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Abstract Naturally occurring radionuclides and 137Cs

were measured in a sediment core and surface deposit

collected from the bed channel of the Oualidia Lagoon

located in the western Morocco. Major and rare earth

elements (REE) profiles were determined by instrumental

NAA technique. 210Pb and 137Cs were used to establish the

sedimentation chronology over the last decades by using

conventional models. 210Pb displayed relatively higher

concentrations and rate of supply to the sediment than

typical levels found in other coastal areas in Morocco. REE

ratios and Ce anomalies showed that the direct incorpora-

tion of particles from seawater to the bed sediment is the

most important, followed by the terrigenous component.

Keywords The Oualidia lagoon � Marine geochemistry �
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Introduction

Sediments are considered as one of the most important

archives of radiological and geochemical data which, in

combination with radiometric dating, provide prominent

information regarding the ecological processes occurring in

coastal ecosystems. The Oualidia lagoon is a coastal

aquatic environment located in the western Moroccan

Atlantic Ocean coast. It is about a shallow inland body of

seawater of about 7 km length parallel to the coastline,

separated from the ocean by a sand barrier. It is connected

to the Atlantic Ocean by one permanent inlet of 150 m

width and a small secondary inlet active in spring tides.

The water in the Lagoon is mainly seawater since it is

about a lagoon without a river and the only freshwater

inputs come from rainfall over the region, which constitute

a small contribution during rainy seasons to the overall

water budget in the Lagoon [1]. Water currents are gen-

erally weak; the strongest currents during spring tides are

about 1.25 m.s-1 registered near the entrance of the lagoon

in the south, and decrease northward reaching values as

low as 0.35 m.s-1. On the other hand, currents during neap

tides are extremely weak, not exceeding 0.2 m s-1 [2]. The

bed channel exhibit a variety of sediment types with a

predominance of sandy sediment in the centre of the main

channel, while in most marginal areas sediments contain

relatively high percentages of mud (silt/clay).

Although several environmental studies have been car-

ried out in the Oualidia Lagoon with the aim to assess its

state of pollution and functioning [3, 4], characterization

and geochemistry of major elements (ME) and rare earth

elements (REE) in such important ecosystem has received

relatively minor attention. These elements have been

widely used worldwide as tracers of biogeochemical and

weathering processes in marine aquatic systems [5–7].

Indeed, REE in sediment could reflect the influence of

several parameters related to both marine water geo-

chemistry and terrigenous inputs, since they have similar

chemical properties so that they are less affected by frac-

tionations during the post-depositional processes [8]. On
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the other hand, radiometric dating using 210Pb and 137Cs as

chronometers provides the age-depth relationship for sed-

iment deposited over the last century. Such information is

helpful in interpreting element profiles in the sediment and

reconstruction of the history of the depositional environ-

ment [9]. A review of potentials and limitations of sedi-

ment dating models using 210Pb as a chronometer can be

seen in Kirchner [10]. 40K is usually used as a proxy for

sediment composition, mainly clay content and biogenic

sedimentation.

The main objectives of this study are the following:

(i) to assess the activity distribution of radionuclides

(210Pb, 137Cs, 226Ra, 40K) in a sediment core

collected from the Oualidia lagoon, and the use of

excess 210Pb profile to establish the relation age-

depth in sediment, accumulation rates, inventory

and rate of delivery. Variations of radionuclide

concentrations with grain size are also studied.

(ii) to provide a data-set on ME and REE distribution

along the core and to use some selected elements

as proxies to establish the origin of the deposited

sediment and their geochemical behavior.

(iii) to investigate REE incorporation to the deposi-

tional environment and their fractionation through

elemental ratios and Cerium anomalies.

