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Abstract Pollution of transboundary rivers can result from
anthropogenic activities in their watersheds. In this study,
sediment traps were deployed to determine the fluxes, con-
centrations, and health risks associated with arsenic, cad-
mium, mercury, lead, and iron in the estuaries of three trans-
boundary rivers (Comoé, Bia, and Tanoé) in West Africa.
Thus, the analysis of metal-associated sedimentation parti-
cle samples collected in rainy, flood, and dry seasons was
required. Sediment traps were used to calculate the metal
fluxes associated with sedimentation particles towards the
Atlantic Ocean. Finally, the carcinogenic and non-carcino-
genic risks of ingestion and dermal contact associated with
sedimentation particles were assessed. The results showed
that the total concentrations of trace metals in particulate
matter were higher than in the UCC (Upper Crust Continen-
tal), with the exception of lead. The highest fluxes of lead,
mercury, iron and arsenic associated with sedimented parti-
cles were observed during flood periods in the estuary of the
Comoé, Bia and Tanoé rivers. Cadmium fluxes associated
with sedimentation particles were highest in the rainy season
in the Bia and Como¢ estuaries and in the flood season in the
Tanoé estuary. Pearson’s correlation analysis and the enrich-
ment factor showed that the trace metals were derived from
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anthropogenic activities such as mining and farming. In addi-
tion, contamination indices showed that sediment particles in
the estuaries of the three rivers were severely contaminated
with mercury. However, the results of potential human health
risks associated with trace metals show that there is no prob-
ability of exposure of the community to harmful and carci-
nogenic effects through ingestion and dermal absorption of
sediment particles. It is essential to integrate the information
from this study into policy- and decision-making processes
for better management of transboundary river water resources
in coastal countries, particularly the Cote d’Ivoire.

Keywords Trace metals - Settling particles -
Transboundary rivers - Carcinogenic and non-carcinogenic
risks - Estuary - West Africa

1 Introduction

River estuaries are corridors of exchange between continen-
tal rivers and marine environments. During these exchanges,
numerous reactions take place (physical, chemical, biochem-
ical, geochemical, biogeochemical, etc.) (Ghosh et al. 2016).
This particularity makes an estuary a unique ecosystem rich
in biodiversity and conducive to human activities. In recent
decades, these environments have been heavily affected by
anthropogenic activities such as mining, agriculture, and
industry (Li et al. 2007; Zhao et al. 2015). These activities
exert strong pressure on estuarine systems, leading to their
pollution through various pollutants. In addition, those met-
als become even more dangerous in areas with high erosion
and sediment flow (Panagos et al. 2021).
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Among these pollutants, trace metals (TMEs) have
become a global concern for the following reasons: their
toxicity, their threat for food safety, their persistence in the
environment, their bioaccumulation, their non-biodegrada-
ble nature, and their ability to accumulate (Xu et al. 2015;
Bastami et al. 2015; Singh and Kumar 2017). However,
environmental contamination by these metals needs to be
monitored in a special way, as it can have consequences for
humans. These negative consequences include skin, kidney
and liver diseases, cancers, and so on. Due to their high
absorption capacity, fine sediments (particles in sedimen-
tation) will trap TMEs in aquatic environments (Hamzeh
et al. 2014). Thus, the study of TMEs requires knowledge
of sedimented particles, as they trace the history of aquatic
ecosystems. To study the history of an ecosystem based
on sedimentation particles, a tool has been developed for
sampling these sedimentation particles. This tool is called a
sediment trap. It is an efficient, passive collector and accu-
mulator of sediment particles. Sediment traps can be used
to calculate particulate matter fluxes in lacustrine, estuarine,
and marine ecosystems (Helali et al. 2016). For the effective-
ness of these sediment traps, it is recommended to use sedi-
ment traps with aspect ratios (height/diameter) > 5 (Botwe
et al. 2017; de Vicente et al. 2010).

The Comoé, Bia, and Tanoé rivers in Cote d’Ivoire, West
Africa, originate from countries such as Ghana and Burkina
Faso. These rivers drain large flows of sedimented particles
associated with metals from anthropogenic activities located
in their watersheds (Kouassi et al. 2022). These anthropo-
genic activities are generally agriculture and artisanal gold
mining. These flows of sedimented particles associated
with metals are discharged into the Atlantic Ocean via the
Ebrié and Aby lagoons, which teem with important aquatic
resources needed by the surrounding populations (Kouassi
et al. 2022). According to Ouattara et al. (2018), these sur-
rounding populations, estimated at over 3 million people,
use the water from these rivers for bathing and drinking
without prior treatment. As a result, they can ingest sedi-
ment particles associated with the metals, which can lead to
adverse effects such as skin and organ cancer from arsenic
and cadmium. Also, fishing activities are practiced in the
estuary rivers of Comoé, Bia, and Tanoé, and the fish prod-
ucts are consumed by 70% of the Cote d’Ivoire population
(Kouassi et al. 2022). These rivers are impacted by min-
ing activities which are an important source of mercury in
the environment (Aldous et al. 2024). It has been reported
that people living around the Minamata Bay in Japan have
been poisoned after consumption of mercury-contaminated
fish (Ekino et al. 2007). Therefore, the population in Cdte
d’Ivoire may be exposed to deleterious effects through the
consumption of fish from the Comoé, Bia, and Tanoé rivers.

The general objective of this study was to examine the
concentrations of arsenic, cadmium, lead, mercury, and iron

in sedimentation particles in the estuary of the Comoé, Bia,
and Tanoé rivers. This is necessary in order to understand
the influence of human activities on the level of pollution
of sedimentation particles and the potential health risks
for populations. To this end, we analyzed metal-associated
sedimentation particle samples collected from May 2019 to
February 2020, covering the rainy, flood, and dry seasons.
The carcinogenic and non-carcinogenic risks associated with
ingestion and dermal contact of metal-associated sedimen-
tation particles were assessed. Finally, the fluxes of metal-
related sedimentation particles into the Atlantic Ocean were
also calculated.

