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Received 24 Aug 2024, Abstract: The maintenance of the equilibrium of the Aby coastal lagoon during the
Revised 26 Jan 2025, Quaternary period prompted a vertical study (0-35 cm) of 09 sediment cores. The
Accepted 29 Jan 2025 objectives of this study were to evaluate depth-dependent (0-35 cm) variations in

texture, organic matter and trace elements Hg, As, Cd, Pb in the sediments, and to
Keywords: determine the stratigraphic environmental quality of the lagoon sediments. Texture
; antaminati.on; results from sieving showed a sequence: muddy sand > sandy mud > slightly muddy
v Arrié‘eagg%]éms; sand. Total organic carbon (TOC) results showed an increase (0.3% - 19.1%) from the
v Sediment cores; lower layers (25 - 35 c¢m) to the upper layers (0 - 15 cm). Similarly, the total
v' Organic matter; concentrations of the trace elements Hg and As recorded using the atomic absorption

spectrometer in the cores collected showed a decrease in content from the surface layers

o _ _ (0 - 15 cm) to the lower layers (20 - 35 cm). In contrast, the vertical distribution of Cd
ﬁltgt::on: Yaigcl)ug.SEiA” K’\c:uLaEm and Pb was sparse and independent of depth. The CF (Contamination Factor), PLI
Cbuiilﬁély AS. (2'0'25')’ (qulution Load Indgx) indice s_,hovv_ed high Hg contamination of Fhe sediment cores,
Stratigraphy of metal deposits in which could be leading to deterioration of the Aby lagoon. EF (enrichment factor) and
Quaternary sediment cores: The CHA (Hierarchical Cluster Analysis) revealed that this contamination came from
?:SEV(\)/];; traAr]li?C(;””d?ry '&%?g;‘ anthropogenic sources, mainly mining activities. Evaluation by Effects-Range Low
Environ. Sci., 16(2), 207230  (ERL) and Effects-Range Median (ERM) indicated that 28% of the 63 samples could

frequently cause Hg-related adverse effects.

1. Introduction

In aquatic ecosystems, sediment layers act as reservoirs and accumulation beds for trace metals.
The impact and abundance of these trace metals in the environment have led us to describe recent
decades as "techno-chemical”. These trace metals, mainly mercury, arsenic, cadmium and lead, can be
released into the environment through everyday activities such as mining, the use of agrochemicals in
agriculture, the manufacture of industrial products, coal combustion, oil traffic and fishing using metal
equipment (Ouattara et al., 2018, Li et al., 2020, Karaouzas et al., 2021). The contamination of these
trace metals remains of prime importance for the aquatic ecosystem, as diagenetic sedimentation
processes can amplify their toxicity (Sengdr et al., 2007; Razzouki et al., 2015; Bazzi et al., 2020).
Because of their persistence in nature, their non-biocompatibility and their long lifespan, trace metals
can reach higher levels of toxicity with the burial conditions of lagoon sediment strata (Subba Rao et
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al., 2021, Ouaty et al., 2022). The impact of these trace metals directly affects humans, mainly their
life expectancy and health due to their presences in the food cycle (Lei et al., 2019, Betdowska et al.,
2021). West African coastal lagoons show an altered equilibrium under the invasive action of these
trace metal elements (Maanan et al., 2004, Dang et al., 2015). These ecosystems are exposed to heavy
metal contamination due to their poor management.

The Aby lagoon represents an important ecological heritage for the states of Cote d'lvoire and
Ghana, and serves as a spawning area, nursery and habitat for the local benthic community (Ruiz et
al., 2006). The Aby lagoon is home to sought-after species such as Anhinga rufa, Phalacrocorax
africanus, Ardeola ibis, Ardeola ralloides, Milvus migrans, Sarotherodon melanotherodon,
Trachinotus, Liza falcipinis, Arius africanus and Trichechus senegalensis. Moreover, the lagoon's
metallic contamination is a source of recurrent conflict between these border states, and is of interest
to UNESCO because of its Ramsar status.

The end of the 20" century and the current decade have seen studies on the metallic
contamination of sediments in the Aby Lagoon (Kouadio and Trefry 1987, Miyittah et al., 2020).
However, these studies are limited in time, incomplete, old and do not take into account core sediments,
which are temporal markers. In order to better understand the vertical variation of trace elements as a
function of successive sediment deposition in the Aby Lagoon, this study was carried out. The
objectives of this study were to: (1) determine the texture and total organic carbon in the sediment
cores; (2) assess the vertical distribution of the metallic trace elements Hg, As, Cd and Pb in the
sediment cores from Lagune Aby; (3) examine the historical environmental quality of the sediment
cores.

2. Methodology
2.1 Study area

The Aby Lagoon is a Pleistocene coastal depression of fluvial origin linking the states of Cote
d'Ivoire and Ghana. The Aby Lagoon lies between longitudes West 2°51' - 3°21" and latitudes North
5°05' - 5°22' and extends over 424 km? (Durand and Skubich 1982). The Aby lagoon receives the
contents of the coastal rivers Bia and Tanoé (Tano for Ghanaians), which drain catchment areas of
around 10,000 km? and 16,000 km? respectively (Chantraine 1980). In addition to agricultural
activities, Aby lagoon is exposed to effluent discharges from mining and industrial activities. Despite
these degrading factors, Aby Lagoon records an average annual fish production estimated at around
2,000 tons (2018) and an average annual crab production estimated at around 100 tons of crustaceans.
The sediments in this lagoon are a mixture of eroded ferralitic soils and zooplanktonic and
phytoplanktonic debris (Kouadio and Trefry 1987, Koné et al., 2009, Karim et al., 2016). This lagoon
is home to the UNESCO Ramsar project and is of significant ecological value (Miyittah et al., 2020).

2.2 Sediment collection

Nine (09) sediment cores were collected during 2020 at nine (09) stations selected on the basis
of anthropogenic pressure and proximity to rivers and the Atlantic Ocean (Figure 1). These sampling
stations are described in Table 1. Sediment core samples were taken using a manual corer following
the modified method of Ekett et al. (2018). The corer was immersed in the water until it touched the
bottom, and on contact with the bottom the corer was depressed as the sediment gradually moved up
the corer tube.
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Figure 1. Locations of the core sediment sampling stations in the Aby Lagoon (West Africa — South Eastern Ivory Coast
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A total of 63 sediment samples obtained from seven (07) sections were placed in
polypropylene bags and graded as follows: 0-5cm (a), 5-10cm (b), 10-15cm (c), 15-20cm (d), 20-
25¢cm (e), 25-30cm (f), 30-35cm (g). These samples were then stored in a cooler at 4°C and sent to
the laboratory for analysis (Ekett et al. 2018).