Materials and methods

Sampling and sample pre-treatment

A sediment core of 26 cm was retrieved at low tide (the

water depth was about 1 m) from the main channel

belonging to the Oualidia lagoon in September 2012 using

an Uwitec gravity corer of 10 cm internal diameter. Sur-

face sediment (6 cm thickness) was also collected at low

tide from a marginal area adjacent to the coring site. The

sampling location (Fig. 1) lies in the main channel, and

was selected on the basis of hydrodynamic conditions

considerations [2]; the maximal water depth is\2.0 m and

tidal currents are predominantly weak (\0.40 m/s), which

may promote the settling of sediment particles. Further-

more, the sampling site belongs to the intermediate zone of

the lagoon where both marine and continental influences

prevail [11].

The sediment core was sectioned into 1–2 cm slices,

using a core cutter provided with a cutting foil of 0.5 mm,

ejection piston and distance holder with distance blades of

0.5 cm each one. This operation was carried out immedi-

ately after retrieval to avoid particles redistribution, and

then transported to the laboratory for pre-treatment and

conditioning prior to radiometric and elemental analyses.

Each one of the resulting sub-samples along with the sur-

face sample were dried in an oven at a constant tempera-

ture of 80 �C during 24 h. Bulk densities were determined

from weight and volume calculations. Finally, dried sedi-

ment was mechanically disaggregated (this is a delicate

process, since we tried to preserve the naturally occurring

particles) for subsequent grain size distribution determi-

nation and separation. Particle size distributions were

determined in the homogenized sub-samples using a wet

Laser Diffraction equipment (Malvern Mastersizer 2000)

using the Hydro 2000G dispersion Unit. The particle size

distribution range is 0.02–2000 lm. A small amount of

sample (*1 g) was introduced in the dispersion unit con-

taining demineralised water, used as dispersant, and then

measured after a brief time (10 s) of ultrasound application

to disperse any agglomerates. Reproducibility of mea-

surements was assessed by analysing each sample in

duplicate, and the results were acceptable, reflecting the

homogeneity of the samples. On the other hand, The dried

surface sediment was sieved for 6 h in a sieving pile

mounted on a vibration shaker to separate the different

grain size fractions. Organic matter content was calculated

as the difference in weight between the dried sediment and

the ash obtained following ignition at 550 �C for 24 h.

Radionuclide determination

Activity of 210Po was determined more than a year after

sampling, so it was assumed that secular equilibrium with

its parent 210Pb in the topmost layers had been achieved.

An aliquot of about 0.5 g of dry sediment was weighed in

an acid cleaned beaker, spiked with a known activity of

Fig. 1 Map of the Oualidia Lagoon showing the location of the

sampling point
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209Po yield tracer (the certified specific activity is

0.357 ± 0.011 Bq g-1) and totally digested using con-

centrated nitric and perchloric acids. A review of 210Po

determination can be seen in Mathews et al. [12]. The

digested sample was evaporated to almost dryness and

treated by evaporation with concentrated hydrochloric acid

three times and, finally, dissolved in 80 ml of 0.5 N HCl.

About 50 mg of ascorbic acid was added to reduce any iron

present in the solution. Polonium was auto-deposited onto a

Platinum coated disc for 6 h of heating at 80 �C and stir-

ring of the solution. The prepared alpha-sources were

analysed by alpha-ray spectrometry using silicon surface

barrier detectors (EG&G) coupled to a PC running Mae-

stroTM data acquisition software. The chemical recovery

values ranged from 60 to 90 %. Excess 210Pb concentra-

tions were determined by subtracting the depth averaged

concentration of 226Ra, supposed to be in secular equilib-

rium with supported 210Pb, from total lead-210 [13].

Gamma emitting radionuclides (228Ac(228Ra),
214Bi(226Ra), 234Th, 40K and 137Cs) were measured by high

resolution gamma-ray spectrometry. The detector used was

a low background CANBERRA hyper-purity germanium

p-type coaxial detector, housed in a 10-cm-thick high-pu-

rity lead shield. The relative efficiency was 30 % and the

resolution was 2 keV for the 1332 keV 60Co c-peak.

