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Abstract

Urban metabolism, a process of material, energy and water flows, consump-
tion or transformation in the cities and outflows of wastes, has impacts on the
shallow groundwater. This study addressed the relationship between the ur-
ban metabolic system and well water physicochemical and bacteriological qual-
ity in the coastal cities of Cotonou and Lomé. A participatory transdiscipli-
nary approach, involving non-academics and academics stakeholders was
used to analyse urban inflows and outflows related to groundwater quality.
Standard methods were used to measure well water quality from 100 seasonal
samples. Waste management revealed poor sanitation and hence a linear ur-
ban metabolism with no solid and liquid wastes and excreta recycling. This
form of city metabolism reinforced by the seawater inflow is the main source
of groundwater quality deterioration in Cotonou and Lomé. The principal
water types Ca**~Mg?*~Cl"- SO}~ (48.21%), Na'-K*-ClI—=SO;  (65.9%) and
the Gibbs diagram suggested water-rock interactions and dominance of ca-
tions exchange on the hydrogeological compositions, also seasonally con-
trolled by saltwater intrusion or anthropogenic salinization. The water quality
index on the range of 35.90 to 169.60 in Cotonou and 82.94 to 364.68 in Lomé
indicated well water very poor quality to unsuitable for drinking. Moreover,
the bacteriological quality was bad due to total coliforms (112 - 1812; 1 - 1000
UFC/100 mL respectively in Cotonou and Lomé), Escherichia coli (40 - 780; 1
- 112 UFC/100 mL), faecal enterococci/streptococcus (18 - 736; 1 - 118 UFC/100
mL). The findings could help to sustain groundwater quality by controlling
the pollution sources linked to urban metabolism.
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1. Introduction

The concept of urban metabolism borrows the biological definition of metabol-
ism and applies it as a model to describe the way in which cities sustain their
functions by transforming materials and energy [1]. More broadly, urban meta-
bolism refers to the socio-ecological exchange processes and socio-natural trans-
formations that take place in urban environments [2] like those of Africa. De-
pending on the mode of waste management, a city can be characterized by either
a linear metabolism model (no waste recycling) or a circular metabolism model
(waste recycling and reuse) [3] [4] [5]. A linear metabolism can be essentially
characterized by a single use of resources in the city and their return to the en-
vironment in the form of waste [6]. The transition from linear to circular urban
metabolism is not systematic. The nuance is a possible intermediate mode where
there is recycling of some wastes, but the treatment is neither linear nor circular.
Whatever the form, it has impacts on urban water systems.

In Africa, one of the fastest urbanizing regions around the world [7] [8], the
key to tackling cities’ challenges is an understanding of urban governance processes
[9] much complex in the coastal areas due to their ecology. In West coast of
Africa, the most densely populated region, the cities of Cotonou (Benin) and
Lomé (Togo) can therefore each be considered as a “complex metabolic system
with, following Bochet and Cunha [10], a set of inputs (raw materials, semi-finished
products, food products, etc.), transformation (semi-finished or finished prod-
ucts) and outputs (liquid and solid wastes, excreta, etc.)”. Then, focused on this
last step of the urban metabolism, according to Deutsche Gesellschaft fiir Inter-
nationale Zusammenarbeit (GIZ) [11] in sub-Saharan Africa, the situation re-
garding water and sanitation is increasingly serious. So, the poor environmental
governance associated with population growth and unplanned urbanization, is a
major challenge to the shallow unconfined groundwater quality. As noted by the
United Nations Environment Programme (UNEP) [12], a decline in water qual-
ity reduces its suitability for drinking and use in agriculture and other industries.

The easy access of shallow groundwater is the main interest of its quality as-
sessment [13] particularly in the coastal urban areas of Cotonou and Lomé. Our
transdisciplinary participatory approach involves all urban stakeholders in solv-
ing a societal problem, that is, the deterioration of well water quality by the in-
flows and outflows of materials and water on these cities. Using this research
approach, the study assessed the footprints of water-related resources inputs and
wastes outputs on the physicochemical and bacteriological quality of well water
in the perspective of its protection in these coastal cities. The objective of the
current study is to present the divers components of town metabolism and

processes on Cotonou and Lomé. Secondary the purpose is to assess how the
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well water physicochemical and bacteriological quality is affected by metabolic

processes based on resources inputs and wastes outputs.