Table 1. Longitude, latitude and characteristics of the sampling sites on the Aby Lagoon

Stations Characteristics of the site West longitude North latitude
CAl Close to the Bia river, bordered by cocoa crops 3°13'32"W 5°15'45"N
CA2 High urbanization, Close to the Bia river 3°12'05"W 5°19'37"N
CA3 Floral and faunal diversity and tourist activities 3°13'58"W 5°11'56"N
CA4 Close to the sea and bordered by banana crops 3°17'25"W 5°10'50°N
CA5 Close to the sea and fishing activities 3°11'46"W 5°09'54"N
CA6 Close to the sea and agricultural crops 3°08'47"W 5°08'02"N
CA7 Bordered by agricultural crops 3°03'29"W 5°07'35°N
CA8 Mining activities and Close to the Tanoé river 2°57'39"W 5°06'17"N
CA9  Mining activities and bordered by industrial crops 2°5411'W S70932'N

2.3 Laboratory analysis and quality assurance

The samples collected underwent three (03) separate analyses. The first analysis consisted in
determining the granulometry and texture of sediment core sections using manual sieving on 63um
and 2um mesh. The second analysis involved burning 5g of samples in an oven to determine total
organic carbon (TOC). The final analysis involved the determination of trace elements Hg, As, Cd,
Pb by hydride generation (HG-AAS) and graphite furnace atomic absorption spectroscopy (GFAAS)
(SpectrAA100 spectrometer Varian, Japan) (Loring and Rantala 1992, Ouattara et al., 2018). The
results of an analysis are not valid without verification of their reliability, as it is impossible to carry
out a chemical analysis that is free from error or uncertainty. Blanks and duplicates were performed
after each analysis of 10 samples. The calibration curve was established using standard solutions for
each trace metal. Table 2 gives the recovery rates and detection limits for the trace elements studied.

2.4 Sample particle size and texture

Table 2. Percentage recovery of errors and detection limits of trace element

TMEs Recovery (%) Detection Limits (ug/g)
Hg 102 0.05
As 98 0.03
Cd 99 0.002
Pb 101 0.09

The vertical grain size of sediment core samples was determined by sieving 100g of sediment
over 63um, 2um sieve meshes. Sediments were classified into sandy (> 63um), silty (63um - 2pm)

Yapi et al., J. Mater. Environ. Sci., 2024, 15(2), pp. 267-230

210



and clayey (< 2um) fractions. The texture of each sediment core was determined using the Flemming
model (Figure 2). This model is based on a ternary diagram (sand, silt, clay) and a subdivision into
six (06) intervals (mud, slightly sandy silt, sandy silt, muddy sand, slightly muddy sand, sand).
Flemming's model is important in determining the sediment deposition environment and also
compensates for the approximations of visual sediment characterization (Flemming et al., 2000).

2.5 Total organic carbon

Total organic carbon (TOC) of sediment core sections was determined by the adapted dry combustion
method (Christensen 1987). 2.0 g of dry sediment samples deposited in porcelain crucibles were
placed in a muffle furnace and heated to 550°C for 24 h to burn off the organic matter (Ouaty et al.,
2022). Eqn. 1 was used to determine the % TOC.

MAI-MAPI
MAI

MAI: mass of sediment before heating; MAPI: mass of sediment after heating

% TOC = ( ) X100 Egn. 1

Clay

Sand Silt

5 25 50 75 95

Figure 2. Textural ternary diagram of sediments according to Flemming

2.6 Contamination Factor (CF)
The contamination factor (CF) is a tool for determining the level of metallic contamination in
sediments (Hakanson 1980). It is calculated from the following relationship (Eqgn. 2):

CF = —Cmetal Eqn. 2

Cbackground
where Cmetal iS the concentration of the metal in the sediment and Chackground iS the value of the
geochemical background for a given metal. Concentrations recorded in the upper part of the earth's
crust (29) were used as the geochemical background, to the detriment of direct measurements of
concentrations recorded in the deepest zone of low anthropogenic activity, or of average
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concentrations recorded in sedimentary textures reported in the literature. The different levels of
contamination according to CF values and geochemical background values are shown in Table 3.

Table 3. Standards for levels of contamination (Hakanson 1980, Yang et al., 2012)

Contamination Factor (CF) Contamination Level

CF<1 Low Contamination
1<CF<3 Moderate contamination

3<CF<6 Considerable contamination

CF>6 Very high contamination

2.7 Pollution Load Index (PLI) and Enrichment factor

The degree of overall pollution of sediments in a study area by selected trace elements can be

estimated by the metal pollution index (PLI) (Ganugapenta et al., 2018, Ajayi et al., 2022). The

method for calculating the PL1 is described by Eqn. 3 :

PLI = \/CF; X CF, X CF3 X ...... X CF, Eqgn. 3

With: CFi: contamination factor of metal i.

If PLI =0, there is no deterioration; if PLI1 = 1, only reference levels of pollutants are present, and if

the PLI value > 1, this indicates a progressive deterioration of the environment.

The enrichment factor (EF) is used to estimate the quantity of TMEs released into a given ecological

environment and differentiate between these trace metals' anthropogenic and natural inputs

(Karaouzas et al., 2021). Eqn. 4 defines the calculation of the enrichment factor. The reliability of

this calculation requires a suitable choice of normalizing element and reference material. Iron (Fe)

was chosen over Aluminum (Al) because Al is an abundant element in the structure of clay minerals

that is present abundantly in the study area and is also associated with particle surfaces as an oxide

coating (Daskalakis and O'Connor 1995). The reference material is UCC due to the lack of reliable

local source rock data (Pekey 2006).
(%) sample

(Fﬂe) background

where EF, enrichment factor; M, metal concentration; Fe, iron concentration; sample; earth crust.

Origins are defined as 0.5 < FE < 1.5, natural origin and FE > 1.5 anthropogenic origin (Zhang et al.,

2007).