2 Materials and methods
2.1 Study area

The study area covers the Comoé, Bia, and Tanoé estuar-
ies (Fig. 1). The estuaries of these three rivers form part
of a fluvial-lagoon environment between the Comoé, Bia,
and Tanoé rivers and the Ebrié and Aby lagoons, respec-
tively. Average flows are 65 m?/s for the Bia, 142 m?/s for
the Tanoé, and 106 m?/s for the Comoé.

The climate in the study area is humid equatorial, with
two rainy and two dry seasons. The first rainy season runs
from mid-May to the end of July, while the second begins in
early October and ends in mid-December, while the first dry
season runs from mid-December to mid-March, and the sec-
ond from mid-July to the end of September. Rainfall is high
during flood periods, ranging from 1400 to 2000 mm/year
from north to south. Temperatures range from 25 to 32 °C.

This study area was chosen because of its high anthro-
pogenic activity, high population density, and commercial
crops. The main anthropogenic activity is gold mining,
which takes place upstream, and the main economic activi-
ties are agriculture and fishing (Kouassi et al. 2022).

Soils in these watersheds are used for residential, agri-
cultural, industrial, and semi-industrial purposes. Agricul-
tural, domestic, and industrial effluents, as well as wastewa-
ter from industrial and other upstream communes (Bonoua,
Yaou, Aboisso), can find their way into the downstream
waters of the Comoé, Bia, and Tanoé rivers via surface run-
off and drains. Soil erosion is a major global environmen-
tal problem that has caused numerous problems involving
soil degradation, sedimentation of watercourses, ecologi-
cal degradation, and diffuse pollution. In the study area, an
investigation of the dynamics of land use in the estuary of
the Comoé, Bia, and Tanoé rivers revealed a regression in
vegetation cover in favor of mosaics of crops, fallow land,
and built-up areas. The development of cultivated areas and
built-up areas destabilizes the soil structure and encourages
erosion. This degradation of the plant cover encourages the
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Fig. 1 Study area and sampling stations

transport of sediment and an increase in suspended solids
in the Aby lagoon (Gauze et al. 2019). It also increases the
flow of suspended particles towards the Atlantic Ocean via
the Aby and Ebrié lagoons.

2.2 Sampling

A total of 45 samples of sedimented particles were collected
from the estuary of the Comoé (C), Bia (B), and Tanoé (T)
rivers (Fig. 1). The labeled samples and the longitude and
latitude values of the sampling points are shown in Table 1.
Sedimentation particles were collected using sediment traps,
which were cylindrical sediment traps made of polyvinyl
chloride (PVC) with aspect ratios of 6.0. The sediment traps
were deployed at five stations (1, 2, 3, 4, and 5) in the estu-
ary of the Comoé, Bia, and Tanoé rivers, where water depths
vary from 9 to 11 m, to collect settling particles. They were
positioned at a water depth of 1.8 m from the seabed, and
carefully capped prior to recovery every 2 months over a
9-month period (May 2019 to February 2020), to keep the
trapped material intact (Botwe et al. 2017). After recovery,
the contents of the sediment traps were carefully collected
and then placed in polyethylene zipper bags, which were
carefully sealed, labeled, and placed in a cooler where the
temperature was maintained at 4 °C using ice packs. In the
laboratory, the trapped sediments were placed in high-den-
sity polyethylene bottles for subsequent freeze-drying.
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Table 1 Characteristics of the sampling stations

River  Locality name  Sample ID Longitude (W) Latitude (N)
Comoé Adjekro 1 Cl1 —3.700611 5.234869
Adjekro 2 Cc2 —3.705308 5.240322
Fishermen’s C3 —3.688933 5.231669
camp
Moosou 1 C4 — 3.687367 5.233886
Moosou 2 C5 —3.676203 5.243308
Bia Bianouan 2 B1 —3.202208 5.356886
Mixed area B2 — 3.200406 5.365589
Cacao culture B3 —3.202742 5.369492
Mixed area B4 —3.205519 5.371356
Bianouan 2 B5 — 3.214408 5.370594
Tanoé Mixed area T1 —2.942781 5.131156
Mixed area T2 —2.940236 5.127781
Mixed area T3 —2.924842 5.126428
Mixed area T4 —2.929308 5.124831
Entrance to TS —2.933725 5.124969
camp

2.3 Pre-treatment and chemical analysis

Samples of 0.1 g of homogenized dry sedimentation parti-
cles were placed in Teflon tubes, which were washed with
dilute nitric acid. The samples underwent hot mineralization,
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using aqua regia made up of 3 mL hydrochloric acid and
1 mL nitric acid. The samples were heated to 120 °C for 3 h.
After cooling in ambient air, the final volume was reduced
to 50 mL and left to stand overnight (Loring and Rantala
1992). Metals were determined by Varian AA 20 atomic
absorption spectrometry (AAS). Iron was analyzed using
the flame technique, As, Cd, and Pb by the graphite furnace
technique, and Hg by the cold vapor technique. The detec-
tion limits for the metals analyzed were: 0.03 mg/kg for As;
0.051 mg/kg for Hg; 0.002 mg/kg for Cd; 0.006 mg/kg for
Pb and Fe (Ouattara et al. 2018).