2. Materials and Methods
2.1. Study Area

Cotonou and Lomé are selected as ideal cities for this study because they are re-
spectively the most populous of Benin and Togo, and home to more than 50% of
those countries’ urban populations. They are both located in the coastal sandy
and marshy plains between the Atlantic Ocean and the lagoons and lakes of
West Africa (Figure 1). The cities of Cotonou and Lomé are established on sites
that are 4 - 6 km long and 2 - 3 km long, respectively, and have relatively flat and
irregular topographies (0.4 - 6.5 m in Cotonou, 5 m in Lomé) and are slightly in-
clined towards the south with a slope around 0.1%. Soils are sandy, composed of
80% coarse sand, with a porosity exceeding 40% in Cotonou and an infiltration
speed greater than 8.3 x 10~ m/s [14]. These characteristics favor water infiltra-
tion and the transfer of contaminants from sewage, wastewater basins, landfills,
latrines and natural sources (lake, lagoons, sea) towards shallow aquifers.

The two cities are located in a coastal sedimentary basin in West Africa. Co-
tonou is situated in a hydrogeological basin composed of Quaternary (Holocene)
sediments and alluvial deposits, and Mio-Pliocene (Continental Terminal), Pa-
laeocene and Upper Cretaceous sediments [15] that contain groundwater. In
Lomé, aquifers are composed of Quaternary, Continental Terminal, Palaeocene
(limestone) and Maastrichtian layers [16]. This study is mainly focused on the
well water from the Quaternary sand unconfined aquifer, which has depths of 0 -
5 m in Cotonou [17] and 0.5 - 3 m in Lomé [18]. These cities are in a sub-equatorial
climate zone having two annual rainy seasons and two dry seasons. The monthly
average rainfall is 109.6 mm in Cotonou and 37.5 mm in Lomé, and the average
temperatures are 27.7 and 27.9°C, respectively. In these hydroclimatic condi-
tions, rapid decomposition of solid waste and drainage of wastewater occur, en-
hancing the ecological risk of aquifer contamination. The cities were poorly
planned and contain many slums that lack basic socio-community infrastruc-
ture. Rapid population growth in Cotonou (1979: 320,348 inhabitants; 2019:
1,152,696 inhabitants) and in Lomé (1950: 33,000 inhabitants; 2019: 1,078,619
inhabitants) and high population density (14,591 inhabitants per km” and 11,985
inhabitants per km?), has led to increased production of solid and liquid wastes
and excreta. The challenge of access to safe drinking water raises due to high le-
vels of anthropogenic pollution in groundwater. In the study areas, there are
public water mains but in 88.91% of households, well water is an alternative
when tap water is unavailable.

Urban sprawl and spatial saturation constrain people to live in a complex en-
vironment marked by improper waste management and leachate and faecal
contamination of water sources. In such cases, the well-being of urban popula-

tions is affected by degraded groundwater quality. Paradoxically, communities in
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Figure 1. Geographical location of the cities of Cotonou (a) and Lomé (b) and domestic well water sampling sites.
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Cotonou and Lomé are located on area of shallow aquifers with water levels be-
tween 0.5 and 2 m, and water available in abundance.

The link between the poor psychosocial perceptions of the cities’ inhabitants
and the urban water system lead us to explore the tracks of sociohydrology, the
science of people and water [19] and of socio-hydrogeology, the mutual relations
between people and groundwater [20] to carry this study including the social

dimension in hydrogeological investigations.

2.2. Participatory Transdisciplinary Approach and Analysis of
Urban Metabolism

The transdisciplinary objective of this study is to lead urban community-based
stakeholders and scientists in evaluating and identifying the sources of domestic
well water contamination, and to make them aware of the health risks linked to
urban metabolism.

The present study was based on urban metabolism [4] [21] [22] [23] [24] but
conducted using a transdisciplinary approach [25] [26] [27] [28]. The urban
metabolism processes (inflows, regulation mechanisms and outflows) measured
in Cotonou and Lomé were especially that interact with the urban water system
like materials, food products and water (atmospheric, surface, groundwater and
produced) inputs. The regulation system of inflows is analyzed in terms of re-
sources consumption, transformation, transfer or storage during urbanization.
This enable to evaluate outputs (e.g. solid waste, wastewater, excreta) from re-
sources use into the urban water system, especially the shallow aquifers which
provide domestic well water.

Taken transdisciplinary action [29] involved the non-academics and academ-
ics stakeholders from Cotonou and Lomé and their inclusive participation in all
the steps of this study (problem framing, field data collection and analysis, dis-
cussion on the findings and publication of co-produced knowledge through a
cognitive process for groundwater sustainability). In practical terms, our re-
search consortium included academics geographers, sociologists, hydrogeolog-
ists, civil engineers, architects, specialists in public health, sanitation and hy-
giene, and urbanists as well as non-academic groups such as urban residents,
business interest groups, civil society, government agencies working on Water
Sanitation and Hygiene (WASH) and municipality offices, urban community
government, and media and advertising agencies.