EF = Eqgn. 4

2.8 Assessment of lagoon biota

To assess sediment quality, international bodies such as the Environmental Protection Agency (EPA)
and researchers (Hakanson 1980, Long et al., 1995) have proposed guideline values (SQGs). Metal
quantification is based on pre-industrial time and post-industrial time or industrial civilization. Pre-
industrial time made it possible to record pre-industrial reference values (PRVs) before the explosion
of industry and trace elements in the earth's crust. In addition, the suggested margin established a
threshold below which impacts on aquatic organisms rarely occur (ERL) and a threshold above which
living organisms in sediments are likely to encounter adverse effects frequently (ERM) (Long et al.,
1995, Burton 2002) (Table 4).
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Table 4. PRV-ERM/PEL guide values for assessment of the environmental quality of sediments
(Hakanson 1980, Long et al., 1995, Burton 2002)

ETMs (19/9) PRV (ug/9) ERL (119/0) ERM (u9/g)
Hg 0.25 0.15 13
As 15 8.2 70
Cd 1.0 1.2 9.6
Pb 70 46.7 218

3. Results and Discussion
3.1 Total organic carbon (TOC) and sediment ternary diagram

Table 5 presents the total organic carbon (TOC) and vertical grain size results for sediment cores
collected in Aby lagoon. Figure 3 shows the vertical distribution of total organic carbon in sediment
cores collected in Aby lagoon. TOC ranged from 0.3% (30-35cm) to 14.8% (0-5cm), from 1.1% (30-
35cm) to 13.5% (0-5cm), from 0.9% (30-35cm) to 11% (0-5¢cm), from 1.4% (30-35cm) to 11.4% (O-
5cm), from 1.9% (30-35cm) to 13.2% (0-5¢cm), from 0.6% (30-35cm) to 19.1% (0-5¢cm) and from
1.4% (30-35cm) to 17.4% for cores CAl, CA2, CA3, CA4, CA7, CA8 and CA9 respectively. The
horizontal distribution of TOC by layer showed the following trend: (0-5cm) > (5-10cm) > (10-15cm)
> (15-20cm) > (30-35cm) > (20-25cm) > (25-30cm) > (30-35cm). ANOVA results showed a
significant difference (p < 0.5) between the different layers of cores CA1, CA2, CA3, CA7, CA8 and
CA9.
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Figure 3. Depth profiles of total organic carbon (% TOC) in sediments cores collected in Aby Lagoon
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The results of the grain size percentages recorded (Table 5) in the sediment cores generally ranked
in the order: (30-35cm) > (20-25cm) > (0-5¢cm) > (5-10cm) > (15-20cm) > (25-30cm) > (10-15¢cm)
for sand. Silt percentages also followed the order: (25-30cm) > (20-25cm) > (30-35cm) > (0-5¢cm) >
(15-20cm) > (10-15cm) > (5-10cm). Clay evolved according to: (10-15¢m) > (5-10cm) > (15-20cm)
> (0-5cm) > (25-30cm) > (20-25¢cm) > (30-35cm).

Table 5. Particle size and total organic carbon (TOC) percentages of sediments cores of Aby Lagoon

Stations Depth (cm) % TOC % Sand % Silt % Clay
A (0-5) 14.8 59 17 24
B (5-10) 8.5 62.5 10.5 26
C (10-15) 6.5 63 5.4 30.2
CAl D (15-20) 5.3 60.3 3 35.8
E (20-25) 1.5 79 5.4 14.8
F (25-30) 1.02 80 8.5 9.9
G (30-35) 0.3 82 9.1 8.2
Mean £+ SD 542 +5.2 69.4 £10.4 84146 21.3+£105
A (0-5) 13.5 66.3 11 22.6
B (5-10) 6.8 61.5 18.2 20
C (10-15) 9.5 65.9 14.5 19
CA2 D (15-20) 3.7 55.2 13.3 30.9
E (20-25) 2.6 56 23 19.4
F (25-30) 2.9 52.7 31 15
G (30-35) 1.1 91.3 2.7 4.8
Mean + SD 57145 64.1+13.1 16.2+9 18.8 +7.90
A (0-5) 11 66.4 25.5 7.2
B (5-10) 9.6 65.2 10.5 23.8
C (10-15) 2.3 54.6 12.6 30.6
CA3 D (15-20) 2.9 74.8 18 7.1
E (20-25) 1.4 82 9.4 8
F (25-30) 1.2 77 10.5 11.8
G (30-35) 0.9 79.1 4.2 16.4
Mean + SD 42+4.3 71.3+£9.7 13.0+6.9 15.0+9.2
A (0-5) 11.4 67 8.4 23.7
B (5-10) 7.5 39.5 6.2 53.7
C (10-15) 10 36.2 2.6 59.8
CA4 D (15-20) 8 26.2 7.8 65.4
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E (20-25) 43 26 5.2 68.1
F (25-30) 3.8 35.4 3.8 60.2
G (30-35) 1.4 37.6 3.2 58.8
Mean+SD  6.6+3.6  38.3+138 53+23 55.7 + 14.8
A (0-5) 2.8 81.3 48 13.4
B (5-10) 1.2 76 13 10.1
C (10-15) 1.8 69 19.7 10.9
CA5 D (15-20) 1.6 72 18.4 9.3
E (20-25) 4.1 78 17.8 3.8
F (25-30) 3.9 77 4.7 17.9
G (30-35) 43 72.8 13.1 13.8
Mean+SD  2.8+13 752+ 4.2 13.1+6.2 113+4.4
A (0-5) 5.2 785 8 12.7
B (5-10) 48 72.1 6.5 20.8
C (10-15) 7.3 61 9.1 30
CA6 D (15-20) 6.8 80.1 4.6 14.6
E (20-25) 9.1 775 5.6 16.1
F (25-30) 8.3 24.1 315 43
G (30-35) 5.6 49 31 18.9
Mean+SD  67+16  632+206  13.8%12.0 223+10.7
A (0-5) 13.2 71 15.8 13.1
B (5-10) 13.9 69 10.4 19
C (10-15) 6.4 66.1 11.4 22
CA7 D (15-20) 3.8 74 9.4 16.3
E (20-25) 4.8 83 6.8 9.7
F (25-30) 6 75 14.2 8.9
G (30-35) 1.9 77 10.8 11.9
Mean+SD  7.1+4.6 73.6+5.6 11.3+3.0 14.4+4.9
A (0-5) 19.1 64.4 18.4 17
B (5-10) 11.8 69 8.9 21.6
C (10-15) 13.1 85 5.4 8.9
CAS D (15-20) 55 795 10.8 9.3
E (20-25) 2.8 49.9 33.8 15.8
F (25-30) 4.9 58 22.8 18.6
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G (30-35) 0.6 56 31.4 12.2

