


Assessing the Influence of Environmental Conditions on the Dynamics of Trace Metals in the Sediments of Fresco Coastal Lagoon, Côte d’Ivoire


ABSTRACT

Trace metals trapped in sediments can, under certain environmental conditions, be released into the water column, potentially leading to aquatic pollution and posing an environmental risk. This study, conducted from May 2019 to June 2020, aimed to assess the impact of environmental conditions on some trace metals bound to the surface sediments of the Fresco lagoon. To this end, the physicochemical parameters of the sediments were determined using a multiparameter analyzer, and the metal concentrations were measured using an ICP-OES spectrometer. Particle size distribution was determined by sieving. Over the study period, the results obtained revealed that the sediments in Zone I have a texture consisting mainly of very coarse sands (92.04 ± 49.69%), while in Zone II, coarse sands are abundant (83.35 ± 6.91%). The analysis of physicochemical parameters showed that the sediments in Zone I are acidic (pH < 6) with a conductivity (19.32 ± 2.66 mS/cm), salinity (38.26 ± 5.85), redox potential (94.72 ± 54.07 mV), water content (179.02 ± 24.82%), and organic matter content (25.05 ± 2.15%) that are higher than those recorded in Zone II. In general, in the sediments of both zones, especially in Zone I, iron (68340±4640.37 mg/kg), manganese (200.20±53.57 mg/kg), and zinc (235.80±8.84 mg/kg) are predominant during the rainy season. This could indicate sediment pollution from domestic wastewater and the input of organic matter from coastal rivers. A sediment quality assessment could help determine the level of contamination in this lagoon ecosystem.
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1. INTRODUCTION

Trace metals (TMEs) are present in all compartments of aquatic ecosystems, i.e., the water column, sediments, living organisms, etc. (Konan et al., 2021). They can accumulate in these compartments in often very high quantities (Mondal et al., 2018). Trace metals are among the chemical pollutants most studied in aquatic ecosystems (Mahi et al., 2023; Maurya & Kumari, 2021). This interest stems from their harmful effects on the health of aquatic biota, the entire food web, and humans (Zhang et al., 2020). However, elements such as iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), cobalt (Co), selenium (Se), and molybdenum (Mo) are necessary for living organisms at low doses because they are considered essential (Bennett & Canfield, 2020), but at high concentrations, some can be harmful to these organisms (Zhang et al., 2020). Other elements such as arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb) are highly toxic to living organisms regardless of their concentration (EEA, 2018). Trace metals are introduced into the environment through atmospheric deposition, erosion of geological materials, and human activities (Hsu et al., 2016). Sediments are the most commonly used matrices for assessing metal pollution in aquatic ecosystems. These substrates are considered memory indicators for this type of pollution, as illustrated recently by numerous scientific studies (Chen et al., 2022). One of the major areas explored in this research is the study of the behavior of trace metals in surface sediments, particularly their seasonal variations (Anoop et al., 2022). The seasonal dynamics of trace metals in sediments are governed by the hydrosystem and hydroclimate (Mahi et al., 2023). Indeed, these two factors condition the physical and biogeochemical parameters involved in this process. These parameters include the pH of the environment, the redox potential, salinity, conductivity, organic matter content, water content, and sediment particle size (Adelopo et al., 2018 ; Mechouet et al., 2024).

The Fresco Lagoon, one of the components of the lagoon system in Côte d'Ivoire, is of great environmental importance. Its biodiversity encompasses a vast forest area comprised of a variety of flora (mangroves, mangrove trees, etc.) and fauna (fish, turtles, mollusks, elephants, chimpanzees, crocodiles, manatees, etc.) (Issola et al., 2008). Unfortunately, this highly diverse ecosystem is threatened at an alarming rate by human activities carried out around this body of water (Issola et al., 2009). Furthermore, the Fresco Lagoon appears to be under-visited by researchers and political authorities, despite its mangroves and adjacent ecosystems being of vital importance to coastal and surrounding communities. Given the significant degradation of this ecosystem and the ongoing destruction of mangroves, the Fresco Lagoon needs protection. In recent years, the level of pollution in this lagoon has raised concerns. Indeed, human activities linked to population growth, rapid urbanization, and intensive agricultural practices, particularly the use of fertilizers, are proliferating in its watershed (Etilé et al., 2020 ; Li et al., 2020). The work of Issola et al. (2009) on this lagoon revealed low levels of metal pollution. Despite the important socio-economic and ecotourism roles of this lagoon area, there is very little data on the state of metal pollution in its surface sediments. It therefore seems necessary to conduct research on metal pollution in the sediments of this ecosystem in order to implement actions for its sustainable protection. This study is situated within this context, with the primary objective of evaluating the effect of environmental conditions on the concentrations of several trace metals (arsenic (As), iron (Fe), manganese (Mn), lead (Pb), and zinc (Zn)) bound to the surface sediments of the Fresco lagoon. The impact of grain size, pH, redox potential, and organic matter content of the surface sediments will be considered.