The formats of stakeholder engagement used are partnership, participation or
consultation to facilitate co-design and co-produce knowledge on city change me-
chanism and its implications on groundwater quality on Cotonou and Lomé.
The first step in engaging these diverse groups in a participatory research processes
is to co-design the problems of groundwater quality degradation linked the in-
flows and outflows of matter, water and energy in the study areas. Our research
consortium engagement in direct research facilitated the transdisciplinary co-
production of knowledge (by breaking the boundaries between non-academics

and academics) on the impact of resources inflows versus wastes outflows and
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sanitation practices on groundwater quality. Research took the form of involving
household members on the local field visits (collection of well water samples in
clean and sterile bottles), observations on the status of the environment and
wells, identification of the mechanisms of groundwater contamination. Thus
group interviews were organized on 115 households per city to discuss on well
water quality and co-assessment its quality. This engaged researcher-stakeholder
group discussions enable to generate new knowledge, addressing the solution to
the problem of city inflows/outflows and its effects of groundwater contamina-
tion. Data collected through the field visits were used to calculate the survey re-
sponse rate (percentages of consensus responses from the household members)
concerning the different points of the questionnaires.

Finally, the co-produced findings by the transdisciplinary approach is used to
promote acceptable, affordable sanitation and hygiene practices and to improve
the quality of groundwater and, ultimately, to solve the challenge of safe domes-
tic well water.

This multi-stakeholder model guides us to a better understanding of the input
and output of energy, water and matter, and solid, liquid and excreta waste man-
agement systems in Cotonou and Lomé and their ecological footprints on the

quality of groundwater.

2.3. Well Water Sampling

The connectivity between social science and hydrogeochemical study bring
re-searchers (academics) into contact with urban communities and well water
users during the samples collection activities. This transdisciplinary approach
gives, according to [20], a practical example of the concept of “sociohydroge-
ology”, a way of incorporating the social dimension into hydrogeological inves-
tigations. Investigated neighborhoods were jointly selected according to the fol-
lowing criteria: people density, existence of a garbage dump, distance of the well
to landfills or latrines (more or less than 15 m with regard to the urban land sa-
turation), excreta disposal (pit latrine or septic tank) or swamps, lake and lagoon
in connection with the Atlantic Ocean. Data on environmental factors, sanita-
tion and hygiene practices, the use of well water were collected by field observa-
tions and questionnaire focus on the research thematic.

Differentiation of domestic well water quality against the source of contami-
nation was assessed (involving local urban stakeholders) based on 14 seasonal
water samples collected in Cotonou and 11 in Lomé (Figure 1) during the great
rainy season (July 2019), small dry season (August 2019), small rainy season
(October 2019) and the great dry season (December 2019).

2.4. Water Physicochemical and Bacteriological Analysis

Quality of well water was analyzed in the field and laboratory according to stan-
dard protocols [30] [31]. The compliance of water quality was assessed versus
the drinking water standards of the World Health Organization (WHO) [32].
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The physicochemical parameters of well water quality measured were temper-
ature (T), pH, electrical conductivity (EC), Total dissolved solids (TDS) using
the Multi 340i and pH/Cond 340i Handheld Multimeters. The turbidity is meas-
ured with the HACH DR-890 spectrophotometer. The concentrations of calcium
(Ca*"), magnesium (Mg**), sodium (Na*), potassium (K*), ammonium ( NH} ),
chloride (CI7), sulphate (SO; ), nitrate (NO;) ions were assessed using the
Dionex ICS-1000 Ion Chromatography System. The bicarbonate (HCOS ) con-
tent was measured by titration with hydrochloric acid (HCl) while the total
hardness (TH) was reported as of calcium carbonate (CaCO,) equivalents.

Bacterial pollutants were identified in the samples using the membrane filter
technique with specific culture media: Mac Conkey agar [for coliforms a Colony
Forming Unit (CFU) checked after 24 to 48 hours of incubation at 44°C], Slanetz
and Bartley agar (for streptococcus) and Eosin methylene blue agar (EMB) (for
enterobacteria such as Escherichia coli). Sulphite-reducing clostridia are enu-
merated using the tryptose-sulphite-cycloserine agar after anaerobic incubation
at44°C = 1°C for 21 + 3 hours.

2.5. Determination of Hydrochemical Types and Gibbs Diagram

Hydrogeochemical types of the well water were determined from major cations
and anions using Piper trilinear diagram [33], plotted with Diagrammes soft-
ware 6.59 of the Hydrogeology Laboratory of Avignon, based on the major ca-
tions and anions.

The major factors controlling the hydrogeochemical compositions [13] [34]
had been distinguish through Gibbs diagram which basis is the ratios [Na*/(Ca*
+ Na*)] and [CI/(Cl” + HCO;j )] as a function of TDS. Gibbs [35] plot helps to
appreciate the influences of rock-water interaction, evaporation and atmospheric

precipitation (three natural fundamental processes) on water chemistry.