Weighed samples were introduced into 20 ml nalgene

containers and sealed to trap the gaseous 222Rn and 220Rn

emanating from in situ 226Ra and 224Ra, respectively. The

flasks were stored for more than 21 days and then counted

for 24 h each one. In some cases, and due to the small

quantities of sediment in the upper layers of the core, we

combined two adjacent sub-samples to reach the working

geometry. 226Ra was obtained from 214Bi photopeak at

609.3 keV, 228Ra from 228Ac at 911 keV, while 234Th was

determined from the photopeak 63 keV after correction for

self-absorption. The correction factor was determined by

measuring an 241Am point source placed over the container

filled with sediment and the empty container, as in the

procedure used by Ramos-Lerate et al. [14].

Energy and efficiency calibrations of the gamma spec-

trometer were carried out using a multigamma standard

solution provided by Amersham in the same geometry as

the samples. Correction due to coincidence summing

effect, in the case of 214Bi determination, was carried out

by measuring the reference material IAEA-326 in the same

geometry. The activity concentration (in Bq kg-1) in each

sample of all the studied radionuclides was determined

from the net count rate under the photopeak of interest,

detector efficiency, gamma intensity and sample weight.

The analytical procedure was checked using reference

material (IAEA-327). The relative difference between

measured and certified values was less than 10 % for all

radionuclides present in the reference material.

Metal determination by neutron activation analysis

Irradiations of sediment samples were carried out at neu-

tron activation analysis laboratory in the National Centre

for Energy, Sciences and Nuclear Techniques (CNESTEN)

hosting the first Moroccan Triga Mark II research reactor

which provides mainly thermal neutrons, with a flux of 5.0

1012 n cm-2 s-1 at the pneumatic transfer system (PTS)

and 2.0 1013 n cm-2 s-1 at the rotary specimen rack.

Neutron activation analysis technique was used for the

determination of major and rare earth elements. Thus, two

types of irradiation have been performed according to the

period of the elements to be measured (irradiations of

30–60 s for the elements with short periods and of 4 h for

elements with long periods). For short irradiations; each

sample was prepared with flux monitor (approximately

500 mg of powder sublimed sulfur). Both sample and flux

monitor are then locked in a polyethylene rabbit. These

were transferred to the reactor core via a pneumatic transfer

system which allows irradiation sample by sample.

In the case of long irradiations, about 200 mg of each

sample were sealed into a pure polyethylene container.

They were placed in a polyethylene rabbit with 5–10 mg of

cobalt wire (Al/Co alloy containing certified 1 % Co), used

as a neutron flux monitor, and 200 mg sample of the

standard reference material (NIST 2711—Montana Soil)

prepared and irradiated similarly. The prepared rabbits

were then transferred to the ‘‘rotary specimen rack’’ system

containing 40 irradiation positions. In order to take into

account the flux variation in this system, two flux monitors

(Cobalt wire) were placed in a separate rabbit.

Counting of emitted gamma rays was performed using a

hyper-purity germanium detector (HPGe). Data acquisition

was performed using Maestro software and calculations of

concentrations were made by the K0_IAEA software.

The Standard Reference Material was used for the

determination of elemental concentration, intercomparison

purposes, and also to assess the precision of the technique

used. The values found were in acceptable agreement with

the certified values, and also the reproducibility of the

INAA. The precision was found to be better than 10 % for

most of the elements. The performance for accuracy was

assessed by Z-scores, which were calculated for each ele-

ment. Results obtained for all elements are generally well

clustered around the reference value (|Z|\ 3).

Particle size measurements

In conjunction with radionuclides and metals analyses,

grain size composition throughout the sediment core was

determined and the corresponding profile is shown in

Fig. 2. The sediment core is mainly sand with predomi-

nance of medium sand (250\D\ 500 lm), and some
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variations of mud (silt/clay) content throughout the core

were observed. The percentages of mud were ranging from

6 to 13 %. On the other hand, the surface sediment col-

lected from a marginal area adjacent to the core sampling

point was composed of nearly 30 % of mud and 70 % of

sand.

