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1. Introduction

The Sebou catchment is the second largest basin in Morocco, draining 40000 km® and running some 600 km
from its source at over 2800 m altitude in the middle Atlas Mountains to the Atlantic Ocean in the Northwest.
On its way, it suffers from pollution from the cities due to domestic and industrial activities, and from the most
important agricultural area (the Gharb coastal plain) to which it provides with irrigation water. Social and
economic development is threatened by increasing deterioration of water quality which constitutes a major
environmental issue. Domestic and industrial sewage from Fez city, located at some 160 km from the Sebou
estuary, is directly discharged into the Sebou River. Several water quality studies have been conducted in this
area and have demonstrated the presence of many toxic chemicals generated mainly by textile and tanneries
activities [1, 2].

The sediment is an important compartment in estuarine environments since it represents a good indicator of the
state of anthropogenic pollution of rivers and coastal habitats. The fine fraction of sediment particles acts as a
sink of trace pollutants within such systems and a delayed source of these pollutants through
adsorption/desorption and redissolution processes [3]. On the other hand, pollutant concentrations in water are
constantly changing due to the mixing of seawater and river inputs under tidal dynamics [4]. Consequently,
detection of pollution in this compartment results less representative than in sediment in which concentrations
can also vary in time but with a rate much lesser than in water. For this reason, estuarine surface sediment has
always been the physical compartment of choice in assessing pollution, while bottom cores are usually used for
determining historical records of pollutants delivery to such important ecosystems. The Sebou Estuary has been
recently the subject of a study to assess levels of metal concentrations and radionuclide activities in sediments
[5], but no data are available for uranium and thorium concentrations in this coastal system. These
radioelements are important for monitoring natural radioactivity and understanding their behaviour in such tidal
environment. The origin of U and Th found in estuarine bed sediment is mainly due to weathering of terrestrial
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rocks, and their mobility and distribution depend on the chemical constituents of the surrounding aquatic
environment [6].

Environmental contamination by Pb has several sources such as waste burning, combustion of fossil fuels, urban
and industrial discharges. Three radiogenic stable isotopes of Pb are present in the environment, ***Pb, *’’Pb and
2%pp, being end-members of **U, **U and **’Th decay chains, respectively, and one non-radiogenic isotope,
**Pb. Lead isotope ratios have been extensively used in environmental studies as indicators of anthropogenic
contribution to the Pb budget in the sediment [7, 8, 9,10].

The purpose of this study was to characterize for the first time the state of the environment in terms of U, Th
and Pb concentrations and lead isotopic ratios in sediments from the Sebou Estuary. Another objective is the use
of Pb isotopic fingerprints to determine the still unknown level of Pb pollution in the studied area. Inductively
coupled plasma — quadruple mass spectrometry (ICP-QMS) was used in this work, being a powerful technique
in multi-elemental analysis which offers high sensitivity and ultra-low background allowing to measure
extremely small concentrations of elements in a large variety of matrices [11].

2. Materials and methods

2.1. Sampling and samples pre-treatment

A sediment core of 60 cm was retrieved in 2009 at low tide (the water depth was about 1 m) from the right bank
of the Sebou Estuary using an Uwitec gravity corer of 10 cm internal diameter. Five surface samples were also
collected at low tide from marginal areas. The sampling locations are shown in Figure 1. The sediment core was
sectioned into 2 cm slices immediately after retrieval to avoid particles redistribution, and then transported to
the laboratory for pre-treatment and conditioning prior to elemental analyses. Each one of the resulting sub-
samples along with the surface samples were dried in an oven at a constant temperature of 65°C until constant
weight.

643" 6°42' 641" 6740 6°39 6738 6737 6°36" 6733 6734

34°20°]

J
g
|
- |
U2’ /
3410 ] .
S ()P\’
SUP-3. | ;
34018 ’ oy Core
' ' SUP-2 } 7
i
e
&
% QQ t ! Thermsl Power
Ny
34017 | o & | 7 £y Plant
&O | svP1. ' R A
{ s
o
7
34°16° {
Kénitra HEOo
1 o plaaall
,,,,, Y
Kenitra s |
gt "I
ShepE! >

Figure 1: Map of the study area showing the sampling locations.

2.2. ICP-QMS measurements

Uranium, thorium and Pb-isotopic ratios were measured by ICP-QMS following microwave-assisted digestion.
The digestion method was based in the U.S.E.P.A 3050 methodology (U.S.E.P.A, 1998), then modified by
Hassan et al., (2007) [12]. An aliquot of the sample was diluted in 1% HNOj; until a final dilution factor of 3500
mL/g was achieved. The recovery of Pb using this methodology for the certified reference samples (IAEA SL-1,
estuary sediment samples) was almost 100%.