2. MATERIALS AND METHODS
2.1. Presentation of the study area

The Fresco Lagoon, located in southern Côte d'Ivoire, is situated in the town of Fresco. It experiences four terrestrial hydroclimatic seasons (Ouattara et al., 2025a; 2025b; Etilé et al., 2020). These are the long dry season (LDS, from December to April), the long rainy season (LRS, from May to July), the short dry season (SDS, from August to September), and the short rainy season (SRS, from October to November) (Kouamé et al., 2016). This shallow lagoon (4 meters on average) connects to the Atlantic Ocean via a non-permanent channel. It also receives water from two main coastal rivers (the Bolo and the Niouniourou) (Figure 1). It stretches from east to west, with an average length of approximately 6 km and a width between 2 and 4 km. Its geographic coordinates lie between longitudes 5°29’ and 5°44’ West and latitudes 5°03’ and 5°11’ North (Ouattara et al., 2025b). During periods of low water in the Bolo and Niouniourou rivers, especially during the dry season, ocean waters infiltrate this lagoon ecosystem, significantly increasing the salinity of its open waters (Ouattara et al., 2025a). Furthermore, during this season, the Fresco pass closes due to significant oceanic swells compared to the continental river current (Egnankou et al., 2004;). This phenomenon appears to cause an ecological imbalance. Conversely, during the main rainy season, the influx of rainwater (runoff and the Bolo and Niouniourou coastal rivers in particular) promotes water renewal in the eastern part of this lagoon. This influx of continental water leads to a decrease in the salinity of the open waters (Ouattara et al., 2025a). During the short rainy season, which coincides with the second flood of these two rivers, runoff desalinates the open waters of this lagoon ecosystem. Given the variations in lagoon water salinity throughout the year, Issola et al. (2008) subdivided this lagoon body of water into two zones (Figure 1):
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Figure 1. Geographical Location of the Fresco Lagoon

- The first zone, designated Zone I, is located to the west of the lagoon. This zone represents approximately two-thirds (2/3) of the lagoon's surface area. It is strongly influenced by the ocean. The salinity of its waters is high during the short dry season but low during the short rainy season. This part of the lagoon is poorly renewed and hydrodynamically more stable.

- The second zone, designated Zone II, is located to the east of the lagoon and represents approximately one-third (1/3) of the lagoon's surface area. The salinity is high during the short dry season but low during the short rainy season. This zone is strongly renewed by the influx of seawater during the dry season and by meteorite deposits during the rainy season. Being closer to the channel and outlet of the Bolo and Niouniourou rivers, Zone II is subject to both continental and oceanic influences.

2.2. Experimental Techniques
2.2.1 Sediment Sample Collection

This study was conducted from June 2019 to May 2020. During the study, sediment samples were collected from eight sampling stations. Five sampling stations were selected in Zone I (referenced S4, S5, S6, S7, and S8) and three stations in Zone II (referenced S1, S2, and S3) (Figure 2). The geographic coordinates of these stations are given in Table 1. Monthly sampling was carried out in this lagoon, totaling 12 sampling campaigns per station over the study period. In total, 96 sediment samples were collected. These surface sediment samples were collected from depths of 0 to 15 cm using a Van Veen-type sediment grab. After collection, the samples were placed in polyethylene bags and dried in the shade for several days (Ouattara et al., 2022 ; Désirée et al., 2021).
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Figure 2. Sampling stations used in this study.

The geographical coordinates of the stations are shown in Table 1.

Table 1. Geographic coordinates of the sampling stations.

	Station
	Latitude
	Longitude

	S1 
	5°06’15’’ N
	5°33’47’’ W

	S2 
	5°06’09’’ N
	5°34’57’’ W

	S3 
	5°04’54’’ N
	5°34’30’’ W

	S4 
	5°06’07’’ N
	5°35’16’’ W

	S5 
	5°05’26’’ N
	5°36’47’’ W

	S6 
	5°06’14’’ N
	5°36’37’’ W

	S7 
	5°06’29’’ N
	5°36’00’’ W

	S8 
	5°06’40’’ N
	5°35’05’’ W



2.2.2. Analysis of Surface Sediment Samples

Each surface sediment sample was divided into two portions. One portion was used to determine the pH, conductivity, salinity, redox potential, organic matter content, and water content. The other portion was used to determine the trace metal content (Mechouet et al., 2024).