Mean+SD  83+66  660+128  188%11.1 148+ 4.8
A (0-5) 17.4 40.7 6 52.8
B (5-10) 11.3 49.7 6.2 43.4
C (10-15) 9.7 335 16.7 48.8
CA9 D (15-20) 35 42.1 75 49.7
E (20-25) 1.3 79.2 6.5 13.9
F (25-30) 1.7 76 8.2 14.7
G (30-35) 1.4 68 17.2 13.7
Mean+SD  66+63 556185 9.8+5.0 33.9+18.7

TOC results showed an increase in organic matter towards the surface and superficial layers. This
trend could be explained by an increasing input of detrital material and decomposition of animal and
plant matter in the upper layers (BadrEIDin et al., 2022). It could also suggest a low burial rate at
depth, which would favor microbial degradation in the lower layers (Zhang et al., 2007, Badr and
Hussein 2010, Khalil et al., 2013). In contrast, the trend observed in cores CA5 and CA6 would
indicate a zonal phenomenon, probably a low sedimentation rate with depth (Amir et al., 2020). These
high percentages of organic matter on the surface would probably constitute a trap for trace metal
elements. The trend of sand growth with depth indicates diagenesis. This trend would confirm the
very low quantity of organic matter recorded in the lower layers. Indeed, organic matter is generally
associated with fine particles (clays, silt) (Chen et al., 2010). The ternary sediment diagram was
represented by the average recorded from the results of each core sampled (Figure 4). Texture
provides an understanding of trace element adsorption and desorption phenomena due to their close
binding (Chen et al., 2016, Zonta et al., 2018).

The results showed three (03) texture types according to Flemming's diagram: The textures, of muddy
sand, sandy mud and slightly muddy sand. The results of the statistical Analysis of Variance revealed
no significant differences (p > 0.05). The high level of muddy sands (07 cores) is thought to derive
from the weathering of Pleistocene geological formations (sandstones, granites) (Allersma and
Tilmans 1993). The sandy-clay texture recorded in core CA4 is probably due to the nature of the
deposits and altered diagenetic conditions (Ouaty et al., 2022). Core CA5, taken from an island
consisting mainly of sand, would explain the sandy texture recorded.

3.2 Mapping the vertical distribution of trace elements Hg, As, Cd and Pb in sediment cores

The total concentrations of the trace elements Hg, As, Cd, Pb are recorded in Table 6, and the vertical
distribution profiles are shown in Figure 5. The mean total concentrations of Hg (Figure 5a) recorded
ranged from 1.32 £ 0.92 ug/g (CA1), 0.93 + 0.49 ug/g (CA2), 0.72 = 0.55 pg/g (CA3), 0.50 £
0.45ug/g (CA4), 1.20 £ 0.83 pg/g (CA5), 0.55 + 0.40 pg/g (CA6), 0.90 £ 0.53 pg/g (CA7), 1.28 £
1.23 ug/g (CA8), 1.46 + 0.7 ug/g (CA9). Mean total As concentrations (Figure 5b) ranged from 1.70
+1.03 pg/g (CAL), 1.73 £ 1.04 pg/g (CA2), 0.99 £ 0.79 pg/g (CA3), 0.64 £ 0.37 pg/g (CA4),0.74 £
0.65 pg/g (CAS5), 0.90 = 0.75 pg/g (CA6), 1.87 + 1.13 pg/g (CA7), 1.83 £ 0.91 pg/g (CA8), 1.16
0.75 pg/g (CA9). Mean total Cd concentrations (Figure 5c) ranged from 0.09 + 0.05 pg/g (CA1l),
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0.07 £ 0.04 pg/g (CA2), 0.11 £ 0.07 pg/g (CA3), 0.07 = 0.07 pg/g (CA4), 0.05 + 0.03 pg/g (CA5),
0.13 £ 0.12 pg/g (CA6), 0.22 £ 0.21 pg/g (CAT7), 0.21 + 0.19 pg/g (CA8), 0.19 + 0.09 pg/g (CA9).
Mean total Pb concentrations (Figure 5d) ranged from 1.25 + 0.67 pug/g (CA1), 0.8 + 0.5 pg/g (CA2),
1.08 £ 1.05 pg/g (CA3),0.51 £0.25 pug/g (CA4), 0.46 £ 0.21 pg/g (CA5), 1.10 £ 0.83 pg/g (CA6),1.15
+ 0.77 pug/g (CAT7), 1.49 £ 0.74 pg/g (CA8), 2.19 = 1.49 pg/g (CA9).

Clay

® Sandy mud
®Muddy sand

@® Slighty
muddy sand

Sand Silt

8 25 50 75 95

Figure 4. Sediments cores texture of the Aby Lagoon

With regard to the distribution of levels (ug/g) by stratum, Hg varied in the order: (0-5cm) > (10-
15cm) > (5-10cm) >(15-20cm) > (20-25cm) > (25-30cm) > (30-35cm); As followed the trend: (5-
10cm) > (0-5cm) > (10-15cm) > (15-20cm) > (25-30cm) > (20-25cm) > (30-35cm); Cd, (0-5cm) >
(10-15cm) > (20-25cm) > (30-35cm) > (15-20cm) > (25-30cm) > (5-10cm) and Pb was as follows:
(10-15cm) > (15-20cm) > (25-30cm) > (5-10cm) > (0-5cm) > (20-25cm) > (30-35cm).

The ANOVA results showed a significant difference (p < 0.05) in the total concentrations of Hg and
As in the different sections of the cores collected in Aby Lagoon. The vertical distribution may reflect
historical trace element content (Wang et al., 2015). The trend towards higher total Hg concentrations
in the upper sections of the sediment cores could be explained by the intensity of mining activities in
the study area over the decades. Indeed, locals are increasingly neglecting fishing and sacred local
activities in favor of mining activities. These mining activities, which are less well controlled by local
people, release large quantities of Hg into the sediment deposits in Aby lagoon (Fitzgerald and
Lamborg 2014; Kouassi et al., 2022). Anthropogenic activities such as oil traffic, which is highly
accentuated in the area, and domestic discharges evolving in the anthropogen could also suggest these
high levels of Hg in the upper layers (0-15cm) (Wilhelm 2000; Rahman and Singh 2019).

