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Abstract 
The Faleme River, a West Africa long transboundary stream (625 km) and 
abundant flow (>1100 million m3) is affected by severe erosion because of 
mining activities that takes place throughout the riverbed. To preserve this 
important watercourse and ensure the sustainability of its services, selecting 
and implementing appropriates restorations techniques is vital. In this con-
text, the purpose of this paper was to present an overview of the actions and 
techniques that can be implemented for the restoration/rehabilitation of the 
Faleme. The methodological approach includes field investigation, water sam-
pling, literature review with cases studies and SWOT analysis of the four me-
thods presented: river dredging, constructed wetlands, floating treatment wet-
lands and chemical precipitation (coagulation and flocculation). The study 
confirmed the pollution of the river by suspended solids (TSS > 1100 mg/L) 
and heavy metals such as iron, zinc, aluminium, and arsenic. For the restora-
tion methods, it was illustrated through description of their mode of opera-
tion and through some case studies presented, that all the four methods have 
proven their effectiveness in treating rivers but have differences in their costs, 
their sustainability (detrimental to living organisms or causing a second pol-
lution) and social acceptance. They also have weaknesses and issues that must 
be addressed to ensure success of rehabilitation. For the case of the Faleme 
river, after analysis, floating treatment wetlands are highly recommended for 
their low cost, good removal efficiency if the vulnerability of the raft and 
buoyancy to strong waves and flow is under control. 
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1. Introduction 

Rivers are part of the freshwater ecosystems that play an important role in people’s 
living, aquatic and terrestrial living organisms, and agricultural production [1]. 
Rivers serve many functions such as electricity generation, water supply, sedi-
ment transport, shipping, food production, sightseeing, and more. Consequent-
ly, they play an important role in people’s living and agricultural production [2]. 
Compared to other ecosystems, rivers support a disproportionately large num-
ber of plant and animal species [1]. The importance of rivers and streams for 
fresh water, food, and recreation is well known, yet there is increasing evidence 
that degradation of running waters is at an all-time high [3]. Indeed, intense 
human activities have broken the original ecological balance, and affected struc-
tures and functions of the river ecosystem [2]. Recognition of the degraded state 
of rivers across the world has prompted the development of management pro-
grams which promote river repair through rehabilitation practices [4]. To re-
store the damaged river ecosystem back to a healthy status, effective ecological 
restoration measures need to be implemented. Fortunately, streams and rivers 
restoration can lead to species recovery, improved inland and coastal water qual-
ity and new areas are defined as for wildlife habitat and recreation activities. 

River restoration refers to a large variety of ecological, physical, spatial and 
management measures and practices. These are aimed at restoring the natural 
state and functioning of the river system in support of biodiversity, recreation, 
flood management and landscape development [5]. By restoring natural condi-
tions, river restoration improves the resilience of the river systems and provides 
the framework for the sustainable multifunctional use of estuaries, rivers, and 
streams. Many different terms have been put forward to define and describe ef-
forts to manage and adjust rivers, with three of the more common and relevant 
ones being restoration, rehabilitation, and enhancement [6] [7] [8] [9] [10]. The 
concept of a return to the preexisting natural state, as free from human interfe-
rence as possible, is referred to as “river restoration” [6] [11]. Ideally, it means 
taking a river that has been disturbed or degraded by a specific human action (or 
set of actions) and altering the river back to a pre-action natural state. The natu-
ral state would not be defined simply in terms of structural descriptive characte-
ristics or visually perceived stability, but in terms of the degree of functionality 
of essential, linked abiotic and biotic processes [12] [13] [14]. More specifically, 
river restoration is defined as “assisting the recovery of ecological structure and 
function in a degraded river ecosystem by replacing lost, damaged or compro-
mised elements and re-establishing the processes necessary to support the natu-
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ral ecosystem and to improve the ecosystem services it provides” [15]. River re-
habilitation means changing a river from a degraded state to an improved state 
with more functional abiotic-biotic processes reminiscent of what existed prior 
to degradation [16]. River enhancement is defined as changing a river from a 
degraded state to an improved state based on identified ecological potential, re-
gardless of site history. Some consider this a form of rehabilitation and do not 
make a distinction [6] [10]. With regards to river rehabilitation or enhancement, 
there may be a limited opportunity to eliminate underlying human perturba-
tions, no matter how important they are, so the longevity of project benefits may 
be uncertain and limited or require active maintenance in perpetuity.  

River restoration has become important as people have come to realize that 
alteration of hydrology, water chemistry, and biology of rivers has unintended 
consequences in urban and other areas. Such efforts require restoration of natu-
ral hydrology and understanding of how the dynamic equilibrium of geomor-
phology can be restored to lead to long-term stability of the system [17].  

The Faleme, a West Africa transboundary river, rises from the northern part 
of Fouta-Djalon (in the Republic of Guinea), and flows in the direction of the 
North-North Est (NNE) to enter Mali. The river provides food and water needs 
for the people living near a “landlocked area”. The same is true of the agricultur-
al and pastoral potential it offers in addition to the seaworthiness that could 
make it economically profitable to exploit the mineral deposits of the basin. In 
addition, the Faleme also contributes an important part of the Senegal River to 
its estuary [18]. This large tributary of the Senegal River has experienced a se-
rious pollution problem (due to mining) and a change in its hydrological regime.  

In the Faleme basin, industrial exploitation by large gold mining companies 
such as Barrick gold, B2 gold, Iamgold, AngloGold Ashanti Limited etc.) and ar-
tisanal exploitation coexist. These gold-bearing activities contribute a significant 
way to the three countries economy but seriously degrade the environment, par-
ticularly water resources. Indeed, exploitation (especially artisanal gold) has caused 
terrible consequences on the river, particularly by disrupting the hydrological 
functioning of the river through withdrawals, direct discharges, dredging, pollu-
tion related to chemicals etc. Considering this situation, it is necessary to reflect 
on the means of restoration possible to ensure the sustainability of the services 
offered by the river.  