2.2.2.1 Determination of Physicochemical Parameters

The pH and redox potential were measured simultaneously using a HANNA HI 2211 multiparameter meter. The pH and redox potential of the dried sediment samples were determined by preparing suspensions of dried sediment samples mixed with ultrapure water in a 1:3 ratio. In practice, approximately 20 g of dried sediment sample were placed in a beaker containing 60 mL of ultrapure water. The mixture was then vigorously stirred for 2 hours. At the end of the stirring, the mixture was left to stand for 2 hours at room temperature (Ouattara et al., 2022).
For the determination of the conductivities and salinities of the dried sediment samples, a HANNA HI 2300 multiparameter meter was used. The measurements were performed by preparing suspensions consisting of mixtures of dried sediment samples and ultrapure water in a 1:4 ratio. In practice, approximately 20 g of a dried sediment sample was placed in 80 mL of ultrapure water in a beaker. The mixture was stirred vigorously for 2 hours and then left to stand for 2 hours at room temperature (Mahi et al., 2023). The particle size distribution of the surface sediments was determined by sieving, considering four fractions: very coarse sand (1 ≤ diameter Ø < 2 mm), coarse sand (0.25 ≤ diameter Ø < 1 mm), fine sand (0.063 mm ≤ diameter Ø < 0.25 mm), and the fraction of all silts and clays (diameter Ø < 0.063 mm).
The water content was determined by the oven drying method. In practice, samples of wet sediment, weighing between 2 and 5 g, were dried at 105°C in a ventilated oven for 8 hours. The samples were then removed from the oven, cooled to room temperature, and weighed. The water content was calculated using the following formula (Mao et al., 2021) :


                                                                                              Eq.1
Where mh is the mass of wet sediment (g) and ms is the mass of dry sediment (g).

The organic matter content was determined by loss on ignition of the dry sediment samples. This method involves calcining a quantity of sediment at 550°C for 4 hours in a muffle furnace. The weight difference allows for the determination of the organic matter content (Ouattara et al., 2022).

2.2.2.2. Processing of Sediment Samples

The sediment samples were freeze-dried, ground, sieved, and mineralized. The dried samples were ground in an agate mortar followed by sieving through a 63 µm sieve. The powdered sediment samples were then mineralized with aqua regia. Aqua regia is prepared by mixing 1 mL of a 63% nitric acid (HNO3) solution with 3 mL of a 37% hydrochloric acid (HCl) solution (Hsu et al., 2016). For mineralization, approximately 0.30 g of powdered sediment sample was placed in a Teflon tube containing 1 mL of aqua regia and 2 mL of a 48% hydrofluoric acid (HF) solution. The resulting mixture is mechanically stirred for a few minutes and then left to stand for one hour under a fume hood, keeping the Teflon tube open. Next, the Teflon tube is closed and heated to 120°C for two hours on a hot plate. After heating, the mineralized sample is left to stand for one hour, then 20 mL of a 135 g/L boric acid solution is added to remove any remaining organic matter. Finally, it is transferred to a 50 mL volumetric flask, and its final volume is brought to 50 mL by adding ultrapure water (Désirée et al., 2021).

2.2.2.3. Determination of Trace Metal Concentrations in the Samples

The arsenic (As), iron (Fe), manganese (Mn), lead (Pb), and zinc (Zn) concentrations in the sediment samples were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using a Varian 720-ES instrument (Konan et al., 2021).

2.2.3. Statistical Analysis of Results :

The mean (m), standard deviation (s), coefficient of variation (CV (%), minimum value (Min), and maximum value (Max) of the various results obtained were calculated using Statistica software version 13.2.

3. RESULTS AND DISCUSSION
3.1. Results
3.1.1. Particle Size Distribution

The results of the particle size analysis of the surface sediments are shown in Table 2. These results reveal that the surface sediments of Zone I have a texture dominated by very coarse sands, which represent approximately 92% of the particles. In contrast, those of Zone II have a texture dominated by coarse sands, which represent approximately 83% of the particles. Furthermore, regardless of the season, the sediments consist primarily of very coarse sands in Zone I, while in Zone II, coarse sands predominate. The quantities of silt and clay in the surface sediments are relatively low in all seasons. 


Table 2. Particle Size Distribution of Surface Sediments in the Fresco Lagoon

	
	Zone I
	Zone II

	Seasons
	Very coarse sands 
1 ≤ Ø < 2 mm
	Coarse sands
0.25 ≤ Ø < 1 mm
	Fine sands
0.063 ≤ Ø < 0.25 mm
	Silts and clays
Ø < 0.063 mm
	Very coarse sands 
1 ≤ Ø < 2 mm
	Coarse sands
 0.25 ≤ Ø < 1 mm
	Fine sands
0.063 ≤ Ø < 0.25 mm
	Silts and clays 
Ø < 0.063 mm

	LRS
	79.86±45.16
	18.24±0.83
	1.56±0.51
	0.35±0.00
	34.35±18.61
	65.05±5.65
	0.57±0.10
	0.03±0.00

	SDS
	99.09±55.65
	0.89±0.15
	0.00±0.00
	0.02±0.00
	1.31±0.59
	91.18±8.27
	7.27±0.74
	0.25±0.00

	SRS
	90.01±41.50
	9.48±1.69
	0.39±0.04
	0.17±0.00
	1.70±0.72
	96.58±8.30
	1.69±0.24
	0.03±0.00

	LDS
	99.23±56.46
	0.68±0.07
	0.07±0.03
	0.02±0.00
	8.42±2.00
	80.59±5.44
	10.40±1.37
	0.59±0.00

	Annual
	92.04±49.69
	7.32±0.68
	0.50±0.15
	0.14±0.00
	11.45±5.48
	83.35±6,91
	4.98±0.61
	0.22±0.00


Mean ± standard deviation ; LRS : Long Rainy Season ; SDS : Short Dry Season ; SRS : Short Rainy Season ; 
LDS : Long Dry Season.

