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Abstract 
This study maps flood-prone areas and assesses the water resources of the 
Tongon site (M’Bengue department, northern Cote d’Ivoire), proposed for a 
30 MWp solar photovoltaic (PV) power plant. We combined a hydrological 
and hydrogeological field campaign (May 2022) with climate records from the 
Korhogo synoptic station (2016-2021), borehole data from the National Office 
of Drinking Water (NODW), and pedological and geotechnical surveys by the 
LABOGEM consultancy. A flood-risk map was produced by multicriteria 
analysis, crossing a hazard map with a vulnerability map. Flood risk is low to 
moderate and confined to the banks of the Katie River, whose August-Sep-
tember floods reach 16 cm of water at the site boundary. The measured low-
flow discharge of the Katie is 1.912 L/s (6.88 m3/h). The available water re-
sources (rainwater, surface water, and groundwater from the weathered rego-
lith and bedrock fractures) amount to 65,551,120 L/year, far above the plant’s 
requirements of 740,000 L/year. The waters, however, are contaminated by ar-
senic, most likely of natural origin (arsenopyrite), and need treatment before 
any domestic use. We recommend a drainage channel to intercept floodwater 
and divert it to the Katie River to secure the plant. 
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1. Introduction 

Energy demand is growing fast in sub-Saharan Africa, and renewable energies, 
solar photovoltaics in particular, are expected to supply much of it [1]. In Cote 
d’Ivoire, the State has launched a program to diversify the electricity mix with 
solar energy. Each candidate site must first be characterized, especially for natural 
hazards and water availability, which matters for construction, panel cleaning, and 
the base camp [2]. Flooding by overflowing rivers is among the most damaging 
hazards in West Africa, and mapping it is a prerequisite for any development [3] 
[4]. 

In the crystalline and crystalline-phyllitic basement terrains of northern Cote 
d’Ivoire, groundwater is closely tied to lateritic weathering profiles and fractured 
zones, as described in the conceptual model of stratiform, multilayer hard-rock 
aquifers [5] [6]. Borehole yields there depend on regolith thickness and the degree 
of fracturing [7] [8]. The Tongon area also hosts a large open-pit gold mine, whose 
activities raise questions about water quality, in particular arsenic associated with 
the sulfide mineralization (arsenopyrite, pyrite, pyrrhotite) [9]. 

In this context, the present work aims to 1) identify and map the flood-risk 
zones of the Tongon site; 2) estimate the discharges and flood levels of the site’s 
main watercourse; 3) identify and quantify the water sources available for the con-
struction and operation of the 30 MWp photovoltaic power plant; and 4) check 
these resources against the applicable guidelines. The originality of the approach 
lies in combining a multicriteria flood-risk analysis at the scale of a basement sub-
catchment with a quantitative and qualitative water balance from three sources 
(meteoric water, surface water, and groundwater) for a solar power plant in a min-
ing area. 

2. Study Area, Materials, and Data 

2.1. Study Area 

The Tongon site lies in the M’Bengue department (Poro region), northern Cote 
d’Ivoire, just south of the Tongon gold mine, within the Bandama River basin. 
The Katie River borders the site; the mine has built a water reservoir on it, with a 
48.1 km perimeter covering about 11 km2, for its industrial needs. The relief is 
semi-accidented, made of rolling plateaus between 300 and 400 m elevation, in-
terspersed with iron-capped hills (bowe) and granitic ridges. The climate is trop-
ical of the Sudanese-Guinean type, with a rainy season from May to October and 
a dry season from November to April, marked by the harmattan from December 
to February. Over 2016-2021, annual rainfall at the Korhogo synoptic station, the 
most representative of the site, ranged from 658 mm to 1452 mm, with a mean of 
1055 mm. Mean monthly temperature varies from 24.7 degrees C (August) to 29.5 
degrees C (March-April). The calculated mean annual evaporation is 1653.4 mm, 
peaking in January (255 mm) under the harmattan. Mean relative humidity ranges 
from 31% (December-January) to 77% (June-September), and the dominant 
winds, driven by the monsoon, are southwesterly at 3.1 to 5 m/s. 
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The site geology consists of outcrops of medium-grained biotite granites, locally 
associated with green rocks (schists, quartzites, manganese-bearing rocks) and 
with concordant granitoids and basic plutonites. The weathering profile, revealed 
by hand-auger borings (down to 4 m, or refusal between 0.20 and 3.80 m) and by 
the pressuremeter borings SP1 to SP10 (12 m deep) carried out by LABOGEM, 
shows from top to bottom: a thin humiferous soil, a layer of gravelly and lateritic 
clays (sandy clay, lateritic gravel, lateritic clay in brown, grayish, yellowish, or red-
dish shades), 1.40 to 3.10 m thick, and then weathering clays over the whole tested 
depth. 

