
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6. Results and discussion

6.1. Denudation rate based on Guadiana river samples

The assessment of denudation rate by the measurement of the
concentration of the 10Be meteoric in Guadiana river sediment samples
was reported by (Willenbring and von Blanckenburg, 2010). Those
authors also reported an equation to calculate the denudation rate. The
application to meteoric 10Be adsorbed within sediments follows the
same approximation used for 10Be produced “in situ”, where the pro-
duction of cosmogenic nuclides in a basin eventually equals the export
of nuclides from the basin through erosion of sediment. This approx-
imation is based on the equations used to calculate the inventory of
10Be, the concentration of 10Be at a certain depth (Eq. (2)) and the
distribution of 10Be to the bottom of the soil. The concentration can be
converted into a watershed steady state denudation rate. Taking into
account the fact that the inventory of the watershed cannot be mea-
sured since it is a surficial sediment, an equation will be used to obtain
denudation rate given the flux and the concentration of 10Be measured
on the surface. The assumptions that are used to simplify this difficult
problem as follow (Willenbring and von Blanckenburg, 2010).

1. The retention of 10Be is high, meaning that the nuclide is only lost as
adsorbed on particles and not through solutions.

2. The flux of 10Be is known and is steady on long time scales.
3. The system is at steady state, meaning that the 10Be lost through

erosion and decay from the system per unit time is equal to that
entering by atmospheric flux.

4. The erosion rate remains approximately constant over a relevant
time scale.

Finally, the following equation is used to make an approximation to
calculate the denudation rate.

=D Q
ρNsurf (2)

where Q is the flux of 10Be into the surface (atom/m2·year), Nsurf is the
concentration of 10Be into the surface (atom/kg) and ρ is the density
(kg/L). Equation (2) shows that the erosion rate is roughly proportional
to the local flux divided by the surface concentration.

Using this equation, an estimation of denudation rate given as the
mean annual value for all samples can be calculated using the mean
annual value of the total flux through the whole year of 2008 (Tables 1
and 2). The flux deposition data of 10Be are reported by Ulla Heikkilä
(Australia Natural Science and Technology Organisation, ANSTO,
Australia) (personal communication). The data correspond with the
meteoric 10Be flux (atom/m2·y) obtained by General Simulation Mode
ECHAM5-HAM to 10Be. ECHAM5 is the fifth-generation atmospheric
global circulation model (GCM) developed at the Max-Planck Institute
for Meteorology. Hamburg. It solves the prognostic equations for vor-
ticity, divergence, surface pressure and temperature, expressed in terms

of spherical harmonics with a triangular truncation. The additional
aerosol module HAM includes the microphysical processes the emission
and deposition (wet and dry) of aerosols, a sulfur chemistry scheme and
aerosol impact radiation (Heikkilä et al., 2009). The model calculates
its own precipitation and all other atmospheric parameters, so therefore
there is no direct way to calculate any errors, other than to compare
with observations (Ulla Heikkilä, personal communication). This si-
mulation gives the mean monthly value for Guadiana river in 2008 at
the coordinate 37°10′12″ N and 7°23′37″W (Heikkilä and Smith, 2013),
of the river mouth (Fig. 6). The variation of the values shown for each
deposition flux indicate that the uncertainty obtained within the as-
sessment of the average value in whole year 2008 is high (Table 1,
Fig. 6), hence the denudation rate data have a high uncertainty also
(Table 2, Fig. 7).

In order to calculate the denudation rate of the Lower Guadiana
river basin we used the average deposition flux of 10Be in 2008
(Table 1), along with the sample density and the concentration of 10Be
values obtained in our laboratory (Table 2). The denudation rates va-
lues obtained by applying equation (2) are shown in Table 2.

The estimation of denudation rates of Lower Guadiana river basin
by measuring of meteoric 10Be in sediment samples using the average
annual deposition flux were obtained. The average value for all sample
measurements was about (0.76 ± 0.10)× 10−2 cm/y. This value is in
agreement with denudation rate reported by (Lauer and Willenbring,
2010), for Neuse river sediment samples (USA) (0.3× 10−2 cm/y).
Lauer's denudation rate was calculated using equation (2) with the
following considerations: steady state system, a negligible decay of the
radionuclide, a deposition flux of meteoric 10Be of 12× 109 atom/m2/
y. No data are present in the literature for the erosion rate using me-
teoric 10Be in surficial sediments except the ones reported by (Lauer and
Willenbring, 2010). However, several studies can be found about the
denudation rate assessment with 10Be “in situ”, measured in quartz
(Table 3).

Fig. 5. Contributions to the sediment budget of the Guadiana River.

Fig. 6. Evolution of 10Be Flux on Guadiana River basin along 2008.
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6.2. Denudation rate by sediment budget method for the Guadiana river

The Guadiana estuarine is 60 km long, 550m wide and its depth
ranges from 5 to 17m (Sampath et al., 2011). The mineralogical tests
reported by (Morales González, 1995) showed that the sediment sup-
plies detected in the estuarine come from four different sources: fluvial,
coastal drift, marine environment and the direct supply from the su-
perficial overflow of the estuarine itself.