3.1.2. Physicochemical Parameter Values of Surface Sediments

The mean values of the physicochemical parameters of the surface sediments are presented in Table 3. Over the study period, the results show that the surface sediments of Zone I exhibit acidic (pH < 6) and oxidizing (Eh > 0) characteristics, with relatively high salinity, conductivity, water content, and organic matter levels. In contrast, the surface sediments of Zone II are slightly alkaline (pH > 7) and reducing (Eh < 0). Furthermore, their salinity, conductivity, water content, and organic matter content are low compared to those of the sediments in Zone I. At the bottom of this lagoon, the sediments are more acidic and more alkaline during the short dry season in Zone I (pH = 4.46 ± 1.55) and Zone II (pH = 7.93 ± 0.49), respectively. In Zone I, the average values of conductivity (22.87 ± 6.40 mS/cm), salinity (44.72 ± 12.50), redox potential (Eh = 146.7 ± 94.37 mV), and water content (ω = 237.07 ± 39.80%) are the highest and are obtained during the short dry season with a relatively high amount of organic matter. In Zone II, the sediments are slightly acidic (pH = 6.23 ± 1.70) and oxidizing (Eh = 47.57 ± 6.20 mV) during the main rainy season, but they are more reducing (Eh = -59.00 ± 28.03 mV) with higher conductivity and salinity during the short dry season. The highest organic matter content was observed during the main rainy season (Zone I) and the short rainy season (Zone II).









Table 3. Average values of the physical and chemical parameters of surface sediments.

	
	Zone I
	Zone II

	
	Seasons
	m±s
	VC(%)
	Min
	Max
	Seasons
	m±s
	VC(%)
	Min
	Max

	

pH
	LRS
	5.83±1.59
	27.32
	3.81
	7.23
	LRS
	6.23±1.70
	27.36
	4.63
	8.02

	
	SDS
	4.46±1.55
	34.67
	3.56
	7.23
	SDS
	7.93±0.49
	6.12
	7.40
	8.35

	
	SRS
	5.90±1.39
	23.59
	3.80
	7.23
	SRS
	7.69±0.69
	8.94
	7.16
	8.47

	
	LDS
	5.07±0.57
	11.22
	4.18
	5.69
	LDS
	6.53±1.87
	28.63
	4.54
	8.25

	
	Annual
	5.32±0.87
	16.36
	4.46
	6.70
	Annual
	7.10±1.17
	16.49
	5.93
	8.27

	
Conductivity
(mS/cm)
	LRS
	14.21±3.31
	26.79
	10.82
	19.62
	LRS
	4.68±6.18
	132.09
	0.99
	11.81

	
	SDS
	22.87±6.40
	27.98
	12.82
	30.00
	SDS
	5.23±1.09
	20.83
	4.09
	6.26

	
	SRS
	20.55±3.73
	18.16
	17.30
	26.20
	SRS
	1.26±0.58
	46.15
	0.63
	1.78

	
	LDS
	19.68±4.01
	20.38
	13.28
	23.60
	LDS
	3.07±1.02
	108.22
	0.48
	6.82

	
	Annual
	19.32±2.66
	13.76
	15.65
	22.28
	Annual
	3.56±2.45
	68.71
	2.04
	6.38

	
Salinity

	LRS
	29.52±10.59
	35.89
	21.20
	46.40
	LRS
	9.10±0.35
	132.31
	1.90
	23.00

	
	SDS
	44.72±12.50
	27.95
	25.10
	58.70
	SDS
	10.20±2.26
	22.21
	7.80
	12.30

	
	SRS
	40.28±7.32
	18.17
	33.90
	51.40
	SRS
	2.43±1.12
	46.19
	1.20
	3.40

	
	LDS
	38.52±7.85
	20.37
	26.00
	46.20
	LDS
	6.00±1.90
	106.51
	1.00
	13.20

	
	Annual
	38.26±5.85
	15.29
	30.65
	45.63
	Annual
	6.93±4.76
	68.64
	4.03
	12.43

	
Redox potential Eh (mV)
	LRS
	64.48±25.34
	148.86
	-20.30
	185.90
	LRS
	47.57±6.20
	273.31
	-67.40
	159.30

	
	SDS
	146.7±94.37
	64.33
	-21.60
	201.30
	SDS
	-59.00±28.03
	-47.52
	-87.80
	-31.80

	
	SRS
	61.64±43.24
	147.41
	-35.20
	186.90
	SRS
	-51.53±37.14
	-72.07
	-93.50
	-22.90

	
	LDS
	106.04±54.07
	50.99
	36.70
	161.50
	LDS
	24.87±7.97
	445.30
	-79.80
	140.80

	
	Annual
	94.72±50.28
	53.09
	14.58
	152.28
	Annual
	-11.03±71.75
	-650.76
	-82.13
	61.35

	