2.2. Materials and Instruments 

The field surveys used: 1) a differential GNSS receiver to position the measure-
ment points, site boundaries, and sampling points; 2) a current meter for dis-
charge measurements in the Katie River; 3) a field multiparameter probe (electri-
cal conductivity, pH, temperature) for in situ hydrochemical characterization; 4) 
a handheld GPS and a flood-stage chart to record observed water levels; and 5) a 
geographic information system (QGIS/ArcGIS) coupled with remote-sensing data 
(multi-date satellite images and a digital elevation model) for the spatial analyses. 
Statistical and cartographic processing was done in QGIS, Excel, and the HYFRAN 
software [10] for frequency analyses. 

2.3. Data 

Four categories of data were used: 
• climate data (2016-2021) from the Korhogo synoptic station [11]: rainfall, 

maximum and minimum temperatures, evaporation, relative humidity, and 
the 2021 wind rose; 

• hydrogeological data from the ONEP [12] on the abstraction works of the Ton-
gon locality (total depths and depth to bedrock, static water levels, exploitable 
discharges, coordinates), completed by the LABOGEM geotechnical borings 
(hand auger and pressure meter tests); 

• water-quality data: arsenic concentrations (2013-2016) in the surface and 
groundwaters of the mine and the riparian villages [9]; 

• field data from the hydrological and hydrogeological campaign of 10-14 May 
2022: discharges, flood levels, resurgence points, conductivities, photographs, 
and testimonies of the riparian populations. 

3. Methods 
3.1. Flood-Risk Mapping by Multicriteria Analysis 

The flood-risk assessment followed the classical hazard x vulnerability framework 
[3] [13]. First, thematic maps of the Katie sub-catchment were produced from the 
DEM, land cover, distance to the drainage network, pedology, and rainfall: slope, 
drainage density, contour lines, distance to watercourses, soil types, and land-
cover classes. Each thematic map was classified and weighted, and their weighted 
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arithmetic combination gave the hazard map, using an AHP-type multicriteria 
analysis already applied with success in West Africa [4] [14]. 

Second, the vulnerability map was drawn from the existing and planned stakes 
(footprint of the site, access infrastructures and bridge, settlements, and agricul-
tural activities). Multiplying the hazard map by the vulnerability map gave the 
flood-risk map, classified into four levels (low, moderate, high, very high). The 
map was validated against the field observations of the May 2022 campaign (areas 
actually flooded in August-September, water levels reached, condition of the 
downstream bridge of the mine) and the testimonies of riparian populations [15]. 

3.2. Discharge Measurements and Flood Estimation 

The discharge of the Katie River was measured at low flow (May 2022) at the Ton-
gon bridge by the velocity-area method: the cross-section was divided into verti-
cals, velocity was measured with the current meter, and the elementary discharges 
were integrated. The maximum flood level was recorded from flood marks and 
testimonies (16 cm at the site boundary). The annual volume was first approxi-
mated by 

 V Q t= ×  (1) 

with t = 24 × 365 h, assuming a regime close to the measured one. This is a con-
servative assumption, given the strong seasonality of Sudanese-Guinean regimes 
[16] [17]. The frequency analyses of regional floods followed the approaches of 
daily flood regional analysis [18] [19] and the WMO manuals for low flows [20]. 

3.3. Quantification of the Water Resources 
3.3.1. Meteoric Water (Rainwater Harvesting) 
The volume recoverable from a corrugated roof was estimated by the classical col-
lection formula: 

 V P S Cp= × ×   (2) 

where P is the rainfall (mm), S the collecting area (50 m2), and Cp the roof loss 
coefficient (0.8). The computation was repeated for the maximum (1452 mm), 
mean (1055 mm), and minimum (658 mm) rainfall, in line with stormwater man-
agement guidelines [21]. 

3.3.2. Surface Water 
The potential of the Katie River was assessed from the measured discharge, ex-
trapolated to an annual volume, and compared with the competing uses (an iden-
tified agricultural pumping of 60 m3/h). The feasibility of a hillside reservoir of the 
type built by the mine was examined against the needs of the plant (panel cleaning 
and related uses). 

3.3.3. Groundwater 
The hydrogeology of the area was characterized according to the conceptual model 
of hard-rock aquifers [5] [6]: an unconfined aquifer in the regolith (10 - 45 m) 
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overlying a deep fractured aquifer. The parameters came from the ONEP borehole 
records (static level, exploitable discharge, total depth, depth to bedrock) and from 
the LABOGEM borings (regolith thickness, static water level, test discharges). 
Discharges were converted into annual volumes (Q × 24 × 365) and compared 
with the project’s needs. 