2.6. Water Quality Index (WQI)

The Water Quality Index (WQI) is computed based on the parameters pH, TDS,
TH, Ca*, Mg*, Na*, K*, CI, SO; , HCO; and NOj, adapted from Alastal et
al [36] and El Baba et al [37] and the WHO [32] standards of drinking water
quality to assess seasonal quality status. The relationships among those parame-
ters is that they help to determine only the physicochemical quality status of well
water.

The equations used to estimate WQI are:

n

>aW,

WQI== (1)

W

i=1

With

VV’,z

K
E (2)
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W, is a unit weight factor.

S, is the standard value of /" parameter and Ka proportionality constant.

K=—t (3)

3s)

Table 1 give the unit weights W, for the 11 selected parameters with standard
values.

g;is a quality rating for n® water quality parameter is given by the equation:

V. —
q; :100.th0 (4)

i 0

V. and S; are respectively the estimated value and the standard permissible
value of the ™ parameters at a given sampling station.

V, = Ideal value of the ™ parameter in pure water [V, = 0 for all other para-
meters of the drinking water except the parameter pH (7.0)].

It not possible in this study to include selected bacteriological indicators in the
WQI because the value 0 of S; can permit to calculate related parameters as W
and K.

The categories of WQI are into five water quality status [38] [39] [40]: excel-
lent quality (0 - 25), good quality (26 - 50), poor quality (51 - 75), very poor
quality (76 - 100), unsuitable for drinking (>100).

2.7. Other Statistical Analysis

The data were also statistically analyzed by using descriptive statistics, calculat-
ing the proportion of water samples with parameters above the standard, and a

Spearman’s rank correlation (r) analysis validated with p-values < 0.05. Also, the

Table 1. List of selected physicochemical parameters with WHO drinking water standard
value of /* parameter (), proportionality constant (K) and unit weight factor (W).

Water Quality Index (WQI)

Parameters

S K W,

pH 8.5 3.65 0.43
TDS 500 3.65 0.01
Ca®* 100 3.65 0.04
Mg>* 50 3.65 0.07
Na* 200 3.65 0.02

K* 12 3.65 0.30

ClI 250 3.65 0.01
SO> 250 3.65 0.01
HCO; 120 3.65 0.03
NO; 50 3.65 0.07
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Correspondence Analysis with the test of independence between the seasons and
the status of well water quality and HO null hypothesis and Ha alternative hypo-
thesis, based on a chi-square statistic (observed and critical values) at the signi-
ficance level alpha = 0.05 is done.

Finally, urban stakeholders in the interactive discussion group were involved
in joint analysis to appreciate well water physicochemical and bacteriological
data provided by Laboratories, statistical results and to point out their responsi-
bility on the well water contamination in perspective to contribute to the devel-

opment of groundwater security plans.

3. Results and Discussion

3.1. City Metabolism and Sanitation Challenge

To live, these cities need materials (packaging, processing, production equip-
ment), energy (firewood, coal, electricity, fuel), food products (local or imported
plant and animal products) and water as safe water provided by the National
Company (139,262 m’/day for Cotonou and 7537 m’/day for Lomé), rainwater,
water from lagoons, Lake Nokoué in Cotonou, River Zio in Lomé and Atlantic
Ocean and groundwater from Continental and Quaternary aquifers.

In the cities, these resources (inputs) enter in the “regulation system” refers
here to the metabolic consumption of inputs, transformation, transfer or sto-
rage. For example, the food products were consumed by human and animal or
transformed by the industries. Water from the rains, River, Lake, lagoon and
Atlantic Ocean entered in the Cotonou and Lomé urban system, in connection
to the shallow unconfined groundwater. Otherwise, water, especially from the
wells and the national network is used for washing, bathing, laundry, cleaning
dishes, gardening, household cleaning and occasionally for cooking/drinking.
These metabolic mechanisms (production, transformation and consumption)
generated waste in different forms such as wastewater, black water (urine and
faeces), greywater (effluent from shower, washing, hand basin, dishwasher and
kitchen), solid waste (plastic bags, metal packaging, residues of crop products,
etc.), human and animal faeces, etc.

The metabolism of the cities of Cotonou and Lomé has interactive compo-
nents as the inputs of material, energy and water resources, the regulation sys-
tem based on these resources (consumption, transformation, transfer or storage)
and diverse wastes production. Therefore, the non-planned management of these
outputs is a type of factor for groundwater pollution. The typical sanitation
chains [41] in Cotonou and Lomé predominantly consist of septic tank, pit la-
trine, and manual transport for the management of faecal sludge.

This study focused on solid, liquid and excreta waste, for which critical man-
agement practices and absence of formal recycling mechanisms are key elements
of linear urban metabolism (Figure 2) and of the contamination of groundwater.
Indeed, invested urban communities link city pollution to solid waste (70% in

Cotonou and 28% in Lomé) and floods (38% in Cotonou and 42% in Lomé).
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Figure 2. Linear urban metabolism in Cotonou and Lomé.