As with Hg, the disposition observed in As concentrations would testify to the increasingly growing
influence of anthropogenic activities such as agrochemicals over the long term (Smedley and
Kinniburgh 2002; BadrEIDin et al., 2022). In addition, the continuous inflow of water from the Bia
and Tanoé rivers into the Aby lagoon basin will likely increase the distribution of trace elements in
the sediments.
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Table 6. Total concentrations (ug/g) of traces elements Hg, As, Cd and Pb in the sediment cores of

Aby lagoon
Stations Depth (cm) Hg (1g/9) As (1g/g) Cd (no/g) Pb (ug/g)
A (0-5) 2.92 3.56 0.06 0.94
B (5-10) 2.16 2.3 0.18 1.55
C (10-15) 1.67 1.45 0.13 1.56
CAl D (15-20) 1.13 2.25 0.03 0.49
E (20-25) 0.86 1.26 0.07 0.19
F (25-30) 0.33 1.01 0.06 1.98
G (30-35) 0.18 0.09 0.08 2.03
Mean + SD 1.32+0.92 170 +1.03 0.09£0.05 1.25+0.67
A (0-5) 1.19 1.75 0.12 0,48
B (5-10) 1.81 1.97 0.01 0.54
C (10-15) 0.96 3.91 0.09 1.88
CA2 D (15-20) 0.95 1.74 0.06 0.57
E (20-25) 0.98 1.66 0.05 0.29
F (25-30) 0.42 0.67 0.12 1.11
G (30-35) 0.19 0.44 0.03 0.71
Mean + SD 0.93+0.49 1.73+1.04 0.07 £0.04 0.8+0.5
A (0-5) 1.03 2.19 0.18 0.55
B (5-10) 0.85 2.09 0.05 0.73
C (10-15) 1.83 1.25 0.15 3.43
CA3 D (15-20) 0.54 0.55 0.19 1.55
E (20-25) 0.5 0.41 0.11 0.89
F (25-30) 0.18 0.22 0.05 0.3
G (30-35) 0.11 0.23 0.01 0.09
Mean + SD 0.72+0.55 0.99+£0.79 0.11+£0.07 1.08 + 1.05
A (0-5) 0.68 0.69 0.23 0.78
B (5-10) 1.12 1.34 0.03 0.58
C (10-15) 1.18 0.4 0.05 0.5
CA4 D (15-20) 0.16 0.6 0.04 0.85
E (20-25) 0.15 0.41 0.06 0.49
F (25-30) 0.13 0.91 0.07 0.27
G (30-35) 0.09 0.12 0.01 0.07
Mean + SD 0.50+£0.45 0.64 £0.37 0.07 £0.07 0.51+£0.25
A (0-5) 2.7 1.58 0.02 0.34
B (5-10) 0.83 1.83 0.03 0.48
C (10-15) 1.35 0.83 0.09 0.63
CA5 D (15-20) 1.89 0.33 0.08 0.71
E (20-25) 1.14 0.31 0.05 0.64
F (25-30) 0.27 0.21 0.09 0.33
G (30-35) 0.19 0.09 0.02 0.08
Mean + SD 1.20+0.83 0.74 £ 0.65 0.05+0.03 0.46 £0.21
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A (0-5) 0.6 1.73 0.13 0.55

B (5-10) 1.45 1.97 0.04 1.15
C (10-15) 0.51 1.52 0.4 2.43
CA6 D (15-20) 0.5 0.52 0.08 1.95
E (20-25) 0.41 0.28 0.16 1.36
F (25-30) 0.28 0.19 0.06 0.17
G (30-35) 0.1 0.08 0.01 0.06
Mean+SD  055+0.40  0.90+0.75 0.13 +0.12 1.10 +0.83
A (0-5) 1.88 2.14 0.11 152
B (5-10) 1.55 4.04 0.06 117
C (10-15) 0.66 2.07 0.1 1.25
CA7 D (15-20) 0.58 1.35 0.05 2.74
E (20-25) 0.62 1.07 0.25 0.37
F (25-30) 0.59 2.31 0.23 0.43
G (30-35) 0.41 0.14 0.71 0.58
Mean+SD  0.90+053  1.87+1.13 0.22+0.21 1.15+0.77
A (0-5) 3.59 2.44 0.63 1.28
B (5-10) 1.02 277 0.22 2
C (10-15) 2.71 2.66 0.2 2.75
CA8 D (15-20) 0.11 1.69 0.24 1.71
E (20-25) 0.66 0.43 0.12 0.16
F (25-30) 0.55 2.31 0.05 1.44
G (30-35) 0.31 0.53 0.02 1.08
Mean+SD  1.28+123  1,83+0.91 0.21+0.19 1.49+0.74
A (0-5) 2.18 1.71 0.24 1.35
B (5-10) 1.71 2.01 0.02 2.58
C (10-15) 1.95 2.25 0.32 3.94
CA9 D (15-20) 1.99 0.69 0.25 411
E (20-25) 1.54 0.77 0.21 2.47
F (25-30) 0.69 0.39 0.09 0.21
G (30-35) 0.13 0.28 0.17 0.18
Mean+SD  1.46+0.7 1.16 +0.75 0.19 +0.09 2.12 +1.49

In order to situate the vertical variation of trace elements in the sediment cores, total concentrations
were compared with standard values recorded in UCC and SQGs (Sediments Quality Guidelines)
(Wedepohl 1995, Karaouzas et al., 2021). Total Hg concentrations in the sections (0-35cm) of all
cores collected for this study were higher than those recorded in UCC (0.056 pg/g). Similarly, these
recorded concentrations were higher than the SQGs values (0.486 pg/g) for the sections (0-25cm) of
all cores collected. Total As concentrations in sections (0-15cm) of cores CA1, CA7, CA8, CA9 were
higher than those of UCC (2.0 pg/g). In contrast, total Cd and Pb concentrations in all sections (0-
35cm) of the cores collected (CAL - CA9) in this study were lower than UCC (0.102 ug/g; 17 pg/g)
and SQGs (3.53 ug/g; 91.3 pg/g) respectively.