The denudation rate estimated by the sediment budget method used
the data reported by (Morales González, 1995) to obtain at least an
estimation of the order of magnitude. After the calculation of the sus-
pended sediment load (annual volume of sediment movement withing
the water column above the river bottom – 579 000m3/y) and bedload
(annual volume of sediment movement over the river bottom –
439 600m3/y). Thus, the total output (O, equation (1)) sediment load
into the sea from the river was 1.02×106m3/y.

Based on morphological simulations using the HESM, the total vo-
lume deposited from 11500 to 7500 Cal y BP was about 3.05×109m3

while the infilling volume of sediment since then was about
1.63×109m3 to compensate for the increase of accommodation space
due to sea-level rise during the Holocene period. A complete description
of the numerical modelling approach to simulate the sediment infilling
in the Guadiana Estuary since 11500 Cal y BP to present, is given in
Sampath et al. (2015). Thus, the time weighted average of the fluvial
sedimentation rate from 11500 Cal y BP to present due to sediment
infilling (ΔS, equation (1)) was about 0.09×106m3/y. Thus, the total
fluvial sediment load (I, equation (1)) from the basin river was

estimated to be 1.11×106m3/y (O+ΔS = 0.09 × 106 + 1.02
× 106m3/y). The drainage area of the basin is 66 960× 106m2. The
denudation rate estimations by the sediment budget method according
to (Morales González, 1995) was estimated as 1.66×10−3 cm/y.

The uncertainty of the above estimation will depend on the esti-
mation of sediment infilling rate of the estuary and total sediment
transportation rates from the estuary. Large-scale geomorphological
evolution of an estuarine system was simulated by means of a hybrid
estuarine sedimentation model (HESM) applied to the Guadiana
Estuary, in Southwest Iberia. The key controlling parameters of the
model are bed friction (f), current velocity power of the erosion rate
function (N), sea-level rise rate (Sampath and Boski, 2018) and esti-
mations of river discharge (Sampath and Boski, 2016). The uncertainty
of sediment infilling rate will mainly depend on the reconstructin of
palaeovalley sea-level rise. However, the time taken to carry out the
simulation of the sediment infilling in the Guadiana estuary from 11500
Cal y BP to present took was approximately about six months. This
particle reason prevented the simulation of sediment infilling over the
estuary by including the lower and upper limits of reconstructed pa-
laeovalley sea-level rise curves. However, the average sea-level rise
curve was used for the HESM simulations, which allowed a reasonable
estimation of annual rate of sediment accumulation within the estuary.

The sedimentation rate used would be the most likely approxima-
tion for the maximum fluvial sedimentation rate over the Guadiana
estuary assuming the estuary depth was kept pace with the sea-level
rise over last 11500 Cal y BP and the marine sediment input was ap-
proximated to be 50% of total sediment deposited over the estuary
during the Holocene. This approximation was based on the analysis of
granulometric distribution of sediment types over the estuary and ad-
jacent shore-face (Morales González, 1995).

The estimated value for the denudation rate is very comparable to
the one reported by (Perez-Arlucea et al., 2005) for the Miñor river in
northern Spain, which is 16 km long with a small reservoir in its course.
Perez-Arlueca reported values around 1.01×10−3 cm/y, from 2001 to
484 years BP and about 3.34×10−3 cm/y from 484 years BP to pre-
sent date. These values are the same order of magnitude as the one
obtained in this work.

However, the result obtained by the Sediment Budget method is
much lower than the previously found from the 10Be measurement. This
disagreement is probably a result of the strong regulation that the
Guadiana has suffered in the last 50 years. Because of this, the recent
estimations of discharges of fluvial sediments cannot be representative
of the anthropogenic periods. In 1990, about 70% of the Guadiana
drainage basin was regulated and after the Alqueva Dam, river drainage
regulation was increased to 81% and this resulted in a drastic reduction
of sediment supply to estuary and oceanic basin (Domingues and
Galvão, 2007; Morales González, 1995; Portela, 2006). At present, the
water flow of the Guadiana river reaching the estuary is regulated by

Fig. 7. Denudation rate (cm/y) for every sample using 10Be concentration, the
mean annual value of the total flux through the whole year of 2008 and density
with equation (2).

Table 3
Comparison of the denudation/erosion rate obtained on several studies within 10Be “in situ” with the obtained in this work with 10Be “meteoric”.