Regarding this scientific context, the main objective of this paper is to present 
an overview of the actions and techniques that can be implemented for the res-
toration/rehabilitation of a West African river, the Faleme. The specific objec-
tives are:  
- Establishing the hydrological and hydrochemistry state of the river, 
- Identifying the factors and causes of the perturbation of the river, 
- Reviewing a series of natural and engineering methods for the rehabilitation 

and/or restoration of the Faleme river, 
- Analyzing all methods to identify their strengths and weaknesses. 
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2. Material and Methods 
2.1. Study Area 

The Faleme catchment is situated between latitudes 14˚42'N and 11˚42'N and 
longitudes 12˚30'W and 10˚50'W in Western Africa (see Figure 1). The Faleme  
 

 
Figure 1. Study area. 
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is one of the main tributaries on the left bank of the Senegal River. Its watershed 
covers an area of 28,900 km2, and is shared between three countries (Senegal, 
Mali, and Guinea). The river rises at an altitude of 800 m in an area of lateritic 
plateaus at the foot of the Fouta Djalon Mountains and extends for about 625 
km until it meets the Senegal River. The Faleme covers three geographical and 
climatic domains (Guinean, Soudanian, and Sahelian) [19]. As the area have a 
south-north rainfall gradient with maximum in southern basin and minimum in 
northern basin, the Guinean domain is the wetter zone (highest rainfall average, 
above 1500 mm), followed by the Soudanian (intermediate rainfall average be-
tween 500 and 1500 mm) and the Sahelian (lowest rainfall average, below 500), 
respectively. The area is characterized by the alternation of two different seasons: 
a dry season from November to May and a rainy season from June to October 
with a rainfall of around 1000 mm/year and a maximum rainfall intensity in 
August (data from Senegalese national agency of meteorological, 2020). 

As shown in Figure 1, the study area (The Faleme catchments) is subject to 
intense gold activity with world-class deposits and Artisanal and small-scale gold 
mining (ASGM) which proliferate along the rivers. The area contains several sig-
nificant gold mines including Sadiola, Yalea, Segala, Tabakoto, Loulo-Gounkoto 
deposits in Mali, and Boto, Gora and Golouma in Senegal. For example, the 
Loulo-Gounkoto gold complex located in the investigated area, very adjacent to 
the Faleme river is an operating mine managed by Barrick Gold Corporation. It 
comprises two underground mines (Yalea and Gara) and a processing plant (5 
million tonnes per annum (Mtpa) capacity) producing gold doré bars at Loulo, 
with a third underground mine and open pit operation at Gounkoto, in addition 
to a number of satellite deposits all located on the Faleme basin.  

Within these large mines, mining is carried out using complex and sophisti-
cated processes and techniques. The ore is mined from open pit or underground 
mines followed by transporting, stockpiling, crushing, and grinding, and then 
gold leaching using a standard carbon leaching method, to conclude with elution 
and electro recovery operations. The water supply is made from a pumping of 
the waters of the Faleme, even though for most companies a recycling system is 
set up. Mining waste made up of the extracted rock not used in the mining 
process is stacked in massive blocks, up to several tens of meters high in some 
cases. The leaching of these waste often causes environmental damage especially 
on the waters of the neighborhood by the phenomenon of acid mine drainage (if 
the leached rocks are sulphides). 

Artisanal small-scale and semi-mechanized gold mining are also abundant in 
the study area (both in Senegalese territory and Malian territory). The gold wash-
ing techniques and tools used by the alluvial diggers are often very rudimentary; 
however, larger operations have become more sophisticated (e.g., use of pumps 
and digger-loaders to excavate material). The use of chemicals, particularly mer-
cury and cyanide, is common at these sites where working hundreds of people of 
various nationalities are. Figure 2 below illustrates some images of gold mining 
activities in the study area.  
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Figure 2. Illustrative images of gold mining in the study area: open industrial pit (A), ore loader machine (B), ore 
processing crusher (C), small scale underground gold mining (D, Excavator (E), Sluice (F), Artisanal gold mining site 
(G), River dredging (H), artisanal cyanidation basins (I). 

2.2. Research Methodology 

This paper uses a mixed methods approach to present an overview of the best 
actions and techniques that can be implemented for the restoration of the Fa-
leme.  
 First, it was conducted an in-depth literature review. Data and information 

were collected via a literature search through the internet from July to De-
cember 2023. The main key words used were: “River restoration”, “River re-
habilitation”, “Restoration methods”, “Remediation dredging”, “constructed 
wetlands”, “Faleme River” etc. For inclusion criteria considered it can be 
noted the quality of the document, the language of publication of the docu-
ment (French or English exclusively) and also the presence of keywords in 
the document. Therefore, articles, books, and other publications were in-
cluded in our review (see Figure 3).  
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Figure 3. References review characteristics. 

 
 Field missions are done to identify and characterize the typology of anthro-

pogenic activities carried out alongside the river and the riverbanks which 
disrupt the quality and therefore, their availability of water resources (see 
Figure 4).  

 In addition, surface water and stream sediments sampling were conducted 
during field campaigns in September 2022 and May 2023 in a total of eleven 
(11) sites (Figure 5). Standard sampling procedures have been used with 
blank and duplicate as quality assurance measures. The equipment used in-
cluded: sampling bottles, coolers for sample storage etc. Once the samples are 
collected, they are stored in containers to stabilize the temperature at less 
than 4˚C until they are sent to the ALS lab in Prague (Czech Republic) where 
analysis are been undertaken. In this lab, water quality parameters are deter-
mined through Inductively Coupled Plasma-Atomic Emission Spectrometry 
(ICP-MS) and the stoichiometric calculations of the concentration of the 
compounds are made from the measured values following their internal 
process CZ_SOP_D06_04_001, standardized and certified by US EPA 200.7, 
ČSN EN ISO 11885. 
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Figure 4. Global flowchart of the research methodology. 