Water content (%)
	LRS
	166.94±36.78
	22.03
	109.04
	209.58
	LRS
	54.20±52.68
	97.20
	20.19
	114.88

	
	SDS
	237.07±39.80
	16.79
	189.60
	295.73
	SDS
	37.98±21.24
	55.92
	24.70
	62.48

	
	SRS
	142.86±27.93
	19.55
	113.05
	176.01
	SRS
	18.59±4.57
	24.57
	14.77
	23.66

	
	LDS
	169.22±37.30
	22.04
	129.91
	209.20
	LDS
	23.89±3.21
	13.44
	20.48
	26.86

	
	Annual
	179.02±24.82
	13.86
	138.70
	201.71
	Annual
	33.67±20.18
	59.94
	21.87
	56.97

	Organic matter content (%)
	LRS
	26.68±5.15
	19.31
	22.75
	35.55
	LRS
	5.91±4.18
	70.73
	1.25
	9.32

	
	SDS
	23.14±6.00
	25.93
	17.58
	32.24
	SDS
	6.18±5.20
	84.19
	1.59
	11.84

	
	SRS
	24.69±3.88
	15.72
	18.54
	29.20
	SRS
	14.40±14.35
	99.62
	5.19
	30.93

	
	LDS
	25.70±4.26
	16.57
	20.78
	30.83
	LDS
	4.31±2.50
	58.03
	2.55
	7.17

	
	Annual
	25.05±2.15
	8.59
	22.34
	28.32
	Annual
	7.70±3.85
	50.01
	5.28
	12.14


m±s: mean ± standard deviation; VC(%): Coefficient of Variation; Min: Minimum value; Max: Maximum value; LRS: Long Rainy Season; SDS: Short Dry Season; SRS: Short Rainy Season; LDS: Long Dry Season.


3.1.3. Seasonal Dynamics of Trace Metals

The average seasonal concentrations of trace metals in the surface sediments of the Fresco Lagoon are shown in Table 4. Over the study period, among the trace metals studied, the concentrations of iron (Fe) in the sediments were the highest, while those of arsenic (As) were the lowest. Furthermore, the concentrations of the trace metals studied were higher during the main rainy season and lower during the short dry season in the sediments of this lagoon. Over the study period, the quantities of trace metals in the surface sediments were higher in Zone I compared to Zone II. Moreover, the concentrations of trace metals in the surface sediments followed the following ascending order: As < Pb < Zn < Mn < F


Table 4. Average values of trace metal content in sediments (expressed in mg/kg of sediment).

	
	Zone I
	Zone II

	
	Seasons
	m±s
	VC(%)
	Min
	Max
	Seasons
	m±s
	VC(%)
	Min
	Max

	

As(mg/kg)
	LRS
	18.12±3.27
	18.06
	15.30
	23.20
	LRS
	4.78±2.67
	55.73
	2.94
	7.84

	
	SDS
	0.42±0.00
	0.00
	0.42
	0.42
	SDS
	0.12±0.00
	0.00
	0.12
	0.12

	
	SRS
	0.62±0.00
	0.00
	0.62
	0.62
	SRS
	0.25±0.00
	0.00
	0.25
	0.25

	
	LDS
	0.75±0.00
	0.00
	0.75
	0.75
	LDS
	0.13±0.00
	0.00
	0.13
	0.13

	
	Annual
	14.74±5.01
	34.03
	6.25
	19.10
	Annual
	3.93±3.52
	89.46
	1.02
	7.84

	

Fe(mg/kg)
	LRS
	68340±4640.37
	6.79
	62000.00
	72700.00
	LRS
	22190.00±5748.78
	116.62
	3370.00
	51700.00

	
	SDS
	50478.49±3113.20
	6.17
	46098.49
	54498.49
	SDS
	9825.16±5076.95
	51.67
	5108.49
	15198.49

	
	SRS
	51776.54±5832.62
	11.26
	42019.60
	56249.50
	SRS
	10370.37±5491.03
	52.95
	5316.50
	16213.20

	
	LDS
	54007.62±5314.40
	9.84
	45326.20
	58976.40
	LDS
	11477.4±5640.05
	49.14
	6562.40
	17635.20

	
	Annual
	56150.66±3401.04
	6.06
	51536.07
	59862.37
	Annual
	13465.73±3539.24
	26.28
	10121.12
	17171.85

	

Mn(mg/kg)
	LRS
	200.20±53.57
	26.76
	165.00
	291.00
	LRS
	140.00±26.45
	115.22
	28.80
	325.00

	
	SDS
	2.85±2.33
	81.88
	1.20
	4.50
	SDS
	71.85±11.81
	16.44
	63.50
	80.20

	
	SRS
	3.80±1.98
	52.10
	2.40
	5.20
	SRS
	80.55±9.97
	12.38
	73.50
	87.60

	
	LDS
	6.28±0.08
	1.35
	6.22
	6.34
	LDS
	82.51±10.26
	12.44
	75.25
	89.76

	
	Annual
	144.94±100.24
	69.16
	46.48
	291.00
	Annual
	155.40±146.88
	94.52
	69.61
	325.00