2.4 Quality control

Prior to metal analysis, automatic calibration of the AAS
was performed by aspirating a bulk standard (multi-element
standard solution for ICP; Fluka Analytical, Switzerland).
Procedural blanks and a certified reference material for
settling particles were treated in the same way as the field
samples and analyzed in duplicate, while reference mate-
rials were analyzed in triplicate. Chemicals, solvents, and
reagents used were of trace metal analysis grade (Sigma-
Aldrich, USA). All the containers were thoroughly washed
with detergent, soaked in a 10% solution of HNO; overnight,
rinsed with deionized water, and dried in an oven before use.
Sediment traps were also conditioned with dilute nitric acid
and rinsed with distilled water before use.

2.5 Statistical analysis

Using Statistica version 7.1 software, one-way analysis of
variance (ANOVA) was carried out to assess variations in
metal concentrations in the sedimentation particles, and two-
sided Pearson correlations were also performed to examine
linear relationships between the measured metals. Descrip-
tive statistics such as means, standard deviations and stand-
ard errors were calculated in Microsoft Excel 2010 at a 95%
confidence level.

2.6 Data analysis

Particle sedimentation fluxes (F's), with units of g/m2/d, were
estimated using:
M

Fg=—XxD

s=3 (1)
where M is the accumulated dry mass of sedimenting parti-
cle (kg) in the sediment trap, A is the cross-sectional area of
the sediment trap (m?), and D is the duration of trap deploy-
ment (d). Particle-associated metal fluxes (Fm, with units of
mg/m?/d) were estimated using:

where F, is the flux of metals associated with particles in
sedimentation, and C,, is the metal concentration in sedi-
menting particles (mg/g/day).

The enrichment factor is used to differentiate between
anthropogenic and natural inputs of trace metals to a given
ecological environment. Sinex and Helz (1981) suggested
this normalization method, which is also used in normali-
zations of the heavy metal content acquired in sedimenting
particles in relation to a chosen reference metal, either Fe or
Al (Ravichandran et al. 1995). For geochemical normaliza-
tion, Fe was chosen as the reference metal. The exposure
frequency (EF) was calculated using:

E = M 3)
(SI / Sref)Background

where C,; indicates the Fe concentration in the sedimented
particle sample, Ci is the measured heavy metal concentra-
tion in the sedimented particle, Si is the local heavy metal
background value, and Sref is the Fe concentration measured
in the earth’s crust. When 0.5 < EF < 1.5, this suggests a
natural origin of heavy metals. On the other hand, EF>1.5
indicates an anthropogenic origin of heavy metals (Zhang
et al. 2007).

Geoaccumulation indices can be used to assess contami-
nation in sedimenting particles, which is done by correlat-
ing the current measured concentration of metals with their
pre-industrial concentrations. Geoaccumulation index values
have been calculated using:

C
I, =1 -
geo 0g, < 1.5 % Bn> (4)

where Cn is the measured concentration of metals in sedi-
menting particles, and Bn is the geochemical background
concentration (Turekian and Wedepohl 1961). Due to lith-
ological variations, a factor of 1.5 has been added to the
formula as a background matrix correction factor. The geo-
accumulation index (/) range comprises seven classes
(Solgi et al. 2012): (1geo < 0) uncontaminated; (0 < Igeo <1
uncontaminated to moderately contaminated; (1 <1y, <2)
moderately contaminated; (2 < I, < 3) moderately to
heavily contaminated; (3 < Igeo < 4) heavily contaminated;
(4 < Iy, < 5) heavily to very heavily contaminated; and

(5 <1,,) very heavily contaminated.

2.7 Potential ecological risk index (Ei)

According to Hakanson (1980), the potential ecological
risk index shows the degree of pollution of particles in

@ Springer
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sedimentation and is used to determine the pollutant. The
ecological risk index (E!) was calculated using:

4 Cn
El =Ty, x S
ref
where Tr; is the toxic response factor, C,, is the metal con-
centration in the study, and C, is the reference value. The
Tr; coefficients for the elements according to their toxic-
ity are: Hg = 40, Cd = 30, As = 10, Cu =Pb=Ni =5,
Cr=2,and Zn = 1. The Eﬁ value assessed is classified as:
E! <40 low; 40 < E < 80 moderate; 80 < E! < 160 notable;
160 < E! < 320 high; and 320 < E’ major (Maanan et al.
2015).

2.8 Assessment of risks associated with the use
of particles in sedimentation

Trace metals associated with sedimentation particles enter
the human body through ingestion and dermal absorption of
the particles (Kim et al. 2004; De Miguel et al. 2007). The
quantity of TMEs ingested and absorbed by a human being
per day through the use of sedimented particles is known as
the chronic daily intake (CDI) (ug/kg/day). The chronic daily
dose by ingestion and dermal absorption is calculated using
Egs. (6) and (7), respectively (Song et al. 2019). Parameter
and variable values are presented in Table 2 (Song et al.
2019):

_ CxIRxCFxEF x ED

DIC;
ne BW x AT ©)
C X SA X CF x AF x ABS
DICyr = (N
BW X AT
where DJC, , is the chronic daily dose by ingestion (oral)

ing
and DJC,,, is the chronic daily dose by the cutaneous route.