An Agilent 7500c ICP-Quadrupole MS was used for Pb-isotopic ratio determination. The instrument is provided
with an Octopole reaction system, which operated in He-mode at 3.5 mL/min. A conventional Babington
nebuliser was used for multi-element analysis and the analytical running (three replicates per analysis) was
performed according to the U.S.E.P.A. 200.8 protocol. Lead isotopic ratios were measured using the standard
mode (no reaction gas) with a PFA micro-nebuliser after optimisation of the counting time for masses 206, 207
and 208 (five replicates per analysis). Lead concentration in the solutions was in the range of 5-10 ng/mL and
the relative uncertainty (1-0) was in the range of 0.3-0.5%. Two certified reference samples, NIST SRM-1646
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and IAEA SL-1, a lake and an estuary sediment sample, respectively, were used for element recoveries
determination and also to correct the Pb isotope ratios for mass bias [13].

3. Results and discussion

Uranium, thorium, lead concentrations and lead isotope ratios in surface samples collected along the Sebou
Estuary are presented in Table 1. These are to our knowledge the first such data for sediment from this estuary,
and the results could be considered as baseline values for future assessment studies. The mean concentrations of
uranium and thorium were respectively 0.91 and 4.34 ptg.g'l with the highest values recorded in the location
Sup-3, being generally similar to the mean worldwide concentrations reported for non-contaminated sediments
[14]. Uranium concentrations were lower than Th concentrations in each sediment sample and the ratios Th/U
were fairly constant. It is well documented in the scientific literature that uranium is much more soluble than
thorium in estuarine waters, since the distribution coefficient, kg, of Th is greater by four order of magnitude
than that of U [15]. Consequently, they exhibit different geochemical behaviour in estuarine systems. Indeed, U
is much less adsorbed onto surface particles than Th which is practically transported with tidal currents in the
particulate form. Nevertheless, some parameters such as Eh and pH conditions, HCO; availability, iron
hydroxides, organic matter and uranyl-carbonate are the main factors influencing uranium concentrations and
migration in estuarine waters [16, 17].

Table 1: Concentrations of Th, U, Pb-isotopic ratios and Pb concentrations in surface sediment samples
collected along the Sebou Estuary.

U (ug.g") | Th (ng.g™) | Th/U | *®*Pb/**Pb | *°Pb/*"'Pb | *®*Pb/*’’Pb | Pb (ug.g™)
SUP-1| 0.79 3.75 4.75 38.52 1.19 2.47 19.61
SUP-2| 0.86 4.86 5.65 38.55 1.19 2.47 16.96
SUP-3| 1.14 5.14 4.51 38.88 1.19 2.47 19.14
SUP-4 | 0.93 4.1 4.41 38.32 1.18 2.47 2491
SUP-5| 0.82 3.85 4.69 38.33 1.19 2.48 14.85
min 0.79 3.75 4.41 38.32 1.182 2.468 14.85
max 1.14 5.14 5.65 38.88 1.189 2.476 24.91
mean 0.91 4.34 4.80 38.52 1.187 2.473 19.09
StDev” | 0.14 0.62 0.49 0.23 0.003 0.003 3.76

¥ Standard Deviation

Only slight spatial variation was observed for both U and Th concentrations in samples collected from
intermediate zones along the study area, the only exception being the highest concentrations for both elements
in the sample SUP-3. Th/U ratios were ranging from 4.41 to 5.65 suggesting that the deposited sediment in the
Sebou Estuary has its origin from the continental area. Indeed, values between 3.5 and 4 were reported for upper
continental crust [18], while ratios higher than 4 suggest intense weathering. This is in good agreement with the
fact that the samples were collected after a flooding event which resulted in massive inputs of particles from the
surrounding area to the Estuary. Furthermore, in estuarine systems, large U and Th fractions are usually found
associated to heavy minerals, such as zirconite and monazite, which are quite insoluble, and Th/U ratios in these
minerals are higher than 1.

Figure 2 depicts concentration profiles of U and Th in the sediment core. Thorium vertical distribution presented
important fluctuations with depth and several maxima and minima. Thorium concentrations increase slightly in
the first 6 cm, decrease substantially to a peak of minimal concentration at 23 cm, and then increase. Thereafter,
concentrations oscillate till the bottom within a relatively narrow range between 4.2 and 5.17 ug.g”'. On the
other hand, U presented large variations throughout the core, as shown in the corresponding profile plotted in
Figure 2, with a concentration of 6 ug.g”' in the upmost layer, which decreased until 20 cm depth to reach values
less than the limit of detection of the equipment used (some ng.g") between 20 and 40 cm. The deficiency of
uranium in these layers could be interpreted by the fact that post-depositional desorption and/or redissolution of
U minerals, in particular uranyl carbonate minerals, had taken place within the sediment core. Thus, the
downward diffusive fluxes of U in sedimentary layers have resulted in a highest concentration (more than 7
ug.g") at 40 cm depth, beneath which concentrations decreased substantially downcore to reach values of the
order of 1 —2 ug.g”'. This behaviour has already been reported in the scientific literature in similar environments
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[19, 20]. Concentration values of both U and Th over the core were similar to those found in non-contaminated
coastal ecosystems, indicating that the anthropogenic component was negligible in the sediment matrix. The
worldwide averaged values are 2.83 ug.g™' and 7.4 ug.g”' for U and Th, respectively [14].
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Figure 2: Depth profiles of Th and U concentrations throughout the core collected from the Sebou Estuary. The Y axes
correspond to the depth in sediment; 0 cm is the top of the vertical core.