Approximately 65% of people in Cotonou and 70% in Lomé see a relationship
between poor health and sanitation problems (59% and 52%), household solid
waste (51% and 40%) and wastewater management (30% and 36%). Citizens’
behaviors on solid waste management are burying, discharge into gutters, bridg-
ing swamps, burning, and low uptake of sanitation services. Also, wastewater
and excreta management in Cotonou and in Lomé are inappropriate (Figure 3)
and compromised well water bacteriological quality and its availability.

In fact, wastewater from toilets, urinals or bidets is mostly discharged into
sumps and streets, whereas that from bathing, washing, laundry or washing
dishes is poured into the streets, gutters and house courtyards. Pit latrine (52%)
and septic tank (32%) are the main routes for excreta disposal and probably
groundwater faecal contamination which breadth depends on season variation.
Public perception translates current sanitation infrastructure in Cotonou and
Lomé by personal disposal, often outdated, poorly constructed, inadequate or
poorly maintained. The knowledge and attitudes of inhabitants are reflected by
the lack of latrines and maintenance of garbage cans, and the dumping of waste
on swamps, streets, gutters and lagoons without prior treatment.

The social appropriation of Cotonou and Lomé land is illustrated by the high-
er levels of environmental pollution and water system including shallow aquifers
contamination. Banerjee and Morella [42] explained that only around 10% of the
households of some sub-Saharan African countries live in dwellings that are
connected to a sewer system. But the waste management systems continue to be
inadequate with the rapid growth of urban population in these cities which con-
sequently are experiencing groundwater contamination. As probable principal
risk factors for water quality deterioration, Sitotaw and Nigus [43] included un-
hygienic water handling practices at the household level and poor environmental
conditions around the source. Moreover, the poor quality of the faeces-conta-
minated water [44] [45] confirms the link between the complex environmental
conditions and the poor psychosocial perceptions of the cities” inhabitants. By
analyzing the relationship between the metabolism of an urban system and waste
management, it is apparent that recycling is important [46] [47] [48] [49] for
enhancing groundwater security.

Based on the household survey data, the outputs of urban metabolic processes
constitute threats to public health and ecosystems including hydrosystems. This
is confirmed in many countries where untreated wastewater and excreta pollute

streets, agricultural land and freshwater bodies [50] such as shallow aquifers that
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Figure 3. Practices of wastewater (a) and excreta management (b).

provide domestic water via wells. Almost 85% to 90% of global wastewater is
discharged without treatment [51], leading to serious impacts on urban water
supply sources. These cities are confronted with the problem of a lack of ade-
quate infrastructure (52.3% and 30.7%) that supports sustainable sanitation and
hygiene (Figure 4). In addition to being poor (30.34% and 19.3%), residents are
also unaware of sanitation and hygiene (11.80% and 31.3%) and its implication
on well water quality. Also, the level of education (4.49% and 13.3%) and soci-
ocultural origin (1.12% and 5.3%) contributes to a lesser extent to the unsafe sa-
nitation in Cotonou and Lomé.

Referring to the lack of adequate infrastructure, WHO and United Nations
International Children’s Emergency Fund (UNICEF) [52] emphasized that in
Sub-Saharian Africa, low proportion of population uses sewer connections (8%),
septic tanks (10%), latrines (31%). Also, sanitation services fail primarily evoked
by Hawkins et al [50] is an inadequate service delivery chain rather than a lack
of infrastructure. More, Sijbesma et a/. [53] established a link between the sani-
tation problem and the poor urban areas. Related studies on African city include
Cotonou [54], Kampala, Dar es Salaam [55] and Lomé [44] were conducted

without link to urban metabolism. Indifference to the pollution of urban space
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Figure 4. Perception of urban communities of the origins of poor sanitation and inap-
propriate hygiene.

could be interpreted as a weakness of the social bond and, more generally, the
degradation of relationship between human and their city [56]. Engaging urban
communities facilitate the understanding of the paradigm that urban communi-
ty-based inhabitants are victims to their own ongoing sanitation behavior in a

complex biophysical environment, affecting the quality of groundwater.

3.2. Well Water Physicochemical and Bacteriological Quality
Status

A mutual collaboration for the samples collection enables to the characterization
of the monitored well and to identify that most of them are often poorly main-
tained and unprotected against natural and anthropogenic sources of chemical
and bacteriological pollution. There aren’t wells with cleaner water because of
the shallow water table and the high level of contamination.