Results and discussion

Radionuclides in grain size fractions of surface

sediment

Gamma emitting radionuclides (210Pb, 137Cs, 234Th, 226Ra,
228Ra and 40K) were measured in the bulk surface sediment

as well as in different grain size fractions. The corre-

sponding profiles are shown in Fig. 3. Levels of 226Ra,
228Ra, 234Th (in equilibrium with 238U) and 40K were of the

same order of magnitude of those recorded in sediments

from non-contaminated aquatic environments. It has been

observed an important range of variation in radionuclide

concentrations with particle size distribution; all the stud-

ied radionuclides are present in highest concentrations in

the fine fractions (diameter \50), followed by the sand-

sized particles of diameters greater than 710lm. Indeed,

values in the mud-sized particles are larger, of more than

twice, than those in average diameters between 88 and

250 lm, and around 1.66 times in the coarsest fraction

[710 lm, except for 210Pb which presented a ratio of only

1.33. This is in good agreement with earlier experimental

studies such as the work published by He and Walling [15]

who reported that 137Cs and 210Pb are primarily adsorbed

by finer particles and their concentrations associated with

coarse particles increase with increasing sand content in the

sample. Activities of 226Ra were ranging between 15 and

40 Bq kg-1, so that 210Pb present in the studied surface

sediment, whose concentrations in each size fraction was

one order of magnitude higher than those of 226Ra, is

unsupported. About 50 % of 210Pb and 137Cs concentra-

tions in the bulk sediment was found in the \75 lm

average diameter fraction, and 15 % in the coarse fraction

between 0.72 mm and 1.355 mm. It is well known from

previous studies that fine particles play an important role in

adsorption and scavenging of particle reactive radionu-

clides in natural aquatic systems [16]. Obviously, small

sized particles have a greater specific surface area and

therefore a larger capacity to adsorb dissolved radionu-

clides and metals, which result in enhanced concentrations

in fine particles. The presence of radionuclides in important

amount in the sand fraction greater than 710 lm is well

correlated with the high amount of organic matter (*4 %)

compared to the other fractions. It was well established that

organic matter coatings onto mineral particles increase the

adsorption capacity of dissolved radionuclides [16].

Radionuclides in the sediment core

40K and 228Ra concentration profiles are shown in Fig. 4.

The values found for these naturally occurring radionu-

clides were of the same ranges of typical concentrations

recorded in coastal environments (100–700 Bq kg-1for
40K and 10–50 Bq kg-1 for 228Ra) [17]. The profiles

showed fluctuations with discrete minima and/or maxima

throughout the core (100–400 Bq kg-1 for 40K and

10–40 Bq kg-1 for 228Ra). Concentrations of 40K ranging

from 300 to 550 Bq kg-1 were found in a sediment profile

from the Sebou Estuary, also lying on the Atlantic Ocean.

On the other hand, 226Ra concentration was fairly uniform

along the core with a mean value of 30.28 Bq kg-1.

Figure 5 depicts the vertical distribution of excess 210Pb.

Mass depth (in g cm-2) was used instead of depth (in cm)

to account for sediment compaction [18]. Concentration

levels of this radionuclide are much lower than those

reported in an earlier study carried out in the same site [3,

4], and much higher than the concentrations found in

sediments from the Sebou Estuary [19]. Low Pb-210 con-

centrations are due to the low percentages of fine-sized

particles (silt and clay) which were ranging between 6 and

13 % in all sections of the core as showed in Fig. 2.

Nevertheless, the relatively high content of coarse sediment

Fig. 2 Grain size distribution in the sediment core collected from the

bed channel
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having relatively lower affinity for dissolved radionuclides

did not restrict dating of our sediment core.

The excess 210Pb profile of Fig. 5 exhibit an exponential

decay of activities with depth, but was qualified as being

incomplete, since concentrations did not decline to zero in

the deepest layers. Consequently, the core cannot be dated

by the Constant Rate of Supply model, but the application

of the conventional simple model CF-CS (Constant Flux—

Constant Sedimentation) could be appropriate in this case.