3. Results and Discussion 
3.1. Characteristics of Faleme River 
3.1.1. Flow Regime  
The Faleme is a well-fed river on average, but extremely irregular with very large 
disparities in measured flows between the rainy and dry seasons [20]. The aver-
age monthly flow observed in May (low water level minimum) is only 0.5 
m3/second (500 liters), more than 1500 times less than the average flow in Sep-
tember (785 m3/s), which shows its large seasonal irregularity (see Figure 6). 

Over the 30-year observation period (1992-2022), the average annual flow va-
ries from 34.89 m3/s to 219.5 m3/s at the Kidira station, a locality located 35 ki-
lometers upstream of the final outlet of the basin. Similarly, the volumes of water 
flowing at this station vary from 1100 million m3 to 6941 million m3 which can 
be considered abundant. At the station of Gourbassi, located in the middle of the 
river, the flows are more modest and vary between 30 and 151 m3/s. According 
to [19], the discharge at Gourbassi is influenced by climatic conditions in the 
Guinean and the Soudanian Zones, and the discharge measured at the main 
outlet of the basin (Kidira) which is more downstream, is under the influence of 
the all-climate domains of the basin. This justifies that Kidira has the highest 
values of river discharge than those at Gourbassi (Figure 7).  
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Figure 5. Map of the sampling area. 
 

 
Figure 6. Irregularity of flow in the river between wet and dry season. 

3.1.2. Hydromorphology  
From a hydromorphological point of view, the Faleme River faces several major 
problems, the main ones being the erosion of the banks, the incision of the channel  
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Figure 7. Annual average flow (m3/second) in two stations of the Faleme River (data from Senegalese Direction of Water 
Resources Management and Planning (DGPRE)). 

 
and the disconnection of the river annexes (e.g., dead arms, secondary channels). 
According to several authors [21] [22], erosion along the Faleme brings together 
a set of natural and anthropogenic factors that promote its appearance and ac-
centuation in the locality. 
- Natural factors: topography, lithology, pedology, vegetation and climate 
- Anthropogenic factors: deforestation, overgrazing and unsuitable agricul-

tural practices, bush fires, alluvial exploitation. 
Along the Faleme, shoreline erosion is a worrying phenomenon [21]. Among 

the factors is the regression of vegetation cover along the banks accentuated by 
mining activities and its excessive tree cutting. Indeed, the presence of vegetation 
is a major element to be considered in the study of erosion and its impacts. Ac-
cording to the Food and Agriculture Organization (FAO) cited by [21] the role 
of vegetation acts in 2 ways: first the leaves break the kinetic energy of the drops 
and prevent them from hitting the soil directly, which is important in the fight 
against erosion. Also, the spreading of its roots attenuates the speed of runoff 
and increases the porosity of the soil. This prevents the formation of surface ru-
noff. Finally, the falling leaves cover the ground and avoid the “splash effect”. 
This gives it an antierosive function. 

In addition to this, the bed of the Faleme has for the very long-time sheltered 
activities of extraction and washing of minerals because of the resources that it 
contains; but the phenomenon has experienced a considerable rise in recent 
years. According to [23], the impact of extractions in minor bed has been the 
subject of several studies that have shown that this activity can be the cause of 
severe hydromorphological and ecological degradation. Indeed, the imbalance 
between the available load and the carrying capacity of the stream which pro-
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duces an incision of the channel and results in a change in the profiles across 
and along the stream. This alluvial extraction (Figure 8) therefore leads to a de-
crease in the frequency of flooding, the decline of riparian habitats, a degrada-
tion of aquatic habitats or water quality. 

3.1.3. Hydro-Chemical Quality of the Faleme River 
The laboratory results of water sampled in the dry and wet season showed that 
the Faleme River is affected by a constant deterioration of its quality. This results 
in contamination with heavy metals (iron, aluminum in all points) as well as zinc 
and arsenic in Sassamba (5.34 ppm) and Moussala (12.3 ppm). More importantly, 
there is an extraordinary presence of solid elements (Figure 9). These solid ele-
ments (dissolved and suspended) are present in exceptionally large quantities in 
water at all stations.  

This pollution of surface water would be strongly linked to mining. Indeed, 
the extraction of alluvial ore, ore washing and leaching of mine waste are ac-
companied by a destruction of the banks and of massive contributions in sedi-
ments which can potentially enrich the water in suspended matter and metals 
(iron, al, Arsenic). In addition, the land disturbance undertaken by mining op-
erators also promote the erosion of banks, which increases water pollution by 
solid elements.  

For other elements such as mercury, nitrate and cyanides, the levels are low, 
which proves that mining uses these chemicals (or their derivatives), but that the 
proportions are low enough to change the quality of the stream. Thus, in the Fa-
leme river the main problem is the quality of water and the presence of sus-
pended matter. The figure below shows the levels of suspended solids in some 
stations in September 2023. 

According to [23], the deposition of fine sediment in stream ecosystems is de-
trimental to aquatic organisms because of reductions in streambed substrate com-
position, permeability, and stability. For example, concentrations of suspended se-
diments that significantly reduced fish growth ranged from 100 to 1000 mg·L−1 
[24], while higher rates were recorded on the river.  

 

 
Figure 8. Alluvial gold mining on the bed of the Faleme. 
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Figure 9. Total suspended solids (mg/L) in some stations of the Faleme River. 