Physicochemical parameters

The average values of cations and anions are in the order Na* > Ca’* > K* >
Mg and HCO; >ClI > SO; > NO; in Cotonou and Lomé, highlighting that
coastal environment (saltwater, carbonate materials, etc.), atmospheric processes
(evaporation) and soil/water salinization or their combination impact the shallow
aquifers. Therefore, the dominant cation and anion present relative different con-
centrations in Cotonou (Na': 8.2 - 168.9 mg/L; HCO;J: 22.0 - 580.7 mg/L) and
in Lomé (Na*: 18.0 - 399.0 mg/L; HCO; : 122.0 - 780.8 mg/L). These two cities
are on the influence on the Atlantic Ocean, lagoons and lakes (an urban meta-
bolism inputs in this case) because of their coastal location. A significant positive
correlation (P < 0.05) of Na* with TDS (0.88 in Cotonou; 0.94 in Lomé), and of
CI” with TDS (0.77 in Cotonou; 0.88 in Lomé) indicate a significant influence of
the marine environment as confirmed by Sang et al. [57], of the evaporation ef-
fect on shallow groundwater (Quaternary aquifer) in the dry season or of the
manmade soil salinization due to urbanization on the groundwater. The relative
positive correlation between HCO; and the seawater elements as Na* (0.56 in
Cotonou; 0.72 in Lomé), Cl™ (0.37 in Cotonou; 0.64 in Lomé) could be explain
by the fact that [57] [58] the bicarbonate may have as origin the deposition of
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the marine sediments. Cotonou and Lomé cities are established on the marine
sand deposits, contained the carbonate materials (e.g. seashells) which dissolu-
tion can explain the presence of HCO;J .

The concentrations of K* (100% of the samples) and NO; (64% to 73%) are
above the standards of drinking water in Lomé, whereas K* (50% to 71%) and
the total hardness (86% to 100%) affect well water in Cotonou particularly in the
great dry season. Jawadi et al [40] attribute to the carbonates, the source of
groundwater hardness. The water in Cotonou is much harder than in Lomé, ex-
ceeding the level that defines very hard water (=180 mg/L). Otherwise, TDS va-
ries from 150 to 1487 mg/L in Cotonou and from 475 to 2266 mg/L in Lomé
with respectively 63.03% and 97.73% of samples presenting concentrations up to
500 mg/L. TDS presents a higher average value in the great dry season in Coto-
nou (759.6 mg/L) and in the great rainy season in Lomé (1202.4 mg/L). Elevated
TDS was referred by Jawadi et al [40] to chemical weathering or pollution from
surface activities. Among the contents of TDS, dissolved calcium and magne-
sium in the water contributes to the hardness [59]. With p-values < 0.05, TH in
the well water of Cotonou is positively correlated with EC (0.86), TDS and Ca*
(0.82), Mg** (0.81) and HCO; (0.66). In Lomé, TH is also strongly correlated
with EC and TDS (0.94), Ca** (0.92), Mg** (0.70), Na* (0.86) and CI~ (0.84).

The origin of nitrates in water can be domestic sewage [60], wastewater [61],
inorganic fertilizer or applications of animal manure to land and the use of pit
latrines [62]. Increased concentrations of NO; ions originated from sewage
and human waste, consistent with human density in the contaminated areas
[63], such as the informal neighborhoods of Cotonou and Lomé. Also, latrine
density is known to be a statistically significant predictor for NO; and CI°
concentrations [64]. In the great rainy season, NH, concentrations in well
water exceed the standard in Lomé but not in Cotonou. High levels of NH, or
NO; in groundwater can arise from septic systems and wastewater [65], for
which management practice is critical in the two investigated cities.

For Tijani and Onodera [66], the high NO; concentration in shallow aqui-
fers in Ibadan (Nigeria) is related to leachate inputs from in-house soakaways
and pit latrines.

Hydrochemical facies

Aquifers through its basic dissolved mineral substances which as sodium, cal-
cium, magnesium, potassium, chloride, bicarbonate, and sulphate, etc. can affect
groundwater quality. Changes in the chemical composition of groundwater are
related to ion exchange, rock dissolution or weathering, seawater intrusion and
contamination from humans and animals. These changes can help to interpret
the geochemical facies of domestic well water. The major well water types in
Cotonou are chlorinated, sulphated calcium and magnesium (Ca®*-Mg**-Cl™-
SO, , 48.21%) and bicarbonated calcium and magnesium (Ca**-Mg**- HCOJ,
26.78%). In Lomé, well water is predominantly chlorinated sodium and potas-
sium or sulphated sodium (Na*-K*-Cl - SOff, 65.90%) and chlorinated, sul-
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phated calcium and magnesium (Ca**-Mg**-Cl™- SOi’ , 31.81%). Wen et al. [67]
and Sang er al. [57] explained that in coastal aquifers, ion exchanges of Ca’* and
Mg** with Na" and K* from seawater enhance the dissolution of gypsum and
dolomite.