Lead isotope ratios (***Pb/***Pb, *°Pb/*"’Pb and ***Pb/*’’Pb) and total Pb concentrations measured in surface
samples are given in Table 1. Although Pb concentrations exhibited some fluctuations, ranging from 14.85 to
2491 ug.g" (Table 1, Stdev = 3.76), lead isotopic compositions did not show any significant spatial variability
along the covered area within the estuary (***Pb/***Pb: 38.32 - 38.88, ***Pb/*’’Pb: 1.182 - 1.189 and ***Pb/*"Pb:
2.468 - 2.476). This implies that the sediment particles deposited over the studied area have the same origin,
and/or the mixing processes induced by tidal dynamics within the estuary have resulted in homogenous
distribution of lead isotopes.

Lead concentrations exhibited some spatial variability throughout the study area. The mean value was 19.09
ptg.g'l, with a standard deviation of 3.76, while the earth’s crust concentration is 17 ug.g'l [21]. It is worth
noting that this value is only a crude reference level and, therefore, it would be speculative to conclude whether
the values found higher than 17 ug.g” are quantitatively indicative of anthropogenic Pb inputs in the Sebou
Estuary. On the other hand, the ratio **°Pb/*"’Pb is widely used to establish the contribution of anthropogenic Pb
because of the high accuracy in the analytical measurement of this ratio, and its low sensitivity to changes in the
mineralogical composition of the sediment [22]. The values found in this work were around 1.18, while the
characteristic ***Pb/*’’Pb ratio associated to Pb generated mainly from natural sources is 1.2 [23]. Therefore, the
contribution of anthropogenic input pathways of lead to the sediment, such as leaded gasoline and metal
industries, should be minimal in the Sebou Estuary at time of sampling.

In Figure 3 are plotted the vertical distributions of lead isotopic compositions of the sediment core. The
2%pp/2%%pb, 2°Pb/’Pb and ***Pb/*”’Pb ranged from 37.85 to 39.23, 1.181 to 1.196 and 2.459 to 2.491,
respectively. The values found were similar to background levels reported in the scientific literature [24, 25, 26].
The value of **Pb/*”’Pb characteristic of natural sources is around 1.22, and this value decreases as the
proportion of the anthropogenic component increases in the sediment. The range of variation of this ratio was
found in this work close enough to the background value. In addition, the positively correlated relationships
between “"°Pb/**'Pb and ***Pb/***Pb and between ***Pb/***Pb and **’Pb/**Pb (Figure 4) are indicative of the
substantial predominance of natural over anthropogenic Pb [27].

The three profiles plotted in Figure 3 were fairly uniform and did not present marked variations throughout the
core, within the error ranges, with the exception of the presence of some weakly pronounced peaks of maximal
or minimal values. This suggests the absence of noticeable changes of environmental conditions during the time
of sediment deposition in the studied area. Nevertheless, it is worth noting that the sampling campaign was
carried out following a flooding event, which had produced massive transport and sedimentation of eroded
particles within the Estuary [6].
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Figure 3: Vertical distributions of lead isotopic compositions in the sediment core collected from the Sebou Estuary. The Y
axes correspond to the depth in sediment; 0 cm is the top of the vertical core.
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Figure 4: Diagrams of **Pb/**'Pb vs ***Pb/***Pb and **’Pb/***Pb vs *°Pb/***Pb in the sediment core collected from Sebou
Estuary. The lines are the best fitting to lineal functions. S is the slope of the linear regression line.

5.3

Conclusion

Concentrations of U and Th and Pb-isotopic ratios were assessed for the first time in intertidal surface deposits
and a 60 cm sediment core collected from the Sebou Estuary. Concentrations of U and Th were in the range of
those reported for non-contaminated sediment, and their vertical distribution presented important fluctuations
throughout the core, particularly for U which was attributable to diffusion and redissolution processes. Th/U
ratios, being close to those reported for the upper continental crust, suggested that the deposited sediment in the
Sebou Estuary has its origin from the continental area. On the other hand, Pb-isotopic ratios and the high
correlation found between “’°Pb/***Pb and ***Pb/***Pb and between **’Pb/***Pb and **’Pb/***Pb were indicative of
the substantial predominance of natural over anthropogenic Pb.

The data produced in this work, being the first such a data, could be referred as a baseline study as it provides
background levels of U, Th and Pb-isotopic ratios, against which any future changes due to anthropogenic
activities can be assessed.
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