3.2. Restoration Methods 

River restoration does not imply that rivers should be restored to a pre-industrial 
revolution state, which can be impossible because rivers naturally change over 
time and because of societal constraints [25]. With the improvement of people’s 
awareness of ecological protection, new ecological restoration methods which 
meet multiple requirements (i.e., flood control, ecological health, landscape, etc.) 
have been used. River restoration can be expensive, and yet its scientific founda-
tions are often weak or of questionable validity [26]. River rehabilitation aims to 
protect biodiversity or restore key ecosystems services, but the success rate is of-
ten low. Most so-called restoration projects are, more properly, attempts to re-
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habilitate selected sections of riverine systems to a predetermined structure and 
function [27]. Contaminated Rivers can be restored by using different restora-
tion methods. The selection of the preferred restoration methods depends on the 
physical, chemical, and biological characteristics of the river [1]. So, commonly 
used techniques for restoration of polluted rivers around the globe can be cate-
gorized into physical methods, chemical methods, and biological methods [1] [2].  
- Physical methods which include sewage interception and dredging, cover-

ing, algae removal by mechanical methods, water diversion, etc.  
- Chemical methods which include chemical flocculation, adding chemical 

algaecide, dosing lime, and in-situ chemical reaction technique; and  
- Biological-ecological methods which include aquatic plant restoration, bio- 

manipulation technique, aeration, microbial enhanced technique, bio mem-
brane technique, activated sludge technique, land treatment technique, and 
so on.  

Polluted river water exhibits odor, turbidity, lack of water transparency, high 
concentrations of chemical oxygen demand (COD), biological oxygen demand 
(BOD) and organic and inorganic contaminants. Selection of appropriate river 
water treatment methods is important for the restoration of river ecosystems. 

In this article, the focus will be on 04 treatment systems that could be used in 
the context of the Faleme River. These four remediation techniques will be worked 
out to describe the processing, analysis their effectiveness and evaluate their bene-
fits and limitations. 

3.2.1. Remediative Dredging 
Dredging means the process of removing accumulated sediment from the bot-
tom or banks of bodies of water, including rivers, lakes, or streams. Dredging is 
also performed to reduce the exposure of fish, wildlife, and people to contami-
nants and to prevent the spread of contaminants to other areas of the water body. 
This environmental dredging is often necessary because sediments in and around 
cities and industrial areas are frequently contaminated with a variety of pollu-
tants [28]. Remediation dredging, sometimes called environmental dredging, helps 
responsible authorities comply with present environmental standards for the 
removal of dangerous contaminants. The Sediment dredging technology refers 
to the removal of pollutants in contaminated sediment or sediment by physical 
methods (mechanical dredging or hydraulic washing), to reduce the release of 
sediment pollutants upward overlying water body and alleviate endogenous pol-
lution, which is the most widely used treatment technology at present. This tech-
nique involves extracting sediments deposited at the bottom of the stream. The 
aim is to improve overall water quality and restore the health of aquatic ecosys-
tems. The equipments used for this kind of operation called dredges are specia-
lized pieces of equipment that create a vacuum to suck up and pump out the 
unwanted sediment and debris [29]. 
 Operation process 

According to [30], the three main stages of dredging activities include excava-
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tion, transport, and disposal of sediments (Figure 10). These are successively 
repeated until a target quantity of sediments is dredged with each stage requiring 
different technologies. Dredging starts with the excavation of sediments at a site 
with hydraulic and/or mechanical cutter. Diverse types of dredgers are required 
for different sediments and depths, but similar extraction methods may be re-
quired for both capital and maintenance dredging, whether through suction or 
grab. Dredged sediments are then transferred into hopper barges or pipelines 
using suction pipes, conveyor belts, buckets, or grab. 
 SWOT analysis of river dredging techniques 

The technology has a quick effect on pollution treatment, but it is difficult to 
control the dredging depth accurately due to the large amount of engineering, 
high investment and easy to cause sediment re-suspension pollution of water. It 
is suitable for the restoration of some seriously polluted river sections with se-
diment [31]. Dredging is itself a highly complex industrial operation involving 
risks to human health and possibly the environment [32]. Due to the potential 
content of toxic substances in the sediment a key problem of dredging is how to 
dispose of the sediment. Table 1 below summarizes the strengths and weakness 
of the dredging technique.  

3.2.2. Biological-Ecological Methods 
Ecological engineering-based techniques, such as plant purification treatment, 
ecological floating beds, artificial floating islands, and constructed wetlands, 
have attracted the greatest attention due to their overall economic, environmen-
tal, and ecological benefits, but these methods demonstrate variable perfor-
mances to remediate polluted river water [33] [34] [35] [36]. The remediation of 
river water is a critical process which needs the combination of engineering and 
ecological technologies for successful treatment of river water. 
 Constructed wetlands 

Constructed wetlands are artificial and nature-based solutions designed to 
improve water quality while preserving biodiversity [37]. They are configured to  
 

 
Figure 10. Stages of dredging [30], river dredging operations.  
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Table 1. SWOT analysis of river dredging techniques. 

Strengths 
- Reduces the amount of nutrients in sediments 

that are beneficial to plant development. 
- Prevents infilling of the stream 
- Slows the eutrophication dynamics of the stream. 
- Improves airworthiness in the river. 
- Positive impacts in long terms (6 to 24 months 

after dredging) for heavy metals reduction. 

Weaknesses 
- Excessive cost of operation. 
- Short term negative impacts (turbidity, Resuspension of 

sediment, saturation of water with toxic metal). 

Threats 
- Potential effects of dredging on living organisms. 
- Problems of treatment and disposal of extracted 

sediments. 