Sediment Sample Isotope Denudation rate
(10−2 cm/y)

Localisation Reference

Beni River 10Be “in situ” 4.55 ± 0.06 Andes, Bolivia (Wittmann et al., 2009)
Mamore River 10Be “in situ” 9.5 ± 4.4 Andes, Bolivia (Wittmann et al., 2009)
Ecrins-Pelvoux massif 10Be “in situ” 6.33 ± 0.76 Alps, France (Delunel et al., 2010)
Eastern Altiplano Catchment 10Be “in situ” 0.09 ± 0.01 Andes, Bolivia (Hippe et al., 2012)
Napo River 10Be “in situ” 3.14 ± 0.42 Andes, Peru-Ecuador (Wittmann et al., 2011)
Lanyang River 10Be “in situ” 18.8 ± 2.0 Taiwan, China (Siame et al., 2011)
Ganga River 10Be “in situ” 9.86 ± 0.89 Himalaya, India (Lupker et al., 2012)
Rwenzori Mountain Sediments 10Be “in situ” 0.60 ± 0.07 Uganda (Roller et al., 2012)
Piura River Sediments 10Be “in situ” 1.14 ± 0.15 Andes, Peru (Abbühl et al., 2010)
Miño River Terrace 10Be “in situ” 0.009 ± 0.001 Spain (Viveen et al., 2012)
Betica Mountain Chain Sediments 10Be “in situ” 0.63 ± 0.12 Spain (Bellin et al., 2014)
Neuse River Sediments 10Be “Meteoric” 0.3 USA (Lauer and Willenbring, 2010)
Guadiana River Sediments 10Be “Meteoric” 0.76 ± 0.10 Spain This Work
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more than 100 reservoirs, including the Alqueva reservoir, built in
2002. This has let to retain a big part of the sediment behind the dams
compared to an unregulated river flow.

The ratio of the denudation rates obtained by the sediment budget
method and the 10Be method is 78.2%. This would approximately
correspond to the amount, approximately 80%, of sediments that are
retained behind the dams (Camacho et al., 2014; Dias and Ferreira,
2001; Rocha et al., 2002; Wolanski et al., 2006). If we assume that the
sediment supplies into the ocean are also reduced by 80 ± 5%, we may
apply a correction for sediment accumulation behind dams along the
Guadiana River. The above assumption is reasonable because the
Guadiana estuary does not trap sediment within the basin at present but
exports sediment into the sea. Thus, the almost all the sediment
transported over the river discharge into the sea. There would be un-
certainty in above estimation in short term (days to months) sidment
infilling due to wave climate but the long-term (decadal to centennial
scale) trend is a net sediment discharge into the sea. Therefore, the
corrected denudation rate with one standard deviation of uncertainty
around the average estimation using sediment budget method would be
(0.77 ± 0.17)×10−2 cm/y.

Therefore, the denudation rate obtained by the sediment budget
method with the appropriate corrections increased by one order of
magnitude with respect to the value obtained previously. Hence, the
above ratio obtained of 78.2% by both methods is reduced, reaching a
value very much comparable with the one obtained by measuring
of meteoric 10Be in Guadiana river sediment samples, being
(0.76 ± 0.10)× 10−2 cm/y.

Though the uncertainties are high compared to a similar estimations
that use annual flux averages, the order of magnitude of the denudation
rate derived using the monthly flux average (in 2008) is compatible
with the value obtained using sediment budget method. It is important
to note that the calculations of the denudation rate using the sediment
budget method are based on estimations of suspended load and bedload
discharge from the Guadiana river by (Morales González, 1995). There
are no published data on the sediment discharge of the Guadiana river;
however, according to (Portela, 2006), the order of magnitude of both
suspended load and bedload sediment discharge from 1980 to 2000
(before the Alqueva dam) were 105 m3/yr. In the context of rapid sea-
level rise in the 21st century, the reduction of fluvial sediment supply
due to the regulation of river discharge represents a major challenge for
the management of estuarine ecosystems such as salt marshes. The re-
duction of sediment into the sea also result in severe erosion of the
Guadina coastal systems including its eastern shoreface. Therefore, it
may be important to perform a study to estimate the total annual re-
tention of sediment within dams and barrages along the Guadiana river.

7. Conclusions

The estimation of the denudation rate of the drainage in Lower
Guadiana river catchment was done out using the concentration of
meteoric 10Be in sediment samples and confronted with the results
obtained through the sediment budget method. The denudation rate of
the Guadiana estuary derived from the 10Be isotope method using an-
nual average flux was (0.76 ± 0.10)× 10−2 cm/y, while the denu-
dation rate derived from the sediment budget method was
1.66×10−3 cm/y. The result derived by the measurement of radio-
nuclide 10Be is in line with the one reported by (Lauer and Willenbring,
2010) for Neuse river sediment samples (USA) and the one derived by
sediment budget method is in total agreement with the one reported by
(Perez-Arlucea et al., 2005) for Miñor river in northern of Spain. The
difference between the values is attributed to the retention of large
volume of fluvial sediments within the dam system along the Guadiana
River, constructed during the last century. Therefore the value obtained
by sediment budget method was corrected for a consensual 80 ± 5%
attenuation of the sediment by the reservoirs. It yielded the rate of
denudation (0.77 ± 0.17)× 10−2 cm/y identical within the margin of

error to denudation rate obtained by 10Be. Therefore, the 10Be method
is a very useful tool to carry out studies about processes of erosion
within rivers. Despite their coherence these first results require further
studies based on larger population of samples.
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