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Title
Anthropic impacts on Sub-Saharan urban water resources through their pharmaceutical contamination (Yaound¢, Center

Region, Cameroon)

Abstract

Sub-Saharan urban centers have to tackle high population growth, lack of sanitation infrastructures and the need for
good quality water resources. To characterize the impacts of anthropization on the water resources of the capital of
Cameroon (Yaoundé¢), a multi-disciplinary approach was used in ten sub-watersheds (peri-urban and urban) of the
Me¢éfou watershed. Pharmaceutical residues were used as tracers of surface and groundwater contamination caused by
the release of domestic wastewater from pit latrines and landfills. A water use survey was conducted in the vicinity of
the sampling sites to better assess water use, treatment and management. Available land use and hydro-
geomorphological data completed characterization of the sub-watersheds. The combined data showed that natural
features (elevation, slope, and hydrography) and human activities (land use) favor rainfall-runoff events and hence
surface water contamination. Pharmaceutical monitoring revealed contamination of both surface and groundwater
especially in the urban sub-watersheds. Analgesics/anti-inflammatory drugs and anti-epileptic carbamazepine were the
most frequently found compounds (in up to 91% of water samples) with concentrations of acetaminophen reaching
5,660 ng/L. In urban sub-watersheds, 50% of the groundwater sites used for drinking water were contaminated by
diclofenac (476-518 ng/L), carbamazepine (263-335 ng/L), ibuprofen (141-276 ng/L), sulfamethoxazole (<2-1,285
ng/L) and acetaminophen (110-111 ng/L), emphasizing the need for a deeper understanding of the interactions between
surface and groundwater. The use of groundwater as drinking water by 68% of the total population surveyed raises
concerns about population exposure and potential health risks. This case study highlights the need for strategies to limit

contamination of the water resource given the predicted future expansion of Sub-Saharan urban centers.

Key words

Pharmaceutical residues, water resources, water use, urbanization, wastewater, Sub-Saharan Africa



I. Introduction

Since the middle of the 19" century anthropization has had an impact on the aquatic environment and resources through
land use modifications, environmental planning and the development of agriculture thereby altering the composition,
functions and services provided by ecosystems (Guetté et al., 2018; Leduc et al., 2017; Misson et al., 2016). In highly
anthropized areas like metropolises, increasing urbanization implies changes in water uses, an increase in water demand
and degradation of water quality (Echart et al., 2012). Human activities in particular involve the release of
anthropogenic contaminants into surface and groundwater resources (Archundia et al., 2017; Hayzoun et al., 2015;
Mottes et al., 2015; Schaider et al., 2016).

Among anthropogenic contaminants, pharmaceutical residues have been the subject of numerous studies in recent
decades all over the world (Beek et al., 2016; Carvalho and Santos, 2016; Gogoi et al., 2018; Madikizela et al., 2017).
Improvement in analytical techniques has allowed their detection and quantification not only in waste water effluents
but also in surface and groundwater including drinking water resources (Mompelat et al., 2009). Pharmaceutical
residues are considered as anthropogenic tracers of the “urbanizing global water cycle” (Castiglioni et al., 2018).

Global pharmaceutical contamination of the aquatic environment has both specific and higher implications in
developing countries particularly in sub-Saharan Africa. Both the increasing human pressure on water resources and the
growing demand for freshwater in urban settlements lead to the risk of exposure of population and environmental
exposure to a cocktail of urban contaminants including pharmaceutical residues (Gwenzi and Chaukura, 2018;
Madikizela et al., 2017).

In sub-Saharan metropolises the main problem is the lack of disposal and treatment of wastewater and of solid and
liquid waste. The lack and/or inadequate removal of pharmaceuticals during standard treatment of wastewater means
raw or partially treated wastewater can be discharged into drinking water resources (Gwenzi and Chaukura, 2018).
These risks have been poorly documented in sub-Saharan African and pioneer studies are currently being conducted to
better understand the sources, occurrence and fate of pharmaceuticals in water bodies (Ebele et al., 2017; Madikizela et
al., 2017). According to these reviews only pharmaceutical contamination of water bodies in South Africa, Kenya,
Ghana, Mozambique and Nigeria have been partially monitored.