3.3 Contamination Factor (CF) and Pollution Load Index (PLI)

The level of trace element contamination accumulated in the sediment cores was determined and
shown in Table 7. Mean CF values for Hg ranged from 8.95 + 8.05 (CA4) to 23.60 £ 16.42 (CA1l),
for CF As from 0.32 £ 0.18 (CA4) to 0.94 = 0.56 (CA7), CF Cd ranged from 0.53 + 0.29 (CADb) to
2.11+£2.10 (CA7) and CF Pb from 0.03 £ 0.01 (CA4, CA5) to 0.07 £ 0.04 (CA1). Metallic assessment
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of the ecological balance of the sediment cores was carried out using the metallic pollution index
(PLI).
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Figure 5. Spatial distribution of trace elements Hg, As, Cd and Pb in the cores of sediments of the
Aby Lagoon

The PLI results shown in Figure 6 ranged from 0.49 £+ 0.35 (CA4) to 1.40 £ 0.95 (CA8). The level
of contamination assessed by the contamination factor and the PLI pollution index showed that all
the sediment cores collected were highly contaminated (CF > 6) with Hg. In contrast, the sediment
cores collected showed no contamination (CF < 1) in As and Pb. Furthermore, Cd contamination in
the sediment cores ranged from non-contamination (1 < CF < 3) to moderate contamination. This
finding would confirm the major impact of mining effluent discharges into the Aby lagoon basin,
which would not fade over time. Hg contamination of the various sediment core layers could indicate
a permanent release of this trace element into the Aby lagoon basin. With regard to the PLI results,
02 trends were observed, with sediment cores from stations CA1, CA7, CA8 and CA9 being
deteriorated (PLI > 1) while the other stations were not deteriorated (PLI < 1). The results would
indicate that sediment cores located near the Bia and Tanoe rivers are deteriorated.
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Figure 6. Pollution Load Index (PLI) of metals on the sediment cores from the Aby Lagoon

Table 7. Contamination Factor for each metal and Pollution Load Index (PLI) of total metals in
sediment cores of Aby lagoon

Stations Depth (cm) CF Hg (ng/g) CF As CFCd CFPb (ug/g) PLI
(H9/g) (H9/g)
A (0-5) 52.14 1.78 0.59 0.06 1.32
B (5-10) 38.57 1.15 1.76 0.09 1.63
C (10-15) 29.82 0.73 1.27 0.09 1.26
CAl D (15-20) 20.18 1.13 0.29 0.03 0.66
E (20-25) 15.36 0.63 0.69 0.01 0.52
F (25-30) 5.89 0.51 0.59 0.12 0.67
G (30-35) 3.21 0.05 0.78 0.12 0.34
Mean + SD 23.60+16.42 0.85+052 0.85+0.46 0.07+£0.04 1.06 + 0.63
A (0-5) 21.25 0.88 1.18 0.03 0.89
B (5-10) 32.32 0.99 0.1 0.03 0.56
C (10-15) 17.14 1.96 0.88 0.11 1.34
CA2 D (15-20) 16.96 0.87 0.59 0.03 0.73
E (20-25) 17.5 0.83 0.49 0.02 0.59
F (25-30) 7.50 0.34 1.18 0.07 0.66
G (30-35) 3.39 0.22 0.29 0.04 0.31
Mean + SD 16.58+8.68 0.87+052 0.67+0.39 0.05+0.03 0.82+0.48
A (0-5) 18.39 1.10 1.76 0.03 1.04
B (5-10) 15.18 1.05 0.49 0.04 0.76
C (10-15) 32.68 0.63 1.47 0.20 1.57
CA3 D (15-20) 9.64 0.28 1.86 0.09 0.82
E (20-25) 8.93 0.21 1.08 0.05 0.57
F (25-30) 3.21 0.11 0.49 0.02 0.24
G (30-35) 1.96 0.12 0.10 0.01 0.10
Mean + SD 12.86+9.76 050+0.40 1.04+0.64 0.06 £ 0.06 0.80 £ 0.63
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A (0-5) 12.14 0.35 2.25 0.05 0.81
B (5-10) 20 0.67 0.29 0.03 0.61
C (10-15) 21.07 0.20 0.49 0.03 05
CA4 D (15-20) 2.86 0.30 0.39 0.05 0.36
E (20-25) 2.68 0.21 0.59 0.03 0.31
F (25-30) 2.32 0.46 0.69 0.02 0.33
G (30-35) 1.61 0.06 0.10 0.00 0.08
Mean + SD 895+805 032+018 0.69+066  003+001  0.49+0.35
A (0-5) 48.21 0.79 0.20 0.02 0.62
B (5-10) 14.82 0.92 0.29 0.03 0.58
C (10-15) 24.11 0.42 0.88 0.04 0.76
CA5 D (15-20) 33.75 0.17 0.78 0.04 0.65
E (20-25) 20.36 0.16 0.49 0.04 0.49
F (25-30) 4.82 0.11 0.88 0.02 0.31
G (30-35) 3.39 0.05 0.20 0.00 0.11
Mean+SD  21.35+14.75 0.37+033 053+029  003+001  0.58+0.36
A (0-5) 10.71 0.87 1.27 0.03 0.79
B (5-10) 25.89 0.99 0.39 0.07 0.91
C (10-15) 9.11 0.76 3.92 0.14 1.40
CA6 D (15-20) 8.93 0.26 0.78 0.11 0.68
E (20-25) 7.32 0.14 157 0.08 0.60
F (25-30) 5 0.10 0.59 0.01 0.23
G (30-35) 1.79 0.04 0.10 0.00 0.07
Mean + SD 9.82+7.12 045+037 123+119  006+005  0.77 +0.63
A (0-5) 3357 1.07 1.08 0.09 1.36
B (5-10) 27.68 2.02 0.59 0.07 1.23
C (10-15) 11.79 1.04 0.98 0.07 0.97
CA7 D (15-20) 10.36 0.68 0.49 0.16 0.86
E (20-25) 11.07 0.54 2.45 0.02 0.75
F (25-30) 10.54 1.16 2.25 0.03 0.91
G (30-35) 7.32 0.07 6.96 0.03 0.59
Mean+SD  16.05+9.44 0.94+056 211+210  0.07+0.05  1.21+0.84
A (0-5) 64.11 1.22 6.18 0.08 2.46
B (5-10) 18.21 1.39 2.16 0.12 1.59
C (10-15) 48.39 1.33 1.96 0.16 2.13
CA8 D (15-20) 1.96 0.85 2.35 0.10 0.79
E (20-25) 11.79 0.22 1.18 0.01 0.41
F (25-30) 9.82 1.16 0.49 0.08 0.83
G (30-35) 5.54 0.27 0.20 0.06 0.37
Mean+SD  22.83+2205 0092+046 207+184  009+004  1.40+0.95
A (0-5) 38.93 0.86 2.35 0.08 1.58
B (5-10) 30.54 1.01 0.20 0.15 0.98
C (10-15) 20.54 1.13 3.14 0.23 2.02
CA9 D (15-20) 35.54 0.35 2.45 0.24 1.64
E (20-25) 20.36 0.39 2.06 0.15 1.24
F (25-30) 12.32 0.20 0.88 0.01 0.40
G (30-35) 2.32 0.14 1.67 0.01 0.28
Mean+SD  2293+12.08 058+0.38 1.82+093  0.12+009  1.32+0.78