	

Pb (mg/kg)
	LRS
	35.22±2.43
	6.89
	32.30
	38.20
	LRS
	12.77±0.67
	116.91
	3.68
	30.00

	
	SDS
	ND
	ND
	ND
	ND
	SDS
	ND
	ND
	ND
	ND

	
	SRS
	ND
	ND
	ND
	ND
	SRS
	ND
	ND
	ND
	ND

	
	LDS
	ND
	ND
	ND
	ND
	LDS
	ND
	ND
	ND
	ND

	
	Annual
	35.22±2.43
	6.89
	32.30
	38.20
	Annual
	12.77±14.93
	116.91
	3.68
	30.00

	

Zn (mg/kg)
	LRS
	235.80±8.84
	3.75
	228.00
	251.00
	LRS
	80.87±12.30
	120.57
	16.10
	193.00

	
	SDS
	85.06±4.74
	5.57
	77.68
	89.38
	SDS
	12.24±4.50
	36.76
	8.98
	17.38

	
	SRS
	87.39±4.70
	5.37
	79.65
	91.27
	SRS
	15.78±3.95
	25.03
	12.36
	20.10

	
	LDS
	90.04±5.33
	5.92
	81.55
	95.38
	LDS
	18.19±4.78
	26.26
	14.62
	23.62

	
	Annual
	124.57±1.85
	1.48
	122.47
	126.69
	Annual
	31.77±22.99
	72.35
	17.71
	58.30


m±s: mean ± standard deviation; VC(%): Coefficient of Variation; Min: Minimum value; Max: Maximum value; LRS: Long rainy season; SDS: Short dry season; SRS: Short rainy season; LDS: Long dry season; ND: Not determined


3.1.4. Trace Metal Concentrations Compared to Other Watercourses

Based on previous studies (Issola et al. 2009), it appears that surface sediment pollution by arsenic (As), iron (Fe), manganese (Mn), lead (Pb), and zinc (Zn) has increased over the past decade (Li et al., 2020). According to the data in Table 5, this study reveals that the sediments of the Fresco Lagoon contain :
- higher levels of iron (Fe) compared to those of the Ebrié Lagoon and Abouabou Bay ;
- lower levels of arsenic (less polluted by As) compared to those of the lagoon bays and the Ebrié Lagoon ;
- Less manganese (less polluted by the element Mn) compared to those of Abouabou Bay and the Comoé River ;
- More lead and zinc (more polluted by the elements Pb and Zn) compared to those of the Aghien Lagoon, the Ebrié Lagoon, and the N’zi River. However, they are less polluted by Pb and Zn compared to the sediments of the lagoon bays of Abidjan. The levels of trace metals compared with other watercourses are shown in Table 5.

Table 5. Average concentrations of As, Fe, Mn, Pb, and Zn compared to those of other watercourses.

	Average trace metal content (mg/kg)

	Watercourse
	As
	Fe
	Mn
	Pb
	Zn
	Authors

	Aghien Lagoon, Côte d’Ivoiret
	-
	646.32
	-
	1.41
	29.25
	Traore et al. (2014)

	Comoe River, Côte d’Ivoire
	-
	-
	131.95
	54.85
	46.68
	[bookmark: _Hlk144403152]Keumean et al. (2013)

	N’zi River, Côte d’Ivoire
	-
	-
	-
	0.65
	3.16
	Ouattara et al. (2021)

	Abouabou Bay (Ebrié Lagoon)
	
	34.50
	391.87
	
	60.32
	Touré et al. (2018)

	Lagoon bays, Abidjan
	19.25
	
	
	59.33
	245.73
	Kouamé et al. (2016)

	Fresco Lagoon, Côte d’Ivoire
	-
	153.25
	15.14
	4.23
	7.62
	Issola et al. (2009)

	Ebrié Lagoon, Côte d’Ivoire
	41.15
	1609.38
	3.37
	12.53
	5.90
	Mahi et al. (2023)