Opportunities 
- Environmental assessments of the removed sediments 
- Need to develop process environmentally friendly: 
- Dredging techniques are often costly; however precise 

dredging can lower the dredging cost by determination  
of dredging depth based on the pollution level prior dredg-
ing. This method can also provide a favorable  
environment for the benthos, 

- Re-use or remediation of contaminated dredged sediments. 

 
enhance the processes and interactions that occur in natural wetlands between 
water, plants, microorganisms, soils, and the atmosphere to remove contami-
nants from polluted waters in a relatively passive and natural manner. Con-
structed treatment wetlands typically involve flow of contaminated water through 
the shoots (surface-flow or free-water surface) or root-zone (subsurface-flow or 
submerged bed) of emergent species of sedges, rushes, and reeds. Constructed 
wetland systems can also be combined with conventional treatment technologies 
to provide higher treatment efficiency [38]. Figure 11 below presents a Schematic 
diagram of Constructed wetlands.  
 Floating treatment wetland 

This system that has several other calls (Ecological floating beds, artificial 
floating islands etc.) is a relatively new technology that does not use soil for a 
plant growth medium [40]. Instead, it uses a synthetic buoyant mat, which acts 
as a substrate for the growth of plants and roots extending into the water body. 
It uses ecological processes and can be used as decentralized in-stream water 
reclamation technology [41]. It’s a popular and sustainable technology for the 
treatment of river water, particularly for polluted rivers that experience water 
level fluctuations and waves [34]. These techniques need minor engineering 
works, but their maintenance is easy, and they show significant efficiency in the 
treatment of polluted river water without any secondary pollution problem [42]. 
The plants and microbes grown in and around the plant roots of floating beds 
help to remove pathogenic microorganisms, nutrients, heavy metals, and organic 
compounds from water [43] [44]. The primary removal mechanisms in these 
plants-microbe’s interactions are decomposition, assimilation, denitrification, 
sorption and entrapment in roots and sedimentation [45]. 

Figure 12 presents a description of floating treatment wetland processing.  
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Figure 11. Schematic diagram of constructed wetlands [39]. 

 

 
Figure 12. Floating treatment wetlands [39] [46]. 
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 Biological-ecological Processes descriptions 
Constructed wetland systems entail a properly designed and constructed basin 

that holds water, a substrate that provides filtration pathways, habitat/growth 
media for the needed organisms, and communities of microbes and aquatic in-
vertebrates, which in most cases develop naturally. Most importantly, constructed 
wetlands also hold vascular plants whose nature depends on the intended puri-
fication role and efficiency [47]. Depending on their location, constructed wet-
lands are divided into two categories: off-stream and in-stream wetlands (Figure 
13). Off-stream wetlands are constructed near a river or stream where only a 
portion of the river flow enters the wetland. On the other hand, in-stream wet-
lands are constructed within the riverbed, and all flows of the river enter into the 
wetland [48]. Constructed wetlands remove the emerging contaminants through 
the complex physical and biogeochemical processes that include volatilization, 
sorption, sedimentation, phytoremediation, uptake by plants, and microbial de-
struction. The microbial degradation and adsorption of contaminants in soil, 
mineral surfaces, and biofilms depend on the physicochemical properties of the 
chemicals, sorbent properties, pH, temperature, ionic strength, redox species, 
and the presence of cosolutes [49]. 

For floating treatment wetlands, the raft can be constructed in several ways, if 
they provide buoyancy, support to the plants, and anchoring possibility. Typical 
materials are various plastics, as in commercially available Beemats (Beemats  
 

 
Figure 13. (a) Off-stream river diversion wetland and (b) in-stream river diversion wet-
land [48]. 
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LLC, New Smyrna Beach, FL) and Bio Haven floating islands (Floating Island 
International, Inc. Shepard, MT). Other types of constructions, predominately 
used in research projects, are buoyant frames consisting of drainage pipes, bam-
boo, glass foam or stainless-steel pipes, surrounding a plastic or metal net which 
supports the substrate. The substrate supports and stabilizes plant roots, pro-
vides surface area for biofilms together with the plant roots, and can, dependent 
on the material, also absorb pollutants. Organic substrates, such as soil, coconut 
coir, or peat, also provide nutrients and water-retaining capacity for newly es-
tablished plants [50].  

FTWs improve water quality by several mechanisms that are based on ma-
crophytes, root systems, microorganisms, and floating rafts like a constructed 
wetland, nutrients and other pollutants are incorporated gradually into biomass 
and withdrawn from the aquatic ecosystem [51]. 

Plant roots are believed to play a key role in treatment processes within float-
ing wetland systems because the water passes directly through the extensive root 
system hanging beneath the floating mat (Figure 12). Hence, one of the key path-
ways for contaminant removal in floating wetland systems is believed to occur 
via the sequential processes of release of extracellular enzymes, development of 
biofilms and promotion of flocculation of suspended matter, at the surface of the 
submerged plant organs. Other processes that may be important include plant 
uptake of nutrients and metals, enhancement of anaerobic conditions (and asso-
ciated biogeochemical processes) in the water column beneath the floating mat, 
and promotion of settling and binding of contaminants in the sediment pool 
[52]. Gravitational settling is responsible for most of the removal of suspended 
solids.  
 SWOT analysis of bio-ecological techniques 

Table 2 and Table 3 describe the strengths, weaknesses, opportunities, and 
threats of the 2 bio-ecological techniques.  
 Examples of application  
○ Constructed wetlands 

In their study, [33], built a sequential combination system of the floating bed 
constructed wetland (FBCW) + horizontal subsurface flow constructed wetland 
(HSFCW) + surface flow constructed wetland (SFCW) to purify the polluted 
water of Yitong River, using the favorable terrain of the park on the shore 
(Figure 14). Given the low removal rate of single constructed wetland, they se-
quentially constructed floating bed wetland, horizontal subsurface flow con-
structed wetland and surface flow constructed wetland for the treatment of ur-
ban river water. The combination of three wetland systems effectively removed 
COD, 4NH+ -N, TN (total nitrogen), TP (total phosphorus) and SS (Suspended 
Solids) from river water. In the Yitong River, the designed capacity and the hy-
draulic loading of the system were 100 m3/d and 0.10 m3/m2d, respectively. The 
hydraulic retention time was approximately 72 h. The monitoring results, from 
April to October in 2016, showed the multiple wetland ecosystem could effectively 
remove chemical oxygen demand (COD), ammonia nitrogen ( 4NH+ -N), total  
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Table 2. SWOT analysis of constructed wetlands techniques. 

Strengths 
- High potential for the remediation of physics and 

organic pollutants [33] [49] [53]. 
- low running cost, 
- easy maintenance, 
- no secondary pollution, 
- CW can tolerate fluctuations in flow, 
- sustainably facilitate water recycling and reuse, 
- Provide favorable habitat for many wetlands  

organism [47]. 