2.9 Non-carcinogenic risk of TMEs in sedimented
particles

The contaminant exposure quotient is defined as the quotient
of the chronic daily intake (CDI) by the reference dose (RfD)
for each chemical element based on each exposure route
(water ingestion and dermal absorption), as indicated by
Eq. (8). Determination of the contaminant exposure quotient
(DQ) is used to determine non-carcinogenic risks (Wang
et al. 2015):

DJCin/derm
QDing/derm = W (8)

in/derm

@ Springer

Table 2 Description of input parameters for health risk assessment
of selected metals in the sediments (USEPA 2004; Song et al. 2019)

Parameters Units Value Reference
Metal concentration ugl/g - This study
Ingestion rate (IR) mg/j 114 Igbal et al. (2013)

Exposure frequency (EF) J/an 365 Igbal et al. (2013)

Frequency duration (ED) An 51 Igbal et al. (2013)
Body weight (BW) kg 58.6 Igbal et al. (2013)
Averaging time (AT) Jour 18,615 Igbal et al. (2013)
Exposed skin area (SA) cm? 5700 Song et al. (2019)
Exposure time (ET) h/j 0.6 USEPA (2004)

Adherence factor (AF) mg/ cm® 0.07 Song et al. (2019)
Dermal absorption factor - 0.001 Song et al. (2019)

(ABS)

Conversion factor (FC) kg/mg  0.000006 Song et al. (2019)

Permeability coefficient skin (Kp)

Fe 0.001 USEPA (2004)
Hg 0.001 USEPA (2004)
Cu cm/h 0.001 USEPA (2004)
As 0.001 USEPA (2004)
Cd 0.001 USEPA (2004)
Pb 0.004 USEPA (2004)

where CDI is the chronic daily dose (ug/kg/d) and RfD is
the reference dose of TMEs under a given condition (ug/kg/
day). The reference dose by ingestion of particles (RfDin)
was obtained from the Igbal et al. (2013). RfD by dermal
absorption (RfD derm) is determined from RfDin multiplied
by a gastrointestinal absorption factor (Wang et al. 2015). If
the QD value is close to or equal to 1, this indicates poten-
tially adverse effects on human health or the need for further
investigation. DQ values > 1 suggest even higher probabili-
ties of adverse health effects (Wang et al. 2015).

The toxicity index (HI) is used to assess the health
risk due to the interaction of TMESs present in sediment-
ing particles. Recent studies suggest that contamination
by several metals may cause them to interact, leading to
an addition of their toxicity (Taiwo and Awomeso 2017,
Song et al. 2019). Thus, the non-carcinogenic risks (DQs)
of the various TMEs can add up via the oral or dermal
route (HIin and Hlderm, respectively) (Wang et al. 2015)
to result in an even higher risk. The oral and dermal toxic-
ity index of sedimenting particles was calculated from:

n

HI = Z (QDing + QDderm) (9)

I=1

where QD; is the exposure quotient for element /. When
HI < 1, it would have no adverse effects, while for HI ~ 1
adverse effects could occur (Igbal et al. 2013).
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2.10 Carcinogenic risk of TMEs in sedimented
particles

Carcinogenic risk (CR) is the probability of an individual
developing cancer after a long lifetime (typically 51 years)
as a result of exposure to the carcinogenic potential. Line-
arly, Eq. (10) for low-dose carcinogenic risk is expressed as:

CR = DJC x SF (10)

where CDI is the chronic daily dose (mg/kg/day) and SF
(mg/kg/day)~! is the slope factor (Table 3).

If a site has multiple carcinogenic contaminants, the can-
cer risk values for each pollutant and exposure route are
summed and compared with the accepted risks. Carcino-
genic risks of the order of 1.107° to 1.107* are typically
deemed acceptable by Ustaoglu and Islam (2020), according
to whom the CR must be less than 1.107%. The sum total
carcinogenic risk for particulate matter (LCR) according to
Ustaoglu and Islam (2020) is determined by:

Z CR = LCR = (CR,, + CRyyppy) an

3 Results and Discussion

3.1 Sedimentation particle concentrations of As, Cd,
Pb, Hg and Fe

The arsenic concentrations of sedimented particles in the
estuary of the Comoé, Bia, and Tanoé rivers are shown in
Fig. 2. Mean arsenic concentrations ranged from 1.18 + 0.63
pg/g in the rainy season to 2.21 + 0.69 pg/g in the flood
season in the Comoé River; from 1.14 + 0.82 pg/g in the
rainy season to 2.63 + 0.62 pg/g in the flood season in the
Bia river; and from 0.36 + 0.34 pg/g in the rainy season to
2.36 + 0.28 ug/g in the flood season in the Tanoé river.
The mean cadmium concentrations varied from
0.15 + 0.04 pg/g in the dry season to 0.63 + 0.21 ug/g in
the rainy season in the Comoé River; from 0.16 + 0.05 pg/g
in the dry season to 0.48 + 0.27 ug/g in the rainy season in

Table 3 Standard values for calculating carcinogenic risk (CR) (US
EPA 2011, 2012)

Metals SF (mg kg™ j=H! RfD (ugkg™'j™
Oral Dermal Oral Dermal

Cd 6.500 NA 0.5 0.025

Hg NA NA 0.3 0.3

As 1.5 NA 0.3 0.3

Pb 8.5 NA 1.4 0.42

Fe NA NA 700 140

the Bia river; and from 0.16 + 0.06 pg/g in the dry season
to 0.30 + 0.29 pg/g in the rainy season in the Tanoé river
(Fig. 3).

Average lead concentrations ranged from 0.45 + 0.10
pg/g in the rainy season to 1.20 + 0.72 pg/g in the flood
season in the Comoé River; from 0.31 + 0.18 pg/g in the
rainy season to 1.18 + 0.29 pg/g in the flood season in the
Bia river; and from 0.21 + 0.19 pg/g in the rainy season
to 1.20 + 0.16 pg/g in the flood season in the Tanoé river
(Fig. 4).

Mercury concentrations in sedimented particles showed
spatial and temporal variability, with mean values ranging
from 0.26 + 0.25 pg/g in the rainy season to 0.71 + 0.47 ug/g
in the flood season in the Comoé River; from 0.58 + 0.32
pg/g in the flood season to 0.64 + 0.61 ug/g in the rainy
season in the Bia river; and from 0.28 + 0.53 pg/g in the
rainy season to 0.82 + 0.60 pg/g in the rainy season in the
Tanoé river (Fig. 5).