3.4. Water-Quality Assessment 

The arsenic contents measured by Affoun [9] over 2013-2016 in the surface waters 
(RW and SW points) and groundwaters (TGW and GW points) of the mine and 
the villages were compared with the WHO guideline for drinking water [22] (10 
ug/L, i.e., 0.01 ppm) and with the IFC environmental guideline for effluents and 
surface waters [23] (0.1 ppm). The interpretation separated the anthropogenic 
origin (mining activities, management of waste rock and effluents) from the nat-
ural origin (arsenopyrite of the deposit), based on the mine/village comparison 
and the absence of a marked temporal trend [9]. 

3.5. Needs-Resources Balance 

The water requirements of the plant, estimated by the developer at 740 m3/year 
for the construction and operation phases, were compared with the sum of the 
annualized resources (recoverable meteoric water, annual volume of the Katie, 
exploitable volumes of the boreholes) to establish the availability balance of the 
resource. 

4. Results 
4.1. Climatic Setting and Station Statistics 

The climate statistics of 2016-2021 reflect the Sudanese-Guinean regime of the 
site: the amplitude of the mean maximum temperatures (3.3 degrees C) exceeds 
that of the minima. Evaporation is highest in the dry season (>200 mm/month 
from January to March) and lowest in the rainy season (<80 mm/month from 
August to September) (Table 1 and Table 2). 
 

Table 1. Mean monthly temperatures at the Korhogo synoptic station (2016-2021) [11]. 

Parameter (˚C) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Mean maximum 33.9 35.9 35.8 34.5 32.5 30.9 29.4 29.3 30.0 31.8 33.4 33.4 

Mean minimum 18.7 21.1 22.6 22.9 22.2 21.1 20.8 21.1 20.6 20.8 20.1 18.4 

Mean 26.7 29.0 29.5 28.8 27.6 26.0 24.9 24.7 24.9 26.0 26.8 26.2 

 
Table 2. Mean monthly evaporation (mm) at Korhogo (2016-2021) [11]. 

Month Jan Feb Mar Apr May Jul Aug Sep Oct-Dec 

Evaporation (mm) 255.0 239.5 216.6 146.6 110.7 67.3 56.8 55.7 426.0 

Annual total 1653.4         
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4.2. Flood-Prone Areas 

The combination of the thematic maps (slope, drainage, pedology, land cover, 
rainfall) produced the hazard and vulnerability maps, whose crossing gives the 
flood-risk map of the Katie sub-catchment. The project site falls in a low to mod-
erate flood-risk zone. The areas that can be flooded are the banks of the Katie 
River, which borders the site, in August and September: the river overflows into 
the plain downstream of the mine, and the bridge downstream of the Tongon gold 
mine is regularly submerged (field observation and testimonies of the riparian 
population). When the river leaves its bed, the water depth can reach 16 cm at the 
site boundary. This may hinder access during construction and operation, but it 
does not threaten the main layout of the plant. The discharge measurement of 
May 2022 gives a low flow of 1.912 L/s (6.88 m3/h) at the Tongon bridge, hence 
an annual volume of about 60,268,800 L (extrapolated over 24 × 365 h). A resur-
gence was recorded on the site, with conductivity measurements confirming the 
groundwater-river interaction. The mine reservoir (48.1 km perimeter; 11 km2) 
shows the storage potential of the watercourse (Figures 1-3). 
 

 
Figure 1. Discharge measurement of the Katié River at Tongon (May 2022). 

 

 
Figure 2. Resurgence zone and conductivity measurement at Tongon (May 2022). 
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Figure 3. View of the reservoir of the Tongon mine (impoundment on the Katié River) 
(May 2022). 

4.3. Mobilizable Water Resources 
4.3.1. Meteoric Water 
For a 50 m2 roof with a loss coefficient of 0.8, the recoverable volume varies from 
26.3 m3 (dry year) to 58.1 m3 (wet year), i.e., 42.2 m3 for the mean year (Table 3). 
 
Table 3. Recoverable rainwater volume (50 m2 roof, Cp = 0.8). 

Rainfall scenario Rainfall (mm) Recoverable volume 

Wet year 1452 58,080 L (58 m3) 

Mean year 1055 42,200 L (42 m3) 

Dry year 658 26,320 L (26 m3) 

4.3.2. Surface Water 

 
Figure 4. Generalized drainage network of the Bandama basin. 
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The local hydrography is dominated by the Bandama and its tributaries, including 
the Katié. The extrapolated annual volume of the Katié (60.3 million liters) easily 
covers the industrial needs of the plant (panel cleaning and related uses); an agri-
cultural pumping of 60 m3/h already exists on the watercourse. A hillside reservoir 
modeled on the mine’s appears technically feasible (Figure 4 and Figure 5). 
 