This aim of this study was thus to characterize the impact of anthropization on surface and groundwater using
pharmaceuticals as tracers of urban contamination in a sub-Saharan capital city, Yaoundé, Center Region, Cameroon.
With almost two million inhabitants and 6% demographic growth a year between 2000 and 2005 (BUCREP, 2010)

Yaoundé faces heavy pressures on its water resources (Branchet et al., 2018; Djuikom et al., 2009; Menye et al., 2012;
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Naah, 2013) and a crucial lack of sewage systems (Wethé et al., 2003). Waste management issues and the related
occurrence of solid and liquid wastes in the urban streams were reported by previous literature (Lieunang Letche et al.,
2009; Menye et al., 2012).

The main objective of this research is to provide baseline information on (i) the vulnerability of surface and
groundwater resources by analyzing pharmaceutical contamination, (ii) population exposure to pharmaceuticals through
their drinking water, and at the same time, (iii) to assess the suitability of pharmaceuticals as anthropic tracers in the
specific context of the Méfou watershed.

Due to the scarcity of data concerning hydrology, land use, water use, waste management, and the consumption of
pharmaceutical drugs by the inhabitants of Yaoundé, we used a multidisciplinary approach. Available land use and
hydro geomorphological data from the shuttle radar mission topography (STRM) enabled us to understand and describe
local features. Exploration of water use (drinking and/or corporal (hygiene) and/or domestic (cooking, washing-off.,
etc.) uses) in the households in the vicinity of the groundwater water sampling sites was conducted in March 2018.
Information on local water uses, waste water management and sanitation was collected to understand the specificities of
this sub-Saharan African capital city. For an overview of the occurrence of pharmaceuticals, surface water and
groundwater in the upper Méfou basin that drains Yaoundé¢ and its outskirts were monitored in February/March, 2018.
Given the lack of information on pharmaceutical consumption in Yaoundé, the targeted analytes were selected based on
their reported occurrence in the aquatic environment in Sub-Saharan water bodies (Madikizela et al., 2017) on their
various physicochemical characteristics and in order to include some metabolites poorly documented. This
multidisciplinary approach provides an integrated assessment of human impacts on the aquatic resources linked to the

environment and water use features.



II. Material and methods

IL.1. Local settings

II.1.1. Location of the study area

The Méfou watershed is located in the Center Region of Cameroon (latitude 3°30” to 3°58’; longitude 11°20’ to 11°40°),
and covers an area of 840 km? (Olivry, 1986). The Mfoundi River is one of the major tributaries of the Méfou River and
drains the city of Yaoundé (latitude 3°52’; longitude 11°31°) comprising an area of 180 km?. The Méfou and Mfoundi
watersheds are described in detail in a previous paper (Branchet et al., 2018). The region has a Guinean climate
characterized by two rainy seasons (March-June and September-November) and two dry seasons (December-February
and July-August). Annual rainfall is around 1,600 mm (Moffo et al., 2016; Olivry, 1986; Srang, 1972). The study area
comprised the upper Méfou watershed and the Mfoundi watershed (Figure 1).

The source of Yaoundé’s tap drinking water is surface water. The Camwater catchment station is located on the Méfou
artificial lake in the upper part of the Méfou basin and is surrounded by a peri-urban area. A second water catchment is
located downstream from the confluence between the Méfou and Nyong Rivers.

In addition, shallow aquifers are tapped to supply water to the local population for different uses (domestic use,
drinking water, irrigation, etc.). This tapped groundwater is constituted by the upper unconfined porous aquifer in the
lateritic soil.

The basement comprises metamorphic rocks including paragneiss, migmatite gneiss and schists with the abrasion
products laterites on the top. Soils at the top of the hills and on the slopes are ferralitic. The soils in the lowlands are
hydromorphic clay and sand and originate from slope colluvium and river alluvium (Bachelier, 1959). Networks of
fractures and fissures enable the existence of unconfined porous ferralsol aquifers (Bon et al., 2016). In this sandy silty
clay, fluctuations in the water table range from 0.49 m in the valleys to 1.3 m on the plateau according to Ntep et al.
(2014). Deeper aquifers (> 20 m) are located in the fractured gneiss.