Finally, mean iron concentrations ranged from
20,405.66 + 3596.07 ug/g in the dry season to
24,446.02 + 2258.41 pg/g in the rainy season in the Comoé
River; from 18,553.35 + 11,164.18 pg/g in the rainy season
to 21,976.96 + 2890.21 ug/g in the dry season in the Bia
river; and from 18,124.94 + 9959.56 pg/g in the rainy season
t0 20,522.84 + 4492.76 pg/g in the dry season in the Tanoé
river (Fig. 6).

However, ANOVA revealed no significant difference
between mean concentrations of arsenic, cadmium, lead,
mercury, and iron at p < 0.05. The results show that 60%,
73.33%, and 53.33% of As samples, 93.33%, 93.33%, and
80% of Cd samples, and 86.66%, 86.66%, and 80% of Hg
samples in the Comoé, Bia, and Tanoé rivers have concen-
trations above that of the UCC (2 pg/g for As, 0.101 ug/g for
Cd, and 0.056 ug/g for Hg). The high concentrations of As,
Cd, and Hg recorded could be attributed to anthropogenic
activities such as gold mining and agricultural activities.
The sampling stations on the Comoé, Bia, and Tanoé rivers
are located in agricultural areas with industrial plantations
of cocoa, coffee, rubber, and oil palm. Thus, leaching from
these agricultural lands could release fertilizers and pesti-
cides into the three rivers (Chai et al. 2017; Zhang et al.
2018; Ouattara et al. 2018) leading to high concentrations
of Cd and As. In the watersheds of the rivers, the mercury
amalgamation technique is used to extract the gold. This
method produces enormous quantities of mercury in these
rivers, a finding which corroborates those of Asare-Donkor
and Adimado (2016) and Adjei-Kyereme et al. (2015), who
have indicated that gold panning activities contribute signifi-
cantly to the release of mercury into Ghana’s rivers. Simi-
larly, the abusive use of charcoal as a substitute for domestic
gas, which is in short supply in very isolated rural areas,
is a major factor increasing mercury concentration levels.
In addition, during the gold extraction process in the study
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Fig. 4 Total lead concentra-
tions (pg/L) in the Bandama,
Comogé, and Bia Rivers during
the dry, rainy, and flood seasons
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area, cyanide is used to leach gold ores, resulting in high
arsenic concentrations in the three rivers, as mentioned by
Samouhos et al (2021). The highest concentrations of As,
Cd, Pb, Hg, and Fe were obtained during the flood and rainy
seasons, confirming that runoff water is a transport vector
for the metals Cd, Pb, Hg, and Fe in the rivers. It has been
reported that vehicle exhaust containing leaded petrol has
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been reported to be a source of Pb in the environment (Lii
et al. 2018). Shipping and fishing activities are also carried
out in the study area using motorboats. Consequently, the
presence of Pb in the sedimentation particles may be due to
maritime and fishing activities.

Concentrations of As, Pb, Cd, Hg, and Fe in sedimented
particles in the estuary of the Comoé, Bia, and Tanoé rivers
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Fig. 5 Total mercury concentrations (pg/L) in the Bandama, Comoé, and Bia Rivers during the dry, rainy, and flood seasons
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Fig. 6 Total iron concentrations (pg/L) in the Bandama, Comoé, and Bia Rivers during the dry, rainy, and flood seasons
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have also been compared with those of other studies world-
wide (Table 4).

The concentrations of As, Pb, Cd, Hg, and Fe in sediment
particles in this study are lower than the values reported by
Arambarri et al. (2003) in particles from the Gipuzkoa River
in Spain, by Ghani et al. (2013) in Egypt in particles from Abu-
Oir Bay, by Luo et al. (2010) in the Bohai and Yellow River in
China, with the exception of mercury, by Vallius et al. (2007)
in the Gulf of Finland, and by Botwe et al. (2017) in Ghana in
Tema Harbour. Similarly, concentrations are lower than those
reported by Al-Tanni et al. (2014) in the Gulf of Aqaba in Saudi
Arabia, with the exception of cadmium and iron, whereas the
concentrations of As, Cd, Pb, Hg, and Fe in sediment particles
obtained in this study are higher than those of Rumisha et al.
(2012) in Tanzania on the Salaam coast. In view of the above,
the concentrations obtained in this study are within the range
of concentrations observed elsewhere in the world.

3.2 Correlation between trace metals

Correlation coefficients were calculated to determine the
relationships between trace metals (Table 5). Correlation is
considered moderate when 0.5 < r < 0.7, whereas r > 0.7
indicates a strong correlation according to Shil and Singh
(2019). A moderate correlation was observed between Fe
and Cd (r = 0.52) in the Comoé River, while As was sig-
nificantly correlated with Pb (» = 0.80), Fe was moderately
correlated with Hg (» = 0.61) in the Bia River. In the Tanoe
River, Pb was strongly correlated with arsenic (r = 0.86). Fe
correlated with Cd in the Comoé and Hg in the Bia demon-
strate that Cd and Hg are of natural origin, mainly weath-
ering processes in the three rivers. This also suggests that
the distributions of Cd in the Bia and Hg in the Como¢ are
driven by iron oxides and hydroxides (Kinimo et al. 2018).
Furthermore, the strong correlations between As and Pb