This ultimate supposes that the amount of 210Pb delivered

to the sediment and sedimentation rate are constant over a

time comparable to the age of the core, and excludes any

post-depositional mixing and/or diffusion. Thus, the 210Pb

specific activity should display an exponential decay sim-

ilar to the curve shown in Fig. 5. The line is the best fitting

to a first order exponential expression in the form

P1: expð�P2:xÞ, where P1 is the concentration at the sedi-

ment–water interface and P2 the ratio k=vs (k is the 210Pb

0 500 1000 1500 2000
150

200

250

300

350

400

450

500

550

 Pb-210

Ac
tiv

ity
 (B

q/
kg

)

Particle diameter (microns)

0 500 1000 1500 2000

2

4

6

8

10

12

14

16

18

20

22

Ac
tiv

ity
 (B

q/k
g)

Particle diameter (microns)

 Ra-228

0 500 1000 1500 2000
100

150

200

250

300

350

400

450

Ac
tiv

ity
 (B

q/
kg

)

Particle diameter (microns)

 K-40

0 500 1000 1500 2000
0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

Ac
tiv

iy 
(B

q/
kg

)

Particle diameter (microns)

 Cs-137

0 500 1000 1500 2000

10

15

20

25

30

35

40

45

Ac
tiv

ity
 (B

q/
kg

)

Particle diameter (microns)

 Ra-226

0 500 1000 1500 2000

15

20

25

30

35

40

45

50

55

60

65

70

Ac
tiv

ity
 (B

q/k
g)

Particle diameter (microns)

 Th-234

Fig. 3 Radionuclide concentrations versus particle diameter. The dotted lines are 1 � r statistical error range

J Radioanal Nucl Chem (2016) 309:1133–1143 1137

123



decay constant and vs the accumulation rate). The CF-CS

model provided an average accumulation rate

vs ¼ 0:48 � 0:05 g cm�2 y�1, and the 210Pb rate of sup-

ply to the sediment (F = A(0).vs being A(0) the activity of

the topmost layer) was F ¼ 2148 � 238 Bq m�2 y�1.

It is worth noting that the calculated excess 210Pb supply

rate is substantially higher than those established in other

coastal environments and also in the Mediterranean Basin

(the annual rate of supply was 720 Bq m-2 y-1). Two

reasons could be behind this 210Pb enhancement in the

sediment: (1) an excessive presence of the gaseous 222Rn in

the atmosphere of the studied region most probably due to

anthropogenic activities, and (2) the upwellings prevailing

in the Moroccan Atlantic coast [20, 21] which produce the

rising of deep oceanic waters rich enough of 210Pb resulting

in higher inventories in the lagoon sediment. Indeed, rel-

atively high inventories were attributed in other environ-

ments to the upwelling activity such as in the south Pacific

Mexico [22].
210Pb chronology should be confirmed by a second

independent tracer. 137Cs, which is an artificial radionu-

clide resulting from nuclear bomb testing and detonations

since early 1945, can be used as a horizon marker to

identify the period of maximum atmospheric fallout. The

vertical distribution of 137Cs concentrations along the core

is plotted in Fig. 6. Concentrations ranged between 1.5 and

3.9 Bq kg-1, being similar to those reported in the litera-

ture for coastal environments [9] but apparently lower than

those reported in a recent study in the same region

(5–13 Bq kg-1) [4]. These relatively small concentrations

are likely to be attributed to the low content of fine-grained

particles which have high adsorption capacity of radionu-

clides than sandy sediment. Concentrations in the upmost

layers were below the limit of detection due to the low

amount of samples. Unfortunately and due to the reduced

length of our core, the profile did not reveal any defined

peak that can be used as time marker. However, 137Cs

concentrations presented a growth trend in deep layers

below 17 cm reaching the maximum value at the deepest

section of the core. According to CF-CS ages, the basal

layer corresponds to the year 1972 ± 4 so that the peak of

maximum global fallout of 1963 should be below this

layer.