Weakness 
- Require a large area. 
- have low hydraulic load and 
- exhibit intolerance to heavy pollutant loading rate [33], 
- Seasonal death and plant diseases 
- Seasonal variation of the treatment efficiency 

Threats 
- Continuous input of pollutants can cause an  

exceedance of the wetland and reduce the system’s 
ability to perform treatment efficiently. 

Opportunities 
- Use of CW for river treatment is a recent development, 

therefore, there is yet no consensus on the optimal design 
of wetland systems, and not much information on their 
long-term performance. 

- Need to reinforce the choice of plants species, 
- Resolve the problem of saturation, 
- Optimize the treatment to reduce the large area required. 

 
Table 3. SWOT Analysis of floating treatment wetlands. 

Strengths 
- cost effectiveness, 
- Good removal efficiency and better plant accommodation 

facilities. 
- Planted floating bed systems effectively remove nutrients 

and increase dissolved oxygen (DO) and transparency in 
urban river water [54]. 

- Show ability to remove organics, nutrients, heavy metals, 
and emerging trace pollutants such as antibiotics,  
pesticides, and hormones without land requirement [55]. 

- Contribute to carbon sequestration. 
- Systems movable can be deployed anywhere in the river. 
- Provides refuge for birds, macroinvertebrates, and fish. 
- Adaptability to a variety of environmental conditions [51]. 

Weaknesses 
- Chemical properties of water bodies can be  

affected by the floating rafts. Low dissolved  
oxygen (DO) conditions may occur in the water 
column under the floating wetland. 

- Vulnerability of raft and buoyancy to strong 
waves which may seriously damage the structure. 

- Risk that biomass accumulation may exceed the 
buoyancy provided by floating rafts. 

- Water purification efficiency may be limited by 
the performance of plants and microorganisms. 

- Oil contaminants if present in river water can 
damage the plant roots system. 

Threats 
- Risk to ecosystem integrity: for example, if invasive  

species were introduced by FTWs and other practices,  
these plants could form monotypes and significantly affect 
biodiversity, ecosystem function, and human uses of the  
affected environments [51]. 

Opportunities 
- Improve the raft stability and resistance to high 

water flow, 
- Increase FTW processing capacity to  

accommodate large rivers. 

 
nitrogen (TN), total phosphate (TP), and suspended solids (SS) at average re-
moval rates of 74.79%, 80.90%, 71.12%, 78.44%, and 91.90%, respectively. The 
removal rate of SS in floating-bed wetland was the largest among all the indica-
tors (80.24%), which could prevent the block of sub-surface flow wetland effec-
tively. 
○ Example of floating treatment wetlands 

https://doi.org/10.4236/jwarp.2024.164014


M. Diop et al. 
 

 

DOI: 10.4236/jwarp.2024.164014 252 Journal of Water Resource and Protection 
 

 
Figure 14. Floating tratment wetland (FTW) design [33]. 

 
Floating treatment wetlands also called artificial floating islands (AFIs) are ar-

tificial buoyant superstructures vegetated with riparian plant species, especially 
reed grass (Phragmites karka) floating on waterscape. These structures are mostly 
installed in lakes and stagnant systems as a green technology for water quality 
improvement. In his study, Professor Billore of Vikram University in Ujjain, has 
installed an AFI (Artificial floating islands) in the River Kshipra, Ujjain city at a 
point where wastewater nullah meets the river. The AFI of 200 m2 (20 × 10 m) of 
floating wetlands was constructed and installed with close networking of 100 
small platforms unit of size 2 m2, in the least turbulent part of the river Kshipra 
(Figure 15). The floating rafts are constructed locally using low-cost materials 
such as bamboo. Onsite treatment methods like artificial floating islands (AFIs) 
are the latest innovations in restoration of degraded water bodies [56] [57]. The 
concept of reed beds evolved from constructed wetlands and natural floating 
islands that are similar to hydroponics [58]. In 2009, the experiment with the 
mesocosms with treatment of River water resulted that floating unit was reduc-
ing pollution load by 55% - 60% of TS, 45% - 55% of NH4-N, 33% - 45% of 
NO3-N, 45% - 50% of TKN (Total Kjeldahl Nitrogen) and 40% - 50% of BOD. 
The Artificial floating islands may be recommended as an in-situ, eco-friendly 
river water treatment structure for small shallow, slow flowing (or slightly stag-
nant) water bodies [59]. 

In 2020, experiments showed that the installation of AFIs improved the un-
derneath water quality: reducing the pollution load by 46% of total suspended 
solids (TSS), 51% of turbidity, 37% of total Kjeldahl nitrogen (TKN) and 39% of 
biochemical oxygen demand (BOD) and formed an additional floating niche for 
aquatic macroinvertebrates [58]. 
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Figure 15. Design of the FTW (AFI) model. 

3.2.3. Chemical Treatments 
Chemical remediation is to inject chemical modifiers into polluted rivers, through 
chemical reactions between chemicals and pollutants to produce neutral sub-
stances without pollution to the environment, to remove pollutants in the water 
and repair the ecological environment of rivers. The chemical purification me-
thod is quick in effect, high in repair efficiency and easy to operate. However, 
since the chemical agent is added, the treatment cost is large, and it is easy to 
cause secondary pollution. It is applicable to the restoration of water bodies that 
require emergency treatment, generally only as an emergency measure [31]. The 
technology of chemical remediation includes many techniques such as floccula-
tion-coagulation, adding chemical algaecide, dosing lime, and in-situ chemical 
reaction technique [2]. 
 Flocculation and coagulation 