Table 4 Comparison of mean trace elements concentrations (mean + standard deviation) with those reported in other rivers located in other

regions in settling particles

Fleuves As Cd Pb Hg Fe References
Wet (Comoé, Bia, et Tanoé) 0.89+£0.70 047+0.28 0.32+0.18 0.39+0.49 18,124 £9959 Present study
Flood (Comoé, Bia, et Tanoé) 240+0.55 0.18+0.04 1.19+042 0.70+0.45 20,231 +£3689 Present study
Dry (Comoé, Bia, et Tanoé) 2.15+0.52 0.16+0.05 094+0.23 0.55+0.31 20,522 +4492 Present study
Tema Harbour (Ghana) 146-1470 - 20.3-229 0.1-3 33,290-65,920 Botwe et al. (2017)
Gipuzkoa (Espagne) - 0.22-12.34  55-711 - 10,700-43,000  Arambarri et al. (2003)
Abu-Qir Bay (Egypt) 1.60-8.67 0.31-4.89 1.90-16.79 - 90-35,890 Ghani et al. (2013)
Salaam coast (Tanzania) 0.2-1.3 0.01-0.04 0.75-2.20 - 461-5352 Rumisha et al. (2012)
Northern Bohai and Yellow Seas (China) 5.6-13 0.050-0.83 - 0.020-0.18 - Luo et al. (2010)
Gulf of Aqaba (Saudi Arabia) 15.1 0.07 3.72 2.37 1437 Al-Taani et al. (2014)
Gulf of Finland 7.25-19.1 0.84-2.69 37.3-58.9 0.09-0.30 - Vallius et al. (2007)
Table 5 Correlation matriAx of As cd Pb He Fe
metal and TOC concentrations
in settling particles Comoe river As 1.00

Cd —-0.47 1.00

Pb 0.39 —-0.55 1.00

Hg 0.25 -0.26 0.18 1.00

Fe —-0.53 0.52 0.11 —-0.38 1.00

Bia river As 1.00

Cd —0.68 1.00

Pb 0.80 - 0.67 1.00

Hg -0.22 0.19 -0.11 1.00

Fe —-0.38 0.23 -0.31 0.61 1.00

Tanoe river As 1.00

Cd —0.69 1.00

Pb 0.86 -0.71 1.00

Hg 0.32 —0.09 0.31 1.00

Fe 0.42 0.15 0.07 0.33 1.00

Numbers in bold (large, thick type) denote statistically significant relationships between metals
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in the Bia and Pb and As in the Tanoé may indicate simi-
lar sources of these metals, mainly from gold mining and
agricultural uses of fertilizers and pesticides (Ouattara et al.
2018).

3.3 Enrichment factor

The enrichment factor values calculated for the metals As,
Cd, Pb and Hg in the estuary of the Comoé, Bia and Tanoé
rivers are shown in Fig. 7. Enrichment factor values for As
range from 0.9 (C1) to 2.8 (C2). Cd values range from 2.5
(TS) to 7 (B4), Pb enrichment factor values range from 0.05
(B5) t0 0.10 (T4), and enrichment factor values for Hg range
from 7 (B4) to 22 (B5). The enrichment factor values calcu-
lated for Pb and As (with the exception of stations B2, B4,
C4, B6, and T3) are below 1.5, proving that Pb has a natural
origin. As, on the other hand, has both a geogenic origin and
minimal enrichment. This trend could be explained by the
contribution of natural products to the detriment of agro-
chemicals using Pb and As in agriculture. Also, the low level
of industrialization in the estuary of the three rivers could
be the cause of the natural origin of Pb and As. Further-
more, the enrichment factor values determined for Cd and
Hg are greater than 1.5, indicating that Cd and Hg are of
anthropogenic origin. Intense mining activity downstream
and upstream of the rivers is believed to be responsible for
the high Hg concentrations recorded. Anthropogenic Cd
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could probably come from fertilizers and pesticides used in
agriculture. Domestic wastewater discharges in the Comog,
Bia and Tanoé rivers could also be responsible for the high
Cd concentrations (Islam et al. 2015).

3.4 Distributions and fluxes of particles associated
metals in the Comoe, Bia and Tanoe river

Figure 8 shows that the highest fluxes were obtained during
the flood season in the Bia and Tanoé rivers, and during the
rainy season in the Comoé. Station C5 recorded an As flux
of 737.48 ug/m?/d in the Comoé river, station B1 recorded
an As flux of 3037.98 ug/m?/d in the Bia, and station T2
recorded an As flux of 8028.08 ug/m%/d in the Tanoe river.

With regard to Cd, the highest fluxes were obtained dur-
ing the rainy season in the Comoé and Bia rivers and during
the flood season in the Tanoé river: station C5 recorded a
Cd flux of 46.11 ug/m%d in the Comoé river; station BS
recorded a Cd flux of 258.64 ug/m?/d in the Bia river; and
station T2 recorded a Pb flux of 909.7 ug/m?/d in the Tanoé
river.

Also, for Pb, the highest fluxes were obtained during the
flood season: station C5 recorded a Pb flux of 679.9 ug/
m?/d in the Comoé river; station B1 recorded a Pb flux of
1356.7 ug/m?/d in the Bia; and station T2 recorded a Pb flux
of 4260.1 pg/m?/d in the Tanoé river.
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Fig. 7 Enrichment factor mean values of the analyzed metals and their standard deviations
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Fig. 8 Estimated daily settling fluxes of suspended particles and associated metals at different sampling stations over the three seasons (wet,

flood, and dry) in the Comoé, Bia, and Tanoé rivers

For Hg, the highest fluxes were obtained during the flood
season: station C1 recorded a Pb flux of 309.1 pug/m?/d in the
Comoé river; station B2 recorded a Pb flux of 506.8 pg/m?*/d
in the Bia; and station T5 recorded a Pb flux of 2828.9 ug/
m?/d in the Tanoé river.