Thus “groundwater” from wells, boreholes and sources is from surface water infiltrated in the upper meters of soil up to
20 meters according to litterature (Kringel et al., 2016). In the study area, the mean well depth is 4.2+3.1 meters (n=21
wells). These aquifers are known to receive inputs from innumerable pit latrines and septic tanks (Tabué Youmbi et al.,

2009) which has not been listed during the present work.

11.1.2. Sub-watershed characterization
Available data on the study area were used to assess land use, geomorphological and hydrological specificities. The data

came from a digital elevation model (DEM) from the shuttle radar topographic mission (SRTM) (Farr et al., 2007) at a
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resolution of 30 m for geomorphology (slope, elevation, topography) and hydrology (lag-time, flow velocity); the
European spatial agency climate change initiative (ESA-CCI) (ESA, 2016) for land use at resolutions of 20 m and 300
m depending on the shapefiles; and open access data concerning buildings from the Open Street Map project
(OpenStreetMap Contributors, 2018); completed by field measurements.

The main land uses in the study area (source ESA-CCI, 2015) are forests (39%), built up areas (27%) and croplands
(24%) (Figure 1). Based on the SRTM data, the upper Méfou and Mfoundi watersheds were divided into 10 sub-
watersheds (Table 1 and Figure 1). These sub-watersheds are characterized by their peri-urban or urban environment.
The peri-urban sub-watersheds are PU1 (Etoud Village), PU2 (Camwater), PU3 (Ossongoé), PU4 (Oil Palm) and PUS5
(Nsimalen). The urban sub-watersheds are Ul (Merchandise station), U2 (Sofavinc), U3 (Messamendongo), U4

(Melen) and US (Biyeme-Assi).
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I1.1.3. Design of the water use survey

A qualitative exploration on water use of the general population of Yaoundé was conducted in March 2018. The local
population in the vicinity of the surface and groundwater sampling points of the 10 sub-watersheds was surveyed.
Systematic sampling was done of all the households located next to the water sampling point, and then of every two or
three houses, depending on local features. People were interviewed face to face. The head of the household was
questioned but if he was absent, his wife (or family member that was more than 15 years old, or the cleaning lady) was
questioned. Between two and 15 households were surveyed depending on the location, giving a total of 73 households.
The survey tool was a questionnaire adapted from (Kringel et al. 2016) and from (INS et BGR 2013). It is based on the
knowledge, aptitude, perception and behaviour (KAPB) (WHO, 2008)survey towards the urban environment. The
survey questionnaire comprised five sections: (i) the socio demographic characteristics of the household including the
housing standing as defined in the literature (Franqueville, 1984; Tanawa et al., 2002; Tchotsoua, 1994), (ii) water use:
water source, water treatment and identification of potential sources of pollution, (iii) sanitation: type of toilet, excreta
management, (iv) perception of pollution and (v) self-rated perception of health: health problems and pharmaceutical
consumption and waste management. Questions concerning water use focused on drinking water and domestic water
uses.

Participation to the survey was volunteer and the respondents could withdrawal at any time during the questionnaire
administration. We insured that the collected data will be anonymous and particularly that: the name of the respondents
were not written down; the paper questionnaires will be kept in a closed and secured wardrobe, beyond reach of the

public, during the research duration (2 years) then during 5 years. Then, they will be destroyed.

I1.2. Environmental analysis

I1.2.1. Sampling sites and sampling procedure

Sampling sites were located in 10 sub-watersheds selected for their spatial distribution across the hydrographic network
(Table 1 and Figure 2). For surface water, five sampling sites (U1, U2, U4up, U4-Do and U5) were located on urban
rivers (three sites on the Mfoundi River, one site on the Biyeme River and one site on the Olézoa River). Five sampling
sites (PU2 to PUS5) were located on peri-urban rivers (three sites on the Méfou River, one site on the Ossongoé River
and one site on the Mfoundi River). Every surface water outlet in the sub-watersheds was sampled for pharmaceutical
analyses except PU1, U3 and U4 sub-watersheds. At U4, the Olézoa River was sampled upstream (U4-Up) and
downstream (U4-Do) from where the university hospital discharges its effluent into the Olézoa River. PU2 corresponds

to the Camwater water treatment station on the Méfou River. Samples water were collected from the influent (raw
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water) entering the station (PU2-Up) and from the effluent (treated water) leaving the station (PU2-Do).