The Na*-Cl” water in Cotonou and Lomé is related to seawater intrusion into
the hydrogeological system due to relatively proximity to the Atlantic Ocean or
indirectly through connected lagoons and lakes (water inflows systems). This
type of water can also link the anthropogenic sources of salinization or evapora-
tion resulting in the accumulation of salts. The Ca**- HCO; type reveals the
availability of fresh water in Cotonou, more so than in Lomé.

Gibbs Diagrams

The Gibbs diagram (Figure 5) showed that 89.29% of samples in Cotonou and
54.54% in Lomé on the whole seasons fell into the rock weathering dominance
zone and respectively 10.71% and 45.46% into the evaporation dominance zone
mostly in the dry seasons. This result suggests that water-rock interactions and
rock weathering were the predominantly factors controlling the chemical com-
position in the study areas. The evaporation also influences well water chemistry
mostly in the neighborhoods Ahouansori Towéta, Avotrou, Kpankpan and To-
nato near the Lake Nokoué on Cotonou and Nyekonakpoe, Hanoukopé, Gbényedji
1, Akodessewa Kpota and Ablogamé with no specific localization on the city of
Lomé.

The first Gibbs ratio (cation weight) values vary from 0.19 to 0.73 with aver-
age of 0.47 in Cotonou and 0.18 to 0.76 with average of 0.36 in Lomé while the
second ratio (anion weight) values respectively from 0.11 to 0.88 with average of
0.61 and 0.25 to 0.67 with average of 0.40. This implies cation exchange domin-
ance on the hydrogeochemical compositions.

Water Quality Index

The estimated WQI and the status of water quality were presented in Table 2.
WQI for the well water in the great rainy season (GRS), small dry season (SDS),
small rainy season (SRS) and the great dry season (GDS) vary respectively from
37.3 to 144.3, 35.9 to 169.6, 47.6 to 161.0 in Cotonou and 82.94 to 364.68, 94.66
to 317.39, 102.71 to 281.81 and 91.14 to 263.77 in Lomé.

These WQI values also indicate that average of 91% (Cotonou) and 100%
(Lomé) of well water samples fall into the poor to unsuitable for drinking cate-
gories, mostly in the dry seasons. Good water quality category is weakly represented
in Cotonou with 21% in the great dry season, 7% in the small dry season and in
the small rainy season. The Correspondence Analysis suggested that the
chi-square observed value is lower (9.441) than the critical value (21.026). Then
the p-value (0.665) above the significance level alpha = 0.05 leads to accept the
null hypothesis HO of independence between the seasons and the physicochemi-
cal quality status of well water.

Bacteriological parameters

Seasonal variations in microbial content show significant concentrations of total

coliforms, E. coli, faecal enterococci/streptococci and sulphite-reducing clostridia
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Figure 5. Gibbs diagrams with TDS vs. Na*/(Ca®* + Na*) and TDS vs. CI/(Cl” + HCO;)

indicating the mechanisms controlling the groundwater chemistry in: (a) Cotonou; (b)
Lomé.
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Table 2. Water Quality Index (WQI), status of water quality and seasonal well water
samples proportion in Cotonou and Lomé.

Water Quality Status Cotonou

Index level GRS SDS SRS GDS

0-25 Excellent water quality 0% 0% 0% 0%

26 - 50 Good water quality 21% 7% 7% 0%
51-75 Poor water quality 36% 29% 29% 14%
76 - 100 Very poor water quality 29% 29% 43% 64%
>100 Unsuitable for drinking 14% 36% 21% 21%

Lomé

GRS SDS SRS GDS

0-25 Excellent water quality 0% 0% 0% 0%

26 - 50 Good water quality 0% 0% 0% 0%

51-75 Poor water quality 0% 0% 0% 0%

76 - 100 Very poor water quality 18% 0% 18% 9%
>100 Unsuitable for drinking 82% 100% 82% 91%

in whole water samples, particularly in the dry seasons that promote evaporation
than the rainy seasons (Table 3).

Sadhana et al [68] have demonstrated the microbial quality of shallow ground-
water statistically significantly declines during the wet season compared with in
the dry season. This is related to considerable water flow and diffuse pollution
from sanitation disposal. The concentration of bacteria exceeds the WHO guide-
lines for drinking water and reveal the higher faecal contamination of ground-
water. Bacterial pollution of well water is associated with waste deposits, toilets
and pit latrines located less than 5 - 10 m from the well, defective septic tanks,
and wastewater-induced recharge into shallow aquifers (0.5 - 2 m). Azzellino et
al. [69] confirmed that groundwater status in highly urbanized areas is particu-
larly affected by anthropogenic influence due to diffuse pollution originating
from a number of sources. Anthropogenic sources of wastes in Cotonou and
Lomé were households, crops transformation units, industries or building con-
struction company which transfer chemical and bacteriological pollutant to
groundwater system. Thus, in the context of climate change, annual flooding in
Cotonou and Lomé exacerbates urban groundwater deterioration by diffuse
pollution from inappropriate and informal sanitation disposal (e.g., pit latrine,
sump, gutter, domestic sewage, landfills). Sadhana et al. [67] reasoned that two
hydrological processes were responsible for the seasonal variation: infiltration of
contaminants and change in the water level below the ground surface. The do-
minant sandy soils in Cotonou and Lomé and the shallow level of groundwater
seem to support this hypothesis of environmental factors contribution in the

groundwater quality degradation.
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Table 3. Seasonal mean values, maximum and minimum of bacteriological parameters
assessed on the well water.