Yapi et al., J. Mater. Environ. Sci., 2024, 15(2), pp. 267-230

222



3.4 Sources and classification of trace elements in lagoon sediment cores
Trace element sources were evaluated through the enrichment factor (EF). The enrichment factor
shown in Table 8 showed that values ranged from EF (Hg), 2.05 + 1.59 (CA5) to 28.81 £ 33.7 (CA1l),
EF (As), 0.22 + 0.15 (CA4) and 1.87 + 1.13 (CA7), EF (Cd), 0.05 £ 0.03 (CA5) and 1.39 + 1.04
(CA3) and EF (Pb), 0.04 £ 0.02 (CA2) and 2.12 + 1.49 (CA9). These results suggest that the presence
of Hg in the collected sediment cores is from anthropogenic sources (EF > 1.5). Similarly, cores CA7
and CA9 would indicate anthropogenic inputs of trace elements As and Pb respectively. In addition,
the upper layers (0-10cm) of sediment cores CA5, CA6, CA7, CA8 and CA9 would be strongly
impacted by anthropogenic activities generating As.

Table 8. Enrichment factor (EF) in the sediment cores of Aby Lagoon

Stations Depth (cm) EF Hg EF As EF Cd EF Pb
A (0-5) 22.6 0.77 0.25 0.02
B (5-10) 22.59 0.67 1.03 0.05
C (10-15) 17.16 0.42 0.73 0.05
CAl D (15-20) 108.95 6.07 1.59 0.16
E (20-25) 23.37 0.96 1.04 0.02
F (25-30) 4.99 0.43 0.50 0.10
G (30-35) 2.01 0.03 0.49 0.07
Mean+SD  28.81 % 33.7 1.34+1.95 0.81+0.42 0.07 £0.04
A (0-5) 11.25 0.46 0.62 0.01
B (5-10) 13.76 0.42 0.04 0.01
C (10-15) 9.92 1.13 0.51 0.06
CA2 D (15-20) 25.75 1.32 0.89 0.05
E (20-25) 1.13 0.05 0.03 0.00
F (25-30) 7.24 0.32 1.14 0.06
G (30-35) 3.83 0.25 0.33 0.05
Mean+SD  10.41+7.43 0.57+0.44 0.51+0.38 0.04 £0.02
A (0-5) 22.76 1.35 2.18 0.04
B (5-10) 8.26 0.57 0.27 0.02
C (10-15) 21.73 0.42 0.98 0.13
CA3 D (15-20) 14.68 0.42 2.83 0.14
E (20-25) 21.27 0.49 2.57 0.12
F (25-30) 4.88 0.17 0.74 0.03
G (30-35) 2.77 0.16 0.14 0.01
Mean+SD  13.76 £7.85 0.51+0.37 1.39+1.04 0.07 £0.05
A (0-5) 3.52 0.19 1.21 0.78
B (5-10) 8.63 0.46 0.20 0.58
C (10-15) 2.15 0.1 0.25 0.5
CA4 D (15-20) 1.13 0.12 0.15 0.85
E (20-25) 2.86 0.22 0.63 0.49
F (25-30) 2.09 0.41 0.62 0.27
G (30-35) 0.24 0.04 0.07 0.07
Mean + SD 2.94 +2.53 0.22+0.15 0.45+0.37 0.51+£0.25
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A (0-5) 4.7 1.58 0.02 0.34
B (5-10) 3.83 1.83 0.03 0.48
C (10-15) 2.35 0.83 0.09 0.63
CA5 D (15-20) 1.89 0.33 0.08 0.71
E (20-25) 1.14 0.31 0.05 0.64
F (25-30) 0.27 0.21 0.09 0.33
G (30-35) 0.19 0.09 0.02 0.08
Mean+SD  2.05+159  0.74+0.65 0.05 +0.03 0.46 £0.21
A (0-5) 7.6 1.73 0.13 0.55
B (5-10) 3.45 1.97 0.04 1.15
C (10-15) 251 1.52 0.4 2.43
CA6 D (15-20) 0.75 0.52 0.08 1.95
E (20-25) 0.41 0.28 0.16 1.36
F (25-30) 0.28 0.19 0.06 0.17
G (30-35) 0.1 0.08 0.01 0.06
Mean+SD  2.07+251  0.90+0.75 0.13 +0.12 1.10 +0.83
A (0-5) 7.88 2.14 0.11 152
B (5-10) 4.55 4.04 0.06 1.17
C (10-15) 0.66 2.07 0.1 1.25
CA7 D (15-20) 0.58 1.35 0.05 2.74
E (20-25) 0.62 1.07 0.25 0.37
F (25-30) 0.59 2.31 0.23 0.43
G (30-35) 0.41 0.14 0.71 0.58
Mean+SD  2.18+270  1.87+1.13 0.22+0.21 1.15+0.77
A (0-5) 3.59 2.44 0.63 1.28
B (5-10) 3.02 2.77 0.22 2
C (10-15) 2.71 2.66 0.2 2.75
CAS D (15-20) 2.11 1.69 0.24 1.71
E (20-25) 0.66 0.43 0.12 0.16
F (25-30) 1.55 231 0.05 1.44
G (30-35) 0.81 0.53 0.02 1.08
Mean+SD  2.06+1.03  1,83+0.91 0.21+0.19 1.49+0.74
A (0-5) 6.18 1.71 0.24 1.35
B (5-10) 3.71 2.01 0.02 2.58
C (10-15) 5.95 2.25 0.32 3.94
CA9 D (15-20) 2.99 0.69 0.25 4.11
E (20-25) 2.54 0.77 0.21 2.47
F (25-30) 0.69 0.39 0.09 0.21
G (30-35) 0.13 0.28 0.17 0.18
Mean+SD  3.17+217  1.16+0.75 0.19 +0.09 2.12 +1.49