Eleven sites corresponded to sampled groundwater (seven boreholes, three wells and one spring). No wells, boreholes
or sources were present at PU2 and PU3 so we couldn’t sampled groundwater at these sites. In U4 (Melen) and U5
(Nsimalen), several groundwater sites were used for drinking, corporal and domestic uses so two wells in U4, and two
boreholes and one well in US were sampled (Table 1).

Surface water samples were collected on several occasions (one to three times depending on local authority
authorization) in the rainy season in February and March 2018 (Table 1). Groundwater samples were collected once in
March 2018. Glass bottles were used to retrieve grab samples. Before use, the bottles were cleaned with a potassium
hydroxide solution (Neodisher® LM3 from Dr.Weigert, France) and Milli-Q water to avoid cross contamination. At the
river sampling sites, grab samples were retrieved at a depth of about 1 meter. Water from wells was collected in the
bucket that was usually used, after first rinsing it. In the case of boreholes, the pump was left running until we were sure
of reaching the groundwater to avoid sampling water that had accumulated in the pipes. Water from sources were
directly collected in sampling glass bottles, after first rising it. After sampling, the glass bottles were immediately stored

in the shade at 4 °C and treated within 24 h. All water samples were analyzed in duplicate.

N MEFOU

i t watershed

Yaoundé urban
area

MFOUNDI

Key

[ Sub-watershed thresholds
Rivers and streams
mm Artificial lakes
Yaoundé urban area
@ Groundwater sampling site
W Surface water sampling site
- Flow direction

Figure 2: Location of surface and groundwater sampling sites on the 10 sub-watersheds of the upper Méfou and
Mfoundi watersheds

U, sites are located on the Mfoundi River, PU, on the Méfou River, U4 on the Olézoa River, U5 on the Biveme River. PU3 is located
on the Ossongoé River



I1.2.2. Pharmaceutical analysis

Chemicals and materials

Fifteen pharmaceuticals belonging to eight different therapeutic classes and nine metabolites were selected and
corrected by fourteen internal standards with purities equal to or greater than 98% (Table 2).Individual stock standard
and isotopically labelled standard solutions were prepared at a concentration of 100 mg/L in methanol, with the
exception of ofloxacin, ciprofloxacin and ofloxacin-d3 that were dissolved in methanol: water (50:50, v/v) by adding
0.2 % hydrochloric acid. All the standard solutions were stored at -20 °C. Working solutions (range of 5-500 ng/L),
containing all the pharmaceuticals, were prepared by appropriate dilution of the stock solution in methanol. A mixture
with all isotopically labeled internal standards was prepared at a concentration of 1 mg/L in methanol. Ultrapure water
was generated by a Simplicity UV system from Millipore (Bedford, MA, USA) with a specific resistance of 18.2
MQ.cm at 25°C. HPLC/MS-grade solvents (methanol and acetonitrile - ACN) were purchased from Carlo Erba (Val de
Reuil, France). Formic acid (purity, 98%) was purchased from Fisher Labosi (Elancourt, France). All chromatographic
solvents were filtered through a 0.22 pm nylon membrane filter (Nylaflo™, Michigan, USA). Glass-fiber filters (GF/F)
(with 0.7 pm pore size) purchased from Whatman (Maidstone, UK) were used to filter the water samples. Oasis® HLB
6¢ce (200 mg) cartridges, purchased from Waters Corporation (Mildford, USA), and a Visiprep™ DL Solid Phase
Extraction (SPE) vacuum manifold purchased from Supelco (Bellefonte, USA) were used for solid phase extraction.
Nanosep® MF 0.22 pm centrifuge filters purchased from PALL Life Sciences (Michigan, USA) were used to filter the

extracts before chromatography injection.

Water sample extraction and analysis

Filtered surface and groundwater samples (500 mL) were spiked with the mixture of isotopically labeled standard to
reach a final concentration of 100 ng/L. Waters were extracted using Oasis HLB cartridges, previously conditioned with
(2x5 mL) of methanol followed by (2x5 mL) of ultra-pure water at a flow rate of approximately 5 mL/min.

The cartridges were rinsed with 5 mL ultrapure water and dried under vacuum for 1 h. Analytes were eluted with 10 ml
of methanol. Extracts were evaporated to dryness at 35 °C under a gentle stream of nitrogen, reconstituted with 200 pL
of acetonitrile: ultrapure water (2:98, v/v) and filtered before analysis.