Coagulation-flocculation is a conventional pre-treatment method (typically in 
combination with sedimentation and rapid sand filtration) used to separate the 
suspended and dissolved compounds (turbidity) from the water in (semi-) cen-
tralized drinking water treatment plants. The flocculation and sedimentation 
method could be used to treat water with many suspended solids and algae, 
which was simple to operate, easy to maintain and effective to treat. Coagula-
tion-flocculation processes facilitate the removal of suspended solids and collo-
ids by collecting them in the form of floc whose separation is then carried out by 
settling, flotation and/or filtration systems. Thus, by applying flocculation-coa- 
gulation, the objective is: total elimination of suspended matter and complete 
discoloration.  
 Coagulation-flocculation mechanism 

Suspended particles are destabilized by addition of a clarifying agent leading 
to the neutralization of their charges. Particles thus agglomerate (flocs forma-
tion) and can decant. In industrial processes where it is usually used, coagulation 
process consists of two different steps: 1) rapid mixing for coagulant dispersion 
into water/wastewater with severe agitation, 2) slow mixing to convert small 
particles into clear flocs. The purpose of the coagulation is instability of the sus-
pension, which causes agglomeration, while flocculation forms larger agglome-
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rates. After flocs settling and its elimination as sludge, supernatant wastewater is 
moved to next treatment processes or discharged into a watercourse [60]. Coa-
gulation-flocculation yield strongly depends on the process parameters. Optimi-
zation of important parameters, such as initial pH, coagulant, or flocculant do-
sage, settling time, mixing parameters, and temperature are required for efficient 
coagulation-flocculation. Initial contaminant concentration is also one of the 
process parameters. Coagulation is therefore the destabilization of colloidal par-
ticles by the addition of a chemical reagent, the coagulant, which provides mul-
tivalent cations, free or bound to an organic macromolecule. To be effective, the 
coagulant must be immediately dispersed in water to obtain a homogeneous dis-
tribution of the latter and before any precipitation of hydroxide [61]. 

Table 4 below summarizes some coagulants and flocculants used in industrial 
water processing. 
 SWOT analysis of COF techniques 

Chemical treatment of polluted water by flocculation, precipitation, oxidation, 
and algaecides can remove suspended solids (SS) and algae. Chemical processes 
provide a quick remediation of polluted river water, but it is only temporary and 
significant, not a permanent remediation measure [34], and may produce sec-
ondary wastes, which can create other hazards. Therefore, flocculation or preci-
pitation processes should focus on the use of environmentally safe chemicals for 
destruction of suspended solids and algae by chemical treatment [39]. Table 5 
below summarizes the strengths and limitations of coagulation-flocculation 
technology. 
 Examples of application  

 
Table 4. Coagulants and flocculants used in industrial processing.  

Coagulation: destabilization of  
colloids by neutralization of electrical 
charges. Common reagents: 
- Aluminum sulphate (alum) 
- WAC (Basic aluminum chloride) 
- Ferric chloride 
- Ferric chlorosulfate 

Flocculation: agglomeration of neutralized  
particles. This phenomenon is naturally slow. It 
can be accelerated by the addition of reagents 
called flocculation adjuvants. 
- Activated silica. 
- Alginate 
- Mineral Charges 
- Starch 
- Anionic polyelectrolytes 

 
Table 5. SWOT analysis of COF techniques. 

Strengths 
- Simple technology 
- High efficiency in removing charged  

suspended and dissolved particles. 
- Low cost 
- Removes solids and improves filtration. 

Weaknesses 
- The infrastructure costs and pharmacy 

costs were high, meanwhile, it is noted 
that use of flocculants can result in 
secondary pollution [62] 

- Continuous input of chemicals required. 
- Skilled operators required. 

Threats 
- waste maybe toxic if contains heavy metals 

Opportunities 
- Specific components can be removed. 
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[63] applied chemical oxidation-flocculation technology (COF) for enhanced 
treatment of polluted river water in Dongguan, China. Through jar tests and 
plant scale experiments, they successfully evaluated the efficiency of this tech-
nique. The outcomes of their study show that the removal rates of COD, BOD5, 
TP and NH3-N by COF process were 71.2%, 77.4%, 91.1% and 68.7%, respec-
tively, which can meet the municipal wastewater discharge standard [2]. 

3.2.4. Administrative and Management Measures 
River restoration measures are divided into management measures and engi-
neering technical measures. The management measures can effectively control 
the pollution from land sources into rivers and strengthen the protection of river 
ecological environment. The engineering technical measures are to repair and 
restore the degraded river ecosystem. In the context of the Faleme river, regula-
tions services (Senegal River Development Organization (OMVS)) can adopt 
following measures inspired by those proposed by [31]: 

First, the prohibition of certain forms of exploitation: alluvial exploitation, 
dredging, use of chemical goods for ore processing. 

Second, it should strictly enforce administrative law and resolutely put an end 
to the indiscriminate dumping of garbage and sewage into rivers and lakes. Wa-
ter administrative departments in all the three states should conscientiously im-
plement relevant laws and regulations, conscientiously enforce laws and regula-
tions, strictly enforce the law, investigate violations of the law, and do a decent 
job in river to prevent pollution.  

Third, it should strengthen the monitoring and assessment of river section 
water quality. Environmental protection departments and water departments at 
all States should strengthen the monitoring and management of river water 
quality, set up water quality monitoring stations scientifically, carry out full-time 
and dynamic monitoring of river water quality in time and space, formulate 
measures for water quality assessment and management, set up reward and pu-
nishment measures and punish administrative areas where rivers do not meet 
the standards in accordance with relevant regulations.  

Fourth, it should regulate rivers, ensure the ecological base flow of rivers, and 
enhance river connectivity. Over-exploitation and monopoly control of surface 
water resources should be curbed. The OMVS should exercise its jurisdiction to 
formulate water resources dispatching plans, water distribution plans and water 
system dam management and dispatching plans in accordance with the river ba-
sin distribution map, so as to ensure the basic ecological base flow of rivers and 
maintain the water system self-purification capacity, and at the same time streng-
then the planning and construction of water system connection projects, so as to 
realize the goal of incorruptibility of running water and continuous improve-
ment and enhancement of river water quality. 