Fig. 4 40K and 228Ra concentrations in the sediment core from the

Oualidia Lagoon. Errors are 1 � r statistical uncertainties
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Input of major and rare earth elements
to the sediment

Major elements

Concentrations of rare earth and major elements were

measured in the sediment core collected from Oualidia

Lagoon by using the Instrumental Neutron Activation

Analysis (IAAN). Concentration profiles of 8 major ele-

ments are plotted in Fig. 7 along with the approximate

layers’ ages provided by 210Pb chronology presented in the

previous section. In general, major elements distributions

in sediment displayed some variability with discrete min-

ima and maxima throughout the core. The highest values

for almost all elements were recorded in a deep layer

(21 cm) corresponding to the period around 1980.

Al, Ti, Mn and Fe profiles presented moderate variations

along the core (1.69–5.20 %; 0.11–0.31 %, 75–302 lg/g

and 0.91– 1.65 %, respectively). Concentrations of the three

elements, Al, Mn and Fe, were lower than the mean crustal

abundances (8.2 % for Al, 950 lg/g for Mn and 5.6 % for

Fe; [23]), while Ti was present in much higher concentra-

tions than the mean crustal abundance (0.57 mg/g), being

all within the range of values reported for sediments from

Bouregreg river [24]. As these elements are used as indi-

cators for input of terrigenous materials to the sediment,

their variation should reflect the contribution of weathered

sediment from the continental surrounding area. Fe and Mn,

which are two redox-sensitive elements, did not show

similar behaviour along the core. A noticeable increase in

Mn content along the sediment core was observed at a depth

around 21 cm, while Fe presented fairly uniform distribu-

tion along the core. In addition, Fe is not correlated to any

other major element (Table 1) with the exception of a weak

negative correlation with Ca was observed (r = -0.632 at

P\ 0.005, N = 15), while, on the contrary, Mn is signifi-

cantly correlated to all elements, except to Fe. The high

correlation between Ca and Mn suggest that Mn is mainly

incorporated during calcite precipitation from seawater.

This behavioural difference between Fe and Mn is mainly

due to changes in the formation and precipitation of Fe and

Mn oxyhydorxides, and also to their different degree of

redissolution in prevailing redox conditions in sediment

depth [25]. Al/Ti ratio is a good indicator of terrigenous

input to the sediment [6]. The study area is surrounded by

sandy dunes, so that the most likely mode of transport of

particles must be aeolian and runoff following heavy rain

episodes.
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Al/Ti ratios throughout the core exhibit large variations

(Table 2) from 10, characteristic of marine sediment, to 21

closer to values for the upper continental crust [26]. The

depth averaged value is 15.68, which is indicative of the

contribution of continental materials in the bed sediment.

In addition, Al profile displayed some peaks of higher

concentrations which likely correspond to rainy years, and

a relative depletion between 1990 and 2000 during which

the longest droughts were registered in Morocco.

On the other hand, K/Al ratios presented a wider range

of variation throughout the core, from 0.16 to 0.46 with a

mean value about 0.30 being in general higher than that

reported for the continental crust (0.22). Although K is one

of the major elements in seawater and has a certain affinity

to clay minerals, most of potassium in marine sediment is

associated with terrestrial materials [27].

Ca and Mg presented fairly uniform distribution until the

depth of 19 cm after which a visible increase down core

peaked at 21 cm for both elements. Ca/Mg ratios were within

the large range between 7 and 22 with a mean depth averaged

value of 11.66, being much higher than typical values of

carbonate rocks and ratios reported for sediment [28].

Rare earth elements

Nine rare earth elements (La, Ce, Nd, Sm, Eu, Dy, Tb, Yb,

Lu) were measured in the sections composing the sediment

core and the profiles were plotted in Fig. 8. These are to

our knowledge the first such data on REE contents in

sediment from the Oualidia lagoon. The concentrations

were in general higher than those recorded in Bouregreg

estuary [24]. Correlation coefficients among individual

REE and between REE and major elements are given in

Table 3.