	Fresco Lagoon (zone I)
	14.74
	56150.66
	144.94
	35.22
	124.57
	Present study

	Fresco Lagoon (zone II)
	3.93
	13465.73
	155.40
	12.77
	31.77
	Present study



3.2. Discussion

As illustrated by the various results obtained, the hydrochemistry of the surface sediments of the Fresco Lagoon was considerably impacted by hydroclimatic variability over the study period. The sediments collected in Zone II, near the Fresco channel, are dominated by coarse sands, while those in Zone I, located far from the mouth, are dominated by very coarse sands. This could be explained by the fact that the distribution of sediments in Zone II, characterized by slight basicity and low levels of organic matter, is governed by oceanic inputs, and that the oceanic influence is concentrated on a portion of this lagoon. This observation also suggests that the distribution of sediments is not uniform across the bottom of this lagoon. In Zone I, the distribution of sediments is governed by continental inputs from winds, runoff, and the Bolo and Niouniourou rivers. These inputs from continental waters are thought to be responsible for the acidic and oxidizing nature, and the relatively high organic matter content, of the sediments in Zone I. The relatively high conductivity and salinity observed during the short dry season could be explained by oceanic water inflows into the lagoon environment. The high water content of the sediments in Zone I could indicate that the sediments are saturated. This water saturation of the sediments could be linked to their low compaction in the first few centimeters. This property gives the sediments an interesting behavior (Keumean et al, 2013). Indeed, waterlogged and poorly consolidated sediments are more likely to be mobilized during erosive events at the water-sediment interface (Mao et al., 2021 ; Maurya & Kumari, 2021). These observations were previously made in the work of Adopo et al. (2014) in the Comoé River and in that of Diangoné et al. (2020) in the Potou Lagoon. The high levels of organic matter found in the sediments of Zone I can also be explained by the low renewal of open waters and the reducing properties of bottom waters (Ouattara et al., 2025b; Konan et al., 2021). Consequently, organic matter that could not be oxidized accumulates in the sediments, and sulfides form after the reduction of sulfates from non-mineralized organic matter.
As for the grain size distribution of surface sediments in Zone II, it is primarily due to the hydromorphology of the Fresco Lagoon. Indeed, its bathymetry, dominated by depths ranging from 0 to 4 meters, favors the retention of coarse and medium sands (Adopo et al., 2014). Thus, its siltation is less likely, unlike that of Abouabou Bay, located in Zone III of the Ébrié Lagoon, where the depth ranges from 6 to 14 meters (Akobe et al., 2018). According to Akobe et al. (2018), the sands of continental origin result from short-term fluvio-lagoonal transport and the reworking of sands within their catchment basin. The low water content and organic matter levels of the sediments in Zone II are attributed to the impact of ocean waters. Indeed, ocean waters contribute significantly to reducing the intensity of sediment pollution at stations in contact with ocean waters through a degradation effect on polluting masses. The determination of trace metal concentrations (As, Fe, Mn, Pb, and Zn) in surface sediments revealed that iron (Fe) is the most abundant element, while arsenic (As) is the least abundant. During this study, with the exception of Mn concentrations, the average concentrations of As, Fe, Pb, and Zn in the surface sediments of Zone I were higher than those in Zone II. This observation supports the finding that trace metals are primarily associated with the organic phase of the sediments (Désirée et al., 2021). Since the amount of organic matter in the sediments of Zone I was greater than that of Zone II, it is assumed that the sediments of Zone I retained more metals. In fact, in sediments, trace metals are primarily accumulated through precipitation and co-precipitation mechanisms with Fe/Mn oxyhydrogens and organic matter (Désirée et al., 2021 ; Hsu et al., 2016); this shows that the greater the amount of organic matter in the sediment, the greater the quantity of trace metals retained. The relatively high levels of organic matter found in Zone I would therefore have contributed to the fixation of significant quantities of Fe, Mn, and Zn metals in these substrates in the form of insoluble organometallic complexes (INERIS, 2006 ; Maurya & Kumari, 2021). Furthermore, the high concentrations of iron (Fe) in surface sediments could be explained by the acidic and oxidizing properties of these substrates, which promote the adsorption and/or precipitation of certain metals onto iron and its oxyhydroxides, particularly arsenic (As), lead (Pb), and zinc (Zn) (Jimenez, 2016 ; INERIS, 2006). The manganese (Mn) concentrations contrast with the very high concentrations of iron (Fe) observed in this study, as these two trace metals are abundant in the geological and sedimentary basement of Côte d'Ivoire (Wrohou et al., 2021). The relatively low quantities of As, Pb, and Zn in the surface sediments of Zone II may also be related to the sediment texture, which is primarily composed of coarse sands (small particles resulting in a significant amount of residue) (Désirée et al., 2021 ; Hsu et al., 2016). In this Zone II, the low conductivity of the sediments could also explain the increased quantity of Fe and Mn retained by reducing the competitive effect of certain metallic cations in the occupation of different adsorption sites (Miranda et al., 2021 ; Li et al., 2020).

During the long rainy season, continental inputs from the Bolo and Niouniourou coastal rivers are captured directly by the Atlantic Ocean : this is the estuary effect (Issola et al., 2009). The meteorite inputs and the flushing effects of the waters in addition to the lagoon sediments they transport towards the Ocean, would lead to a leaching of the sediments ; which induces a significant sedimentary deposit of terrigenous and lagoonal origin, mainly in the form of coarse sand in zone II (Jimenez, 2016 ; Mechouet et al., 2024).