WHO Cotonou
Parameter .
guideline  Grs spS SRS GDS Max Min
Total coliforms (UFC/100mL) 0 360 249 464 875 1812 112
Escherichia coli (UFC/100mL) 0 243 145 200 333 780 40
Faecal enterococci/streptococci
0 286 188 124 285 736 18
(UFC/100mL)
Sulphite reducing clostridia
0 23 17 19 8 112 0
(UFC/20mL)
Lomé
GRS SDS SRS GDS Max Min
Total coliforms (UFC/100mL) 0 114 108 75 50 1000 1
Escherichia coli (UFC/100mL) 0 12 1 7 1 112 1
Faecal enterococci/streptococci
0 6 19 6 13 118 1
(UFC/100mL)
Sulphite reducing clostridia
0 3 10 2 12 74 1

(UFC/20mL)

In the whole, less waste collection (43.48% subscribers to waste collection ser-
vice in Cotonou and 67.8% in Lomé) and unsafe sanitation and unhygienic dis-
posal, particularly in the slums, give rise to an unsatisfactory microbiological
profile. This water is unfit for human consumption, but for other uses it might
be suitable. Lapworth et al [70] also showed that the quality of shallow urban
groundwater resources in sub-Saharan Africa is often very poor due to inade-
quate waste management and source protection, and poses a significant health
risk to users. In Cotonou and Lomé, immersion of urban communities in their
own environment helps to identify more cause-and-effect relationships between
unsafe sanitation and unhygienic systems and their environment, groundwater
and public health. According to UNICEF [71], poor WASH is the main causes of
faecally transmitted infections, including cholera and other diarrhoeal diseases.

Empowering urban communities to learn about environmental management
guided by this research could help to engage them as part of the sustainable so-
lutions, the detailed aspects of which will be the focus of the future research.

The participatory transdisciplinary approach was useful to better understand
the connexion society-ecology-hydrology by integrating social aspects into hy-
drogeochemical investigations but knowledge production though its application

could be influenced by the leadership of the academics.

4. Conclusions

This study established the relationship between each component of the steps of
urban metabolism with groundwater quality. Sometimes, groundwater conta-

mination is associated with solid, liquid wastes and excreta (outflows). But the

DOI: 10.4236/jwarp.2021.138030

555 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2021.138030

H.S. T. Vodounon et al.

contamination starts at the level of the inflows with for example saltwater as a
pollutant, continues with the regulation system before been accentuated by the
outflows as divers wastes.

The study findings revealed that Cotonou and Lomé cities face rapid trans-
formation with considerable flow of materials, energy, water and people, and
show evidence of high production and concentration of metabolic wastes in sa-
turated and confined urban areas. This ecological footprint and the lack of waste
recycling lead to linear urban metabolism characterized by waste burning, bury-
ing, and discharge to gutters and swamps. Then, by faecal and chemical conta-
mination, these unsafe practices affect the shallow Quaternary aquifer from which
citizens extract water through domestic wells. Hence, the well water quality in
Cotonou and Lom¢é is very bacteriologically poor, with the presence of total co-
liforms, E. colj faecal enterococci/streptococci and sulphite-reducing clostridia)
in high concentrations.

The physicochemical status of water quality is dominated by the Ca**-Mg**-Cl -
SO;” and Na*-Cl types. Gibbs diagram highlights water-rock interactions and
rock weathering as the mean factor controlling the well water chemical composi-
tion and estimated WQI values indicate very poor water quality to unsuitable for
drinking in the both cities.

The co-produced knowledge by the effective inclusion of the urban communi-
ties in hydrogeological investigations in the changing city will help shift the ur-
ban metabolism from a linear (vicious) mode to a circular (virtuous) one by
controlling the identified sources of groundwater pollution. Protection and sus-
tainability of groundwater quality in the coastal cities of sub-Saharan Africa will
proceed by the development of adaptable socio-ecological systems of sanitation
and safe hygiene practices. Also, measures such as drilling wells deeper, remov-
ing landfills from the vicinity of wells, fencing wells and so on could help to sus-

tain a safe well water supply.
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