4. Discussion 

The Faleme River, a 625 km long transboundary stream, has an abundant flow 
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(>1100 million m3) but extremely irregular. In addition, the river is affected by 
severe erosion and degradation of its quality by suspended elements (TSS > 1100 
mg/L) and heavy metals such as iron, zinc, aluminium, and arsenic. Therefore, 
selection of an appropriate river water treatment is important for the restoration 
of the Faleme river. The 04 methods presented in this paper inherently have each 
of the advantages and limitations. All methods have proven their effectiveness in 
treating rivers, the differences will lie mainly in costs, the durability of the tech-
nique (causes a second pollution?) and social acceptance. In the case of the Fa-
leme River, however, some obstacles or blocking factors must be considered to 
ensure the success of operations. The first blocking factor is the extent of the 
river. In fact, most restoration projects are small scale (implemented on less than 
1 km of stream length), and information on their implementation and outcome 
is not readily accessible.  

As the Faleme River is disturbed over tens of kilometers, the complete restora-
tion may be exceedingly difficult, long, and extremely expensive. Regarding 
costs, it appeared from the literature that restoring a river can be excessively ex-
pensive. According to [64], in France as in Germany, the average “restored” riv-
er length is shorter than 1 kilometer. In contrast, the project costs are high (the 
median cost is over 100,000 Euros). In Switzerland, the government budget allo-
cated for river restoration (CHF 1200/meter) is insufficient to cover the cost of 
local restoration project [65]. These costs, however, depend on the option cho-
sen. From the SWOT analysis that was performed and according to [39] it is 
recognized that: 
 River dredging is effective but is cost intensive and detrimental to river eco-

systems. 
 Chemical treatments are high cost and are short-term solution and potential 

for secondary pollution.  
 Ecological engineering-based techniques are preferable due to their high 

economic, environmental, and ecological benefits, their ease of maintenance 
and the fact that they are free from secondary pollution. Constructed wet-
lands and ecological floating beds (floating treatment wetlands) are the most 
widely applicable ecological techniques, although some variabilities are ob-
served in their performances. In fact, constructed wetlands require a large 
area, have low hydraulic load and exhibit intolerance to heavy pollutant 
loading rate.  

 Floating treatment wetlands are highly recommended for their low cost, high 
effectiveness, and optimum plant growth facilities. However, Vulnerability of 
raft and buoyancy to strong waves and flow is the main weakness that must 
be mastered to ensure the success of operations.  

Beyond the method, any restoration project depends on several other factors 
including local site conditions. The Faleme River is characterized from this point 
of view by several constraints like the high channel erosion from natural and 
anthropogenic origin, enormous quantities of sediments and by the heterogene-
ity of ecosystems and substrates (gravelly, muddy etc.) which could make re-
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mediation more expensive. In addition, the high occupation of the riverbed is 
almost incompatible with some restoration initiatives such as dredging and the 
establishment of constructed wetland or artificial floating island. The success of 
a restoration project must require full ownership by all stakeholders: States, local 
authorities, technical and financial partners, local economic actors (for example 
gold miners), natural area conservation structures, research institutions and es-
pecially communities. In fact, according to [4], community and stakeholder in-
volvement is a key component of effective practice. Integration of knowledge and 
understanding of the interactions between the biophysical and social dimensions 
of river rehabilitation are integral considerations in this process. The context of 
Transboundary River is a priori a major constraint. 

5. Conclusions 

The objective of this study was to present an overview of the actions and tech-
niques that can be implemented for the restoration/rehabilitation of a West 
African river, the Faleme which is facing a major problem of degradation. How-
ever, this river provided important services for the human communities in the 
three countries, for domestic uses and in agriculture, fauna and livestock drink-
ing source and artisanal and industrial mining activities. The river once housed 
an important aquatic biodiversity many fish species and mammals (hippos in 
particular). To ensure the sustainability of these services, it is important to take 
measures to rehabilitate it. In this context, this study has investigated first the 
river water quality and regime flow to establish the hydrochemical and hydro-
logical state of the river. It appears that, the stream is not contaminated by chemi-
cal substances from mining activities but is seriously by physical pollution with 
high rate of suspended solids and the presence of iron, aluminium, arsenic, zinc. 
For the remediation, the study has explored 4 methods: river dredging, con-
structed wetlands, floating treatment wetlands and chemical precipitation (coa-
gulation and flocculation). It was illustrated through description of their mode 
of operation, some case studies presented and SWOT analysis performed, that all 
the four methods have proven their effectiveness in treating rivers (in particular 
may reduce suspended solids in water) but have differences in their costs, their 
sustainability (detrimental to living organisms or causing a second pollution) 
and social acceptance. They have also weaknesses and issues that must be ad-
dressed to ensure success of rehabilitation. For the case of the Faleme river, after 
analysis, floating treatment wetlands seem to be the best for their low cost, good 
removal efficiency if the vulnerability of the raft and buoyancy to strong waves 
and flow is under control. 

This study presents scientific limitations: for example, the failure to compare 
the results of chemical analyses with other previous studies (related to the ab-
sence of data), the research area that is too limited has the scale of the watershed 
and finally the uncritical approach to information on remediation systems. 
However, from the mixed Methods Approach and the SWOT analysis performed, 
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the findings presented in this paper can help scientific communities regulations 
agencies (States, OMVS) to strengthen their understanding of the river water qual-
ity and more important, the methods to restore it. Future research directions can 
focus on the ways to improve and optimize the processing capacity of all the 
methods, especially the floating treatment wetland to accommodate it to large 
rivers. It passes by improving the stability of the raft and resistance to high water 
flow as is the case at the Faleme River. 
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ASGM Artisanal and Small Gold Mining FTW Floating treatment wetland 
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CW Constructed wetlands OMVS 
Senegal River Development Organization  
“Organisation pour la mise en valeur du fleuve Sénégal” 

COD Chemical oxygen demand SWOT  Strengths, weakness, opportunities and Threats 
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