During the short dry season, ocean waters, rich in sand particles, colonize the lagoon from Zone II near the channel before reaching the more distant Zone I (Issola et al., 2009) ; this could explain the presence of a high proportion of coarse sand in Zone II. During this season, the reducing and alkaline characteristics of the surface sediments in Zone II could be linked to the low water content and organic matter levels, since mineralization of organic matter occurs under these anoxic conditions (Ouattara et al., 2025b). As the influence of ocean waters is greatest during this season, an increase in the conductivity and salinity of the surface sediments occurs (Issola et al., 2008) ; this results in a decrease in trace metal concentrations in the sediments due to the diffusion of these trace metals into open water. Conversely, the alkaline and reducing characteristics of the surface sediments in Zone II would be highly conducive to the formation of insoluble complexes and/or precipitates of metallic sulfides, given the hypereutrophic nature of this lagoon estuary (Deblon, 2018). The same is true for carbonates, which are stable under these conditions (Correia, 2018), particularly through the formation of insoluble carbonate complexes with zinc (Zn) in these substrates. In contrast, the acidic and oxidizing characteristics of the sediments in Zone I would have contributed to the solubilization of manganese (Mn) within them (Deblon, 2018). This would have been unfavorable to the formation of significant quantities of precipitates and/or insoluble metal complexes, particularly arsenic (As) and zinc (Zn), with manganese and its manganese oxyhydroxides (Jimenez, 2016).

During the short rainy season, which coincides with the less significant flooding of the Bolo and Niouniourou rivers, the pressure of continental waters is insufficient to push back the oceanic waters (Issola et al., 2009). Continental waters from the Bolo and Niouniourou rivers spread throughout the estuarine zone of this lagoon (Tan et al., 2019). This results in the deposition of organic matter from plant debris in Zone I. The high proportions of very coarse sand in the sediments of Zone I are thought to have contributed to their very high conductivity (Wei et al., 2019). The high levels of organic matter and acidity of surface sediments in Zone I, due to continental inputs, could lead to the formation of organometallic complexes, which are ideal carriers for trace metals and, consequently, significant retention of these trace metals, particularly Fe, Mn, and Zn, during this season (Li et al., 2020). Furthermore, the formation of trace metal precipitates with sulfides resulting from the degradation of organic matter could occur within the surface sediments (Chen et al., 2021 ; Konan et al., 2021). The input of organic matter from plant debris transported by the continental waters of the Bolo and Niouniourou rivers would therefore have contributed to the increase in As, Fe, Mn, and Zn concentrations through complexation reactions with organic matter (Kouame et al., 2016).

During the dry season, the pass often closes, causing an accumulation of continental waters from the Bolo and Niouniourou rivers in the lagoon waters. The influx of continental waters containing plant debris, household waste, fertilizer residues, wastewater, etc., could explain the acidic and oxidizing nature of the lagoon sediments during this season. Furthermore, the high levels of organic matter and water content in the surface sediments of Zone I are likely due to the zone's low water renewal and weak hydrodynamics (Ouattara et al., 2025b). In addition, the acidic and oxidizing nature of the surface sediments in Zone I would promote the formation of relatively high levels of iron (Fe) in these substrates (Li et al., 2020 ; Bennett & Canfield, 2020). Which has the effect of contributing to the slight increase in the quantities of As, Fe, Mn and Zn elements fixed to sediments by adsorption on iron oxyhydroxides (Jimenez, 2016 ; INERIS, 2006).

Furthermore, a comparison of the trace metal concentrations in the Fresco Lagoon with those of other watercourses revealed that the trace metal concentrations obtained in this study were higher than those recorded in the same lagoon by Issola et al. (2009). This increase in the quantity of trace metals could be explained by the excessive use of fertilizers in agricultural activities near this lagoon. In addition, the development of economic activities related to lagoon transport, the establishment of industrial units, tourism, rapid population growth, and accelerated urbanization have led to the production of significant amounts of wastewater, which contribute to increasing the quantities of trace metals in surface sediments (Qian et al., 2015 ; Pinay et al., 2017). These results are consistent with those of Hasimuna et al. (2021) who reported that high levels of trace metals in the Solwezi River in Zambia were due to urbanization and anthropogenic activities (agriculture and domestic wastewater).

4. CONCLUSION

[bookmark: _Hlk198031404][bookmark: _Hlk221094604]This study highlighted the influence of the physicochemical parameters of surface sediments on the seasonal dynamics of trace metals in the surface sediments of zones I and II of the Fresco Lagoon. The study revealed that the surface sediments of zone I exhibited a texture dominated by very coarse sands, while those of zone II had a texture dominated by coarse sands. The sediments of zone I displayed acidic (pH < 6) and oxidizing (Eh > 0) characteristics, with relatively high levels of organic matter, conductivity, and salinity. In contrast, in Zone II, the surface sediments exhibited basic (pH > 7) and reducing (Eh < 0) characteristics, with relatively low levels of organic matter, conductivity, and salinity compared to those found in Zone I. Analysis for trace metals revealed that iron was the most abundant element, while arsenic was the least abundant. The concentrations of As, Fe, Mn, Pb, and Zn were relatively high during the rainy season in Zone I due to high levels of organic matter in the surface sediments. This could be due to domestic wastewater, leaching from agricultural soils, or inputs of organic matter from inland rivers. Raising public awareness about environmental protection and implementing pollution control techniques using activated carbon adsorption could improve water and sediment quality. Therefore, further studies are needed to determine the level of surface sediment pollution in this lagoon ecosystem and the resulting ecological and health risks.
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