As for Fe, the highest fluxes were obtained during the
flood season in the Bia and Tanoé rivers and during the
rainy season in the Comoé: station C5 recorded a Pb flux of
7,572,937.7 pg/mz/d in the Comoé river; station B1 recorded
a Pb flux of 25,618,945.9 pg/mzld in the Bia; and station TS5
recorded a Pb flux of 80,215,344.9 pg/mzld in the Tanoé
river.

Lead fluxes, As fluxes, Hg fluxes, and iron fluxes are all
very high during the flood season. Cd fluxes are high during
the rainy season for the Bia and Comoé rivers, and during
the flood season for the Tanoé river. The highest fluxes of
metals associated with sedimenting particles were recorded
on the Tanoé during the flood season. This may be due to
the depth of the river, high flow creating sediment resuspen-
sion, strong erosion and heavy mining activity carried out
further upstream in Ghana on the Tanoé River (Nyantakyi
et al. 2019; Botwe et al. 2017). The curves in Fig. 8 are rep-
resented in a sawtooth pattern, demonstrating that there are
no clear trends in the evolution of flows from upstream to
downstream rivers. This indicates both local and upstream
inputs to the estuary of the Comoé, Bia, and Tanoé rivers.
These observations therefore confirm the input of the met-
als As, Cd, Pb, Hg, and Fe into the Ebrié and Aby lagoons

during the flood and rainy seasons via runoff. These flux
values show a strong direct interaction observed between
sediment particles (metal-bound fine fraction) and metal
fluxes. This strong interaction indicates that metal transport
at depth and its distribution in the three rivers are well regu-
lated by the settling of sedimented particles (metal-bound
fine fraction). This can be attributed to strong interactions
between the metals and the settling particles in the water
column (Horowitz et al. 1989; Hostache et al. 2014). As
sedimented particles (silts and clays) are naturally enriched
in Fe, the distribution of metals in rivers is possible thanks
to iron oxides and hydroxides. This is in line with Table 5,
which shows a moderate correlation between trace metals
(Hg, Cd) and Fe. The flux results obtained are higher than
those of Botwe et al. (2017); a difference resulting from the
different sampling sites.

3.5 Sedimentation particle quality guides
3.5.1 Geoaccumulation indices

The geoaccumulation index values calculated for As, Cd, Pb,
and Hg sedimentation particles in the estuary of the Comog,
Bia, and Tanoé rivers are shown in Fig. 9.

The calculated values indicated variable geoaccumulation
index levels in the Comoé, Bia, and Tanoé rivers. For As and
Pb, the calculated geoaccumulation index values were below

@ Springer



1054

Acta Geochim (2025) 44:1040-1058

Arsenic
0.2

-0.6
-0.8
-1.0

-1.4
-1.6
-1.8
-2.0
-2.2
-2.4
-2.6
-2.8
-3.0
-3.2

Geo-accumulation indices (Igeo)

c1 c2 c3 ca C5 B1 B2 B3 B4 B5 ™ T2 ™ T4 T5
Sampling station

Lead
-4.6

-4.8
-5.0
-5.2
5.4
-5.6

-5.8

geo-accumulation Indices (Tgeo)

-6.0

c1 c2 ©3 c4a c5 B B2 B3 B4 BS TI T2 T3 T4
Sampling Station

geo-accumulation Indices (Igeo)

Cadmium
1.4

1.2
1.0
0.8
0.6
0.4
0.2
-0.0
-0.2
-0.4
-0.6

-0.8

c1 c2 Cc3 ca c5 B1 B2 B3 B4 B5 aul T2 T T4 T5

Sampling Station

Mercury

geo-accumulation Indices (Igeo)

Ci c2 C3 c4a C5 BT B2 B3 B4 BS TI T2 T3 T4 T5
Sampling Station

Fig. 9 Geo-accumulation indices mean values of the analyzed metals and their standard deviations

0 for all three rivers, suggesting that the sediment particles
at the sampled stations are uncontaminated with As and Pb.

Concerning Cd, sedimentation particles from the sam-
pled stations are uncontaminated to moderately contami-
nated with Cd indicated by geoaccumulation index values
of 0 < I, < 1, except for particles at station B4 which are
moderately contaminated with Cd, whose calculated geoac-
cumulation index values are greater than 1.

For Hg, sedimentation particles from stations T4, B4, and
B2 are uncontaminated to moderately contaminated indi-
cated by geoaccumulation index values of 0 </, < 1, sedi-
ment particles at stations C5, T1, T2, and TS are moderately
contaminated with Hg (1 <1, < 2), and, for stations C1
and T3 with geoaccumulation index values between 2 and 3,
sedimentation particles are moderately to heavily contami-
nated. At stations B1, B3, and BS5, the particles are highly
contaminated, as indicated by geoaccumulation index values
of 3 <1, <4

The accumulation of Cd and Hg in sediment particles in
the Comoé, Bia, and Tanoé rivers may be due to domestic

wastewater, fishing, agriculture, bush fires, and mining.

3.5.2 Ecological risk indexes

In order to show the degree of pollution at an ecological
level, the potential ecological risk index of sedimented

@ Springer

Table 6 Potential ecological risk (Erl) values for trace elements in
settling particles

Sampling ERI PERI
As Cd Pb Hg

Cl 0.94 11.63 0.07 118.72 131.36
C2 1.55 9.08 0.04 5591 66.58
C3 1.19 7.85 0.07 49.74 58.85
Cc4 1.20 11.62 0.07 95.75 108.64
C5 1.18 6.70 0.09 50.85 58.82
BI 1.40 8.36 0.06 119.20 129.03
B2 1.41 4.57 0.06 61.25 67.29
B3 1.20 9.42 0.05 131.07 141.74
B4 1.48 11.04 0.06 37.16 49.74
B5 1.38 10.17 0.04 144.74 156.33
Tl 1.04 7.57 0.05 97.34 106.00
T2 1.17 9.85 0.06 74.01 85.10
T3 1.25 9.03 0.06 117.75 128.10
T4 0.72 3.09 0.05 37.34 41.20
T5 1.07 4.08 0.06 129.76 134.98

particles containing As, Cd, Pb, and Hg was determined,
and the values are shown in Table 6.