 
Figure 5. Local hydrography of the Tongon site. 

4.3.3. Groundwater 
Two aquifers coexist: 1) the unconfined regolith aquifer, the most important, be-
tween 10 and 45 m depth, with a static water level encountered between 1.50 and 
10.50 m during the LABOGEM borings (June 2022); and 2) a deep fractured aq-
uifer, poorly developed but present in the mineralization zone, with levels from 2 
to 26 m for discharges of 0.03 to 2.5 L/s. In the regolith, the mean depth is 38 m 
with a static level at 4.1 m and mean borehole discharges of about 1.94 m3/h; in 
migmatites, the regolith reaches 52 m depth with a static level at 12.3 m, and the 
boreholes do not dry out in the dry season. The two exploited boreholes of the 
locality [12] have static water levels of 28.6 m and 24.5 m and exploitable dis-
charges of 0.60 m3/h (5,256,000 L/year) and 1.20 m3/h, for total depths of 61 m 
and 68.3 m (Table 4). The regolith boreholes tend to dry out in the dry season and 
recharge during the rainy season (Figure 6). 
 

 
Figure 6. Conceptual model of a hard-rock aquifer: stratiform, multilayer aquifer linked to 
former lateritic weathering profiles [5]. 
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Table 4. Characteristics of the exploited boreholes at Tongon [12]. 

Village Works 
Total depth 

(m) 
Depth to 

bedrock (m) 
Static level  

(m) 
Discharge 

(m3/h) 
Status 

Tongon Borehole 61.0 44.0 28.6 0.60 Exploited 

Tongon Borehole 68.3 38.3 24.5 1.20 Exploited 

4.3.4. Water Quality (Arsenic) 
In the surface waters of the mine, mean annual arsenic concentrations frequently 
exceed the IFC guideline (0.1 ppm), notably at points RW01 (2.25 ppm in 2013; 
1.00 ppm in 2016) and RW02 (0.158 ppm in 2016); in the surface waters of the 
villages, contents reach 0.335 ppm (SW13, 2016) (Table 5). In the groundwaters 
of the mine, several exceedances of the WHO recommendation (0.01 ppm) are 
recorded (TGW13: 0.438 ppm in 2014; TGW29: 0.795 ppm in 2014; TGW28: 
0.226 ppm in 2015), while the village piezometers (GW02, GW10) show occa-
sional exceedances in 2013 without a clear temporal trend (Table 6). The absence 
of a temporal gradient linked to the mining operation suggests a contamination 
of natural origin related to arsenopyrite, possibly aggravated at the surface by the 
management of waste rock and effluent treatment [9]. 
 
Table 5. Mean arsenic concentrations (ppm) in surface waters [9]. 

Point 2013 2014 2015 2016 

RW01 (mine) 2.25 3.00 1.313 1.004 

RW02 (mine) 0.086 0.012 0.023 0.158 

SW04 (mine) 0.057 0.004 0.009 0.258 

SW12 (mine) 0.017 0.002 0.004 0.150 

SW13 (village) 0.079 0.169 0.088 0.335 

SW15 (village) 0.049 0.106 0.059 0.240 

SW21 (village) 0.046 0.008 0.007 0.105 

 
Table 6. Arsenic concentrations (ppm) in groundwaters [9].  

Point 2013 2014 2015 2016 

TGW13 (mine) 0.026 0.438 0.104 0.087 

TGW35 (mine) 0.104 0.001 0.000 0.000 

TGW29 (mine) 0.059 0.795 0.006 0.027 

TGW28 (mine) 0.010 0.009 0.226 0.028 

TGW10 (mine) 0.008 0.092 0.000 0.003 

GW02 (village) 0.097 0.005 - 0.020 

GW10 (village) 0.016 0.005 - 0.000 

4.4. Needs-Resources Balance 

The water requirements of the plant are estimated at 740,000 L/year. The annual-
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ized resources total 65,551,120 L/year: 26,320 L of meteoric water (dry year, 50 m2 
roof), 60,268,800 L of surface water (Katie), and 5,256,000 L of groundwater (min-
imum discharge of the first borehole). The resources-to-needs ratio is therefore 
about 89, a very largely surplus availability (Table 7). 
 
Table 7. Comparison of the available annual reserves with the annual water requirements 
of the plant. 