In general, the REE profiles showed large variations and

displayed maxima and minima throughout the core, with-

out being similar to one another, which reflect the vari-

ability of the depositional environment throughout the

years. It is well established that REE in coastal sediments

have mainly two components: (1) a land-derived source as

a result of weathering and aeolian transport processes, and

(2) a seawater source as a consequence of precipitation

with biogenic carbonate and Fe–Mn oxyhydroxides.

Lanthanum exhibits significant positive correlation with

Ce, Tb and Yb, and only with one major element, Fe. Ce

showed correlation with Tb and Yb, while Sm and Nd

displayed no significant correlation with any REE or major

elements. Eu gave positive correlation with Dy and more or

less significant correlation with all major elements except

Fe and Al. In the case of Dy and Eu, they correlate well

with all major elements but not with Fe. Overall strong to

moderate relationship of La, Ce, Nd, Tb and Yb with Fe,

but not with Mn, indicated the preferential association of

these elements with Fe oxyhydroxides. On the other hand,

Table 1 Pearson correlation

matrix for major elements in the

sediment core from ElOualidia

Lagoon

Al Fe Ca Na K Mg Ti Mn

Al 1.000

Fe -0.173 1.000

Ca 0.553 -0.632 1.000

Na 0.785 -0.272 0.773 1.000

K 0.667 -0.298 0.835 0.828 1.000

Mg 0.210 -0.314 0.780 0.567 0.717 1.000

Ti 0.756 -0.336 0.743 0.777 0.651 0.574 1.000

Mn 0.663 -0.404 0.892 0.879 0.805 0.734 0.845 1.000

Bold values indicates the significant correlation at P\ 0.005

Table 2 K/Al, Ca/Mg and Al/Ti ratios throughout the sediment core

Layer K/Al Ca/Mg Al/Ti

1 0.38 11.28 15.87

2 0.34 7.38 12.65

3 0.36 11.33 14.12

4 0.33 8.87 20.54

5 0.35 8.89 10.57

6 0.31 10.60 16.43

7 0.19 13.35 14.95

8 0.26 12.72 16.83

9 0.40 9.19 14.68

10 0.46 11.14 13.49

11 0.34 10.59 17.44

12 0.28 7.03 14.28

13 0.25 18.74 21.20

14 0.42 12.15 10.76

15 0.16 11.36 20.47

16 0.31 21.92 16.70

MIN 0.16 7.03 10.57

MAX 0.46 21.92 21.20

MEAN 0.32 11.66 15.69

St devia 0.08 3.86 3.20

Minimal, maximal, mean and standard deviation values are also given
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Eu and Dy precipitate rather with Mn and carbonate phases

as they are correlated to all major elements, except to Fe,

with the exception of the pair Eu–Al.

REE ratios could indicate the origin of particles in the

depositional environment. Indeed, Nd/Yb)SN ratio (SN is

shale normalized) displayed values between 1.70 to 3.80

along the core, all greater than typical ratios proposed for

shallow seawater (0.205–0.497) [29, 30] suggesting that

the original seawater signal in the lagoon sediment is

altered by another source of REEs. In addition, the Dy/

Yb)SN ranged from 1.77 to 5.28 along the core, much

greater than the values characteristic of seawater. Thus, the

enrichment of REE in the bed sediment of the Oualidia

Lagoon could be explained by enhanced REE in seawater

entering the lagoon and/or the predominance of lithogenic

component. Nevertheless, La/Yb)SN ratio indicative of REE
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Table 3 Correlation tables REEs/Major elements and REEs/REEs