The results of the potential ecological risk indices calculated
for As, Cd, and Pb show Eﬁ values below 40 at all the stations,
suggesting their low level of potential ecological risk. Only
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Hg gives three pollution levels of ecological risk index. The
first level involves stations B4 and T3, which show low con-
tamination indicated by Eﬁ < 40 values. Then the second level
involves stations B2, C2, C3, C5, and T2, which show moder-
ate contamination thanks to values 40 < Eﬁ < 80. Finally the
third level involves stations B1, B3, B5, C1, C4, T1, T3, and
T3, and the potential ecological risk values (80 < Ef < 160)
for these stations show noticeable Hg particle contamination.
These results show the advanced degradation of the Comoé,
Bia, and Tanoé rivers due to the impact of mining activities
upstream and downstream of the Comoé, Bia, and Tanoé rivers.

3.6 Human health risk assessment

QD and HI values > 1 indicate adverse health effects resulting
from the presence of TMEs in sedimented river particles. The
results of the present study showed that the QDderm, QDing,
and HI values of trace metals from sediment particles were < 1
(Table 7), suggesting that there are no health problems other
than cancer. Also, the non-carcinogenic health risk for the
ingestion route of exposure was higher than that for skin con-
tact, showing that the ingestion route makes a greater contri-
bution to the potential health risks from TME-contaminated
sediment particles. In addition, HI values for the elements were
ranked in descending order: Fe > As > Hg > Pb > Cd, for the
Comoé and Tanoé rivers, and Fe > As > Hg > Cd > Pb for
the Bia river. For each river, values were ranked in ascending
order as: Tanoé < Bia < Comoé. Given that the HI values are
< 1, there are no significant adverse effects on human health
from the TMEs. However, similar studies at sites affected by
mining activities have reported high potential health risks (Xie
et al. 2017).

The lifetime cancer risk (LCR) results for the TMEs (Pb,
Cd, and As) are presented in Table 7. A relatively higher CSF
value for As than for Cd and Pb (As > Cd > Pb) reveals that
As remarkably possesses a higher potential for carcinogenic
risk. The calculated LCR values for As were 3.19 x 107>,
3.62x 107,2.76 X 107 and 2.31 x 10~>for the Comoé river,
and 2.14 x 107> and 1.65 x 107 for Cd for the Bia and Tanoé
rivers, respectively. These values ranged from 1.00 x 107 to
1.00 x 10~* which was the range recommended by the US
EPA. Consequently, there are no carcinogenic risks for As and
Cd. On the other hand, the LCR values for Pb 9.25 x 1078,
7.78 x 1078 and 7.79 x 1078 , respectively, for the Comoé,
Bia, and Tanoé rivers were well below the US EPA’s accept-
able threshold value (1.00 x 107%), indicating that there are no
significant carcinogenic risks for Pb.

4 Conclusion

This study assessed the total concentrations, fluxes, and
potential risks from sedimenting particles associated with

@ Springer

arsenic, lead, cadmium, mercury, and iron in the estuary
of the Comoé, Bia, and Tanoé rivers. Mean arsenic con-
centrations were 1.82 + 0.67 ug/g, 2.06 + 0.61 pg/g,
and 1.57 + 0.90 pg/g for the Comoé, Bia, and Tanoé riv-
ers, respectively. Cadmium concentrations were char-
acterized by peaks of 0.31 + 0.21 ug/g for the Comoé,
0.29 + 0.17 pg/g for the Bia, and 0.21 + 0.13 ng/g,
for the Tanoé. Also, mean lead concentrations were
0.93 + 0.43 ug/g for the Comoé, 0.77 + 0.35 pg/g for the
Bia, and 0.76 + 0.37 ug/g for the Tanoé. Mean mercury
concentrations were 0.93 + 0.43 ug/g for the Comoé,
0.77 + 0.35 pg/g for the Bia, and 0.76 + 0.37 ug/g for the
Tanoé. For iron, the averages were 21,857.77 + 3008.34 ug/g
for the Comoé; 21,857.77 + 4374.73 ng/g for the Bia, and
16,964.36 + 5981.89 pg/g for the Tanoé. The highest total
concentrations were generally observed during the rainy and
flood seasons. Total concentrations of arsenic, cadmium, and
mercury are above the UCC standard due to anthropogenic
activities in the area. Sediment particle fluxes associated
with the metals lead, arsenic, mercury, and iron were highest
during the flood season in the three rivers, while sedimenta-
tion particle fluxes associated with cadmium were highest
during the rainy season. Consequently, sediment particles
from the three rivers are important sources of cadmium,
lead, arsenic, mercury, and iron to the Atlantic Ocean via
the Aby and Ebrié lagoons. Pearson correlation analysis and
the enrichment factor showed that trace metals came mainly
from anthropogenic sources, notably gold mining and agri-
culture. The contamination indices studied (Igeo, and Erl)
showed that particles from all three rivers are severely con-
taminated with mercury. However, the results of the assess-
ment of potential risks to human health suggest that there is
no likelihood of exposure of the human community to harm-
ful effects and cancer risk through water ingestion. Reduc-
ing local and upstream inputs from human activities could
mitigate the pollution of sedimenting particles in the river
estuaries. It is essential to integrate the information from
this study into policy- and decision-making processes for
better management of transboundary river water resources
in coastal countries, particularly Cote d’Ivoire.
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