Indeed, anthropogenic activities such as open-pit mining and also the misuse of agrochemicals, would
strongly contribute to the distribution of Hg and As in lagoon sediments (Ruiz-Fernandez et al.,
2019). In addition, accidental oil spills and washing by motorized pirogues are relatively important
in the south of Aby lagoon (part associated with the Tanoé River), facilitating the release of Pb into
sedimentation (BadrEIDin et al., 2022). In addition, the timeless inflow of the Bia and Tanoé rivers
into the lagoon basin could increase the trace element content of the sediments.
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Hierarchical clustering (HCA) was used to assess similarities/differences in the metal content of
sediment cores. The results of the HCA, shown in Figure 7, revealed two (02) major groups. Group
I, which includes all the cores collected (CA1 - CA9), but excludes some core sections. This large
group of sediment samples characterized by identical trace element sources could demonstrate the
homogeneity of anthropogenic activities or domestic discharges carried out in the Aby lagoon basin.
This trend confirms the FE results which showed that mining activities and agrochemical drainage
would predominantly control the distribution of trace metal elements in sediments (Mandal and
Suzuki 2002, Wang et al., 2004, Xu et al., 2015). In addition, this could also suggest that the
parameters controlling trace element mobility in sediment sample layers are hitherto unknown. Group
Il includes sections (layers) of sediment cores located mainly downstream of the Aby lagoon. These
samples show the particular influence of the Tanoé River (Kouassi et al., 2022). As shown in the
vertical distribution of metal concentrations, the Tanoé River drains its contents (approx. 4.5 10°
m3/year) into the lagoon basin, mainly in its southern part (Chantraine 1980). This could probably
influence some levels of sedimentary layers in the Aby lagoon.

Hierarchica Cluster A naly sis

ﬁ
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Figure 7. Dendogram using average linkage between groups showing the separation of the core
samples into two major groups

Yapi et al., J. Mater. Environ. Sci., 2024, 15(2), pp. 267-230 225



3.5PRV and ERL - ERM

PRV (Pre-Industrial Reference Values), ERL and ERM indices were established (Hakanson 1980,
Long et al., 1995) to characterize the toxicity of sediment cores. Table 9 shows the results of the
comparison of trace element concentrations (Hg, As, Cd, Pb) recorded in all sediment layers (63
sections) and standard PRV, ERL and ERM values. The results showed that Hg concentrations in
forty-nine (49) sediment sections exceeded the PRV standard value (0.25 pg/g). In addition, the
concentrations of As, Cd and Pb in the cores were lower than the standard GRP values respectively
(15 pg/g; 1.0 pg/g; 70 pg/g). These results could suggest a significant increase in Hg with industrial
civilization. Indeed, these GRP values would be those recorded before the explosion of industrial
civilization, which released many trace element pollutants into the earth's crust. This would confirm
the increased Hg contamination in the lagoon basin and the alarming state observed through the
contamination index (CF Hg). On the other hand, the results for trace elements As, Cd and Pb, in
agreement with those of the PRV, would indicate a natural and non-alarming state of the Aby lagoon
sediments.

Comparisons of metal concentrations in this study with those of ERL and ERM showed similar trends
to those of GRP. Only Hg presented different aspects in terms of potential toxic effects on sediment
sections. The Hg results showed that five (05) core section samples were below the ERL value (0.15
pa/g), forty (40) samples were between ERL - ERM and eighteen (18) samples were above ERM (1.3
Ka/g). This could mean that over 28% of samples could frequently cause Hg-related adverse effects.
On the other hand, the results for As, Cd and Pb showed that all samples (63) were below the ERL
guide values. These results would mean that sediment samples could not occasionally cause adverse
effects related to these trace elements.

Table 9. Number of samples from all cores that had metal concentrations above the PRV (the
preindustrial reference values), Effects-Range Low (ERL) and Effects-Range Median (ERM)

Total numbers of PRV ERL -
samples (Hg/q) > PRV ERL ERM <ERL ERM > ERM
Hg (0.25) 49 0.15 1.3 5 40 18
As (15) 00 8.2 70 63 00 00
63 Cd (1.0) 00 1.2 9.6 63 00 00
Pb (70) 00 46.7 218 63 00 00
Conclusion

The historical assessment of Aby lagoon sediments was carried out through the study of 09 sediment
cores collected during the year 2020. Total organic carbon (TOC) results showed that organic matter
was moving from the lower layers (25-35cm) to the upper layers (0-10cm), due to domestic effluent
discharges and phytoplankton and zooplankton debris. Sediments grain size analysis showed three
(03) texture types: sandy-muddy, vaso-sandy and sandy. Mapping profiles of total trace element
concentrations showed an overall decrease with depth for Hg, As, Cd and Pb. In addition, cores CA1
and CA2 for Cd and Pb showed total concentrations evolving with depth. The growth in sediment
concentrations over time could be associated with increasing anthropogenic pressure on the lagoon
basin. Total Hg concentrations in the sections (0-35cm) of all cores collected were higher than the
guide values (UCC and SQGs) respectively (0.056 pg/g; 0.486 pg/g). On the other hand, total
concentrations of the trace elements As, Cd and Pb aligned with these. Contamination factor (CF)
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results showed that all sediment cores were highly contaminated with Hg. However, the cores showed
no contamination in As and Pb. The PLI values suggested that the sediment cores near the Bia and
Tanoé rivers deteriorated and unbalanced. If the enrichment factor (EF) results are considered, the
presence of Hg and As in the upper layers (0-15cm) of the sediment layers would be from
anthropogenic sources. With regard to the common sources of the sampling sites, hierarchical
ascending classification (HAC) showed that the stations were practically related to each other. This
reflected an identical source of trace element supply. These results would confirm the major role
played by mining activities and agricultural effluent discharges in releasing trace elements in
sediment core sections. Environmental quality assessment through ERL and ERM revealed that more
than 28% of the sediment core samples could frequently cause Hg-related adverse effects.

The results obtained in this study can provide numerical support for monitoring coastal ecosystems.
However, the depths considered in this study can be improved and dated for greater understanding.
This work is part of a collective commitment to sustainable development worldwide.
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