Al Fe Ca Na K Mg Ti Mn La Ce Nd Sm Eu Dy Tb Yb Lu

La -0.18 0.83 -0.40 -0.26 -0.11 -0.09 -0.01 -0.24 1.00

Ce -0.16 0.66 -0.53 -0.23 -0.43 -0.38 -0.10 -0.32 0.76 1.00

Nd 0.08 0.67 0.11 0.04 0.18 0.29 -0.01 0.02 0.45 0.26 1.00

Sm -0.39 0.03 0.00 -0.36 -0.08 0.06 -0.38 -0.41 -0.07 -0.24 0.16 1.00

Eu 0.27 -0.25 0.74 0.53 0.60 0.77 0.74 0.76 -0.03 -0.20 0.03 -0.08 1.00

Dy 0.66 -0.18 0.86 0.71 0.90 0.73 0.73 0.76 -0.08 -0.39 0.19 -0.01 0.75 1.00

Tb -0.05 0.78 -0.28 -0.08 0.04 0.08 0.01 -0.10 0.82 0.69 0.46 -0.11 0.06 -0.02 1.00

Yb -0.11 0.71 -0.37 -0.12 -0.09 0.01 -0.06 -0.23 0.92 0.69 0.42 -0.11 -0.10 -0.07 0.80 1.00

Lu 0.15 0.52 -0.15 0.02 0.20 -0.08 -0.04 -0.08 0.32 0.19 0.43 0.01 -0.12 0.10 0.61 0.29 1.00

Bold values show correlations are significant at P\ 0.05
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fractionation displayed a depth averaged value of 17.2 with

minor scattering along the core, suggesting a relatively

high degree of enrichment of light REE with respect to

heavy REE. Additionally, its values were all much greater

than those recorded for terrigenous particulate matter, 1

and 1.3 [22, 31] implying that the land-derived component

of REE in the studied bed sediment is not conserved.

Cerium anomaly is a widely used parameter for estab-

lishing the origin of the deposited sediment in coastal

systems [32, 33]. Ce anomalies arise from the modification

in its valence state (from Ce3? to Ce4?). Ce/Ce* were

calculated by using the approach adopted by Minai et al.

[34], where Ce* values in each section of the core were

estimated using an expression containing the corresponding

chondrite-normalized concentrations of Ce, La and Sm.

The values obtained were all below 1 (0.58–0.93) reflecting

negative anomalies throughout the core. Cerium anomaly is

characteristic of oceanic waters; the typical values of Ce/

Ce* in seawater were reported to be within the range of

\0.1 and 0.4 [35]. The values found in this work indicate

that there was a high proportion of REE incorporated

directly from seawater through adsorption onto biogenic

materials and/or with oxyhydroxide precipitates. However,

the lack of correlation between Ce and the redox-sensitive

element, Mn, exclude any significant deposition under oxic

conditions while, on the contrary, the correlation with iron

suggest Ce precipitation with Fe oxides and/or iron bearing

minerals.

It has been reported that all REE, except Ce, increase

with depth in seawater to reach their maximum concen-

tration near the bottom where Ce exhibit strong depletion

which results in high anomalies [29]. Thus, the high REE

concentrations and negative anomalies found in our sedi-

ment core could be partially attributed of the coastal

upwelling activity affecting the northwest African coasts.

Conclusion

Levels of radionuclide concentrations in sediment from the

bed channel in the Oualidia Lagoon did not show any

enhancement, except for 210Pb as a result of relatively high

rate of delivery to the sediment despite the low mud con-

tent. Furthermore, the sediment core was dated using

excess 210Pb profile and applying a conventional model.

Radionuclide activities versus grain size revealed markedly

enriched fine particles but also relatively high radioactivity

content in coarse particles. Some selected major elements

and their ratios were used as proxies to establish the origin

of sediment. Neither the seawater nor the terrigenous sig-

nals were found to be preserved in the bed sediment but a

mixture of both, being in conformity with the location of

the sampling site which is under the marine and continental

influences. Elemental ratios and Cerium anomalies sug-

gested two major input sources of REE to the bed sediment

of the Oualidia Lagoon: (i) A contribution of terrigenous

material. This component is likely to represent a small

proportion of the REE budget in the sediment. (ii) Incor-

poration from seawater which is believed to be enriched

with REE as a result of the prevailing coastal upwelling

activity in the Atlantic Moroccan coast, and probably of

anthropogenic activities in the surrounding studied area.
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