Available annual reserves (L) Annual requirements (L) 

Meteoric water: 26,320; Surface water: 60,268,800; 
Groundwater: 5,256,000—Total: 65,551,120 

740,000 

Note: the discharges of the Katié and of the boreholes were converted into annual volumes 
(multiplication by 24 × 365). 

5. Discussion 

The flood-risk map obtained by crossing hazard x vulnerability is consistent with 
the multicriteria and GIS approaches applied in West Africa and in Cote d’Ivoire, 
where flood-prone zones concentrate in the lowlands and along the immediate 
banks of low-gradient watercourses [3] [4]. The classification of the site as low to 
moderate risk, with limited submersions (16 cm) confined to the banks of the 
Katié in August-September, agrees with regional studies on the flood dynamics of 
the Bandama tributaries. The agreement between the mapping and the field ob-
servations (submerged bridge, photographed flooded areas) validates the weighting 
retained. A complementary validation by 1D/2D hydraulic modeling (e.g., HEC-
RAS) coupled with frequency analyses of the floods [17]-[19] would allow the 
quantification of the return periods of the submersions and the dimensioning of 
the protection works. 

From a quantitative point of view, the extrapolation of the low-flow discharge 
over the whole year is a simplifying hypothesis. The regime of the Katié, highly 
seasonal like that of the Sudanese-Guinean watercourses, is marked by August-
September floods and prolonged low flows. The volume actually mobilizable in 
the dry season, when panel cleaning is most needed (dust deposits are maximized 
by the harmattan), is therefore probably lower than the theoretical annual volume. 
A hillside reservoir, already proven by the mine on the same watercourse, then 
appears the most robust solution, subject to a storage-capacity study of the site 
and an assessment of the impact on downstream uses (irrigation). 

The groundwaters confirm the hard-rock aquifer model: productivity linked to 
the thickness of the regolith (38 to 52 m) and to the fractured zones, deep static 
levels in zones of weakly weathered basement (24.5 to 28.6 m), and seasonal dry-
ing of the shallow works, in accordance with the syntheses [6] and the statistics of 
borehole yields in weathered zones [7] [8]. The combined exploitable discharge of 
the existing boreholes (1.8 m3/h) is enough to cover the needs of the plant (0.085 
L/s on average), but combining the three sources remains the recommended op-
tion to secure the supply, especially at the end of the dry season. 
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Arsenic contamination is the main limiting factor for the use of local waters. 
The recurrent exceedances of the WHO standard in the groundwaters and of the 
IFC guideline in the surface waters, without a temporal gradient linked to the 
mining operation, point to a geogenic origin (arsenopyrite). This phenomenon is 
widely documented in the Birimian belts of West Africa, even if mining activities 
can locally aggravate the mobilization of arsenic through the management of 
waste rock and effluents [9]. Any use of the Tongon waters for human consump-
tion will therefore require appropriate treatment (oxidation, coagulation/filtra-
tion, adsorption on activated alumina or zero-valent iron) and regular analytical 
monitoring of arsenic, in accordance with the WHO [22] and IFC [23] guidelines. 

The limitations of the study are: 1) the short duration of the measurement cam-
paign (low flow only); 2) the extrapolation of the measured discharges; 3) the choice 
of the Korhogo station as a climatic proxy for the site; and 4) the relative age of the 
quality data (2013-2016). Complementary campaigns (high flows, repeated gaug-
ings, seasonal piezometry, updated physico-chemical and bacteriological analyses) 
and the installation of a rain gauge and a staff gauge on site would strengthen the 
diagnosis, within a monitoring program adapted to climate change [24]. 

6. Conclusion 

The hydrological and hydrogeological study of the Tongon site leads to three main 
conclusions. First, the site of the photovoltaic power plant is not directly threat-
ened: the flood risk is low to moderate and limited to the banks of the Katié River 
during the August-September floods, with a water depth of up to 16 cm at the site 
boundary. A drainage channel on the periphery of the plant, to trap and evacuate 
floodwater to the Katié, is enough to secure the installations and access. Second, 
the water resources of the site, i.e., recoverable meteoric water, the surface water 
of the Katié, and the groundwater of the regolith and basement fractures, total 
about 65.55 million liters per year, far above the estimated requirements of the 
plant (740,000 L/year). Supply can therefore come from complementary sources, 
with the option of a hillside reservoir for industrial uses. Third, the contamination of 
the surface and groundwaters by arsenic, very likely of natural origin (arsenopyrite), 
requires systematic physico-chemical analyses and appropriate treatment before any 
domestic use. These results give decision-makers and bidders the hydrological ele-
ments needed to design, protect, and operate the Tongon solar power plant. 
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