Analyses were carried out on an Exactive LC-HRMS (Thermo Fisher Scientific) using an HPLC Accela 1250 Pump and
a degasser (Thermo Fisher Scientific, San Jose, CA, USA) equipped with an analytical column (KinetexBiphenyl, 100 x
2.1 mm; 2.6 um particle size, Phenomenex). ACN and water were used as mobile phases. Addition of 0.1% formic acid
was preferred in positive ionization mode. The optimal separation was achieved at a flow rate of 400 uL/min. The
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optimized gradient elution program started with 2% of ACN isocratic for 0.5 min, increased to 50% of ACN at 12 min,
followed a linear gradient to 100% ACN at 14 min, remained at this level for 3 min, and then decreased to 2% ACN for
equilibration of the column for 7 min. The injection volume was set to 10 ul. The Exactive HRMS was turned to a
mass resolution of 10,000 (FWHM, m/z 200) with a mass spectrum range of 50-650 m/z. A heated electrospray
ionization probe (HESI) source in positive (pos) and negative (neg) mode was used. The HESI parameters were as
follows: heater temperature 200 °C; capillary temperature 275 °C; electrospray voltage 4 kV; sheath gas flow 55
arbitrary units; auxiliary gas flow 10 arbitrary units. The following parameters were used in positive and negative
ionization modes, respectively; capillary voltage 35V and -50V; tube lens voltage 110 V and-100 V; finally skimmer
voltage 25 V and -16 V. "All ion fragmentation" MS/MS mode was applied with high energy collision dissociation
(HCD) cell set to 10 and 20 eV. Analytical results were calculated with Thermo Scientific Xcalibur software. Each
compound was identified according to: (1) retention time; (2) mass accuracy (max 5 ppm deviation) of protonated (M-
H)" or deprotonated (M-H)" molecules in MS/MS mode; (3) identification of at least one ion fragment at a mass
accuracy < 5 ppm in MS/MS mode and (4) ion ratio fulfilled between the ion fragment and the parent ion for each

molecule.

uality assurance/quality control
The linearity of the method was estimated in both solvent and matrix (using ultrapure water), with a blank test and
calibration curves (6 levels) spiked with from 2 to 200 ng/L of the compounds including a fixed amount of internal
standard. Absolutes recoveries, matrix effects and repeatability of the method were evaluated by spiking ultrapure water
with 100 ng/L of all compounds (n=5). The LOD and LOQ of each analyte were determined as the concentration
resulting in a signal to noise ratio of 3 and 10 respectively. Before each analysis and during the sequence, a standard
mixture (100 ng/L including internal standards) of the molecules of interest and a blank mobile phase were analyzed to

check the LC-MS/MS performance.

11



[4"

"pIepuE)s [RUIDIUI AQ UOTORIION JNOYIM PAJR[n]ed AIDA0RY IN[0sqYy sa)I[oqejour 0} puodsariod, ispunoduros juared 03 puodsarioo,

€I 2pIuoINdN3 (Jg9 duepo)

T¥s8 9 S 0s 0€¢ 09S 0T TE9THIP 0T  0967°06S + %66/%C 86 YOLIP[Y-2WSIS - apruomony3 ourgdiousidngion
el : say[oqEdW APy}
R . ) ¢ surydioudrdngqioN
1¥FC8 0s 01 001 0 TSL 01 6E9THIY 0T 6€9THIF + %L 66/%1°66 Youp[y-ewsIS diouard pue samsqns
/putydiousrdnqioN aeido
. . . o) (eI 7 — €0 dpruoInon(s (g9 autopoy )
SIFI6 01 o1 0 0¢ 8C'L 0T  660€89F 0T  6TVEPHI + %66/%T 66 DD1/YPUp[Y-ewSIS opomnon3 sudiouoidng
8EF66 SL ST 0l S $$'8 0T T080°€8T 01  SK91'09T + %S6</%6'66  UOMP|V-EWSIS/DD] L [0[oudyy//,[ojourdoid JE—
S¥C01 S > 0l S e 0T 1980061 Ol  €0LI'L9T + %S6</%E'66  UOUP[V-RWSIS/DDT Ld [0]0US}Y/,[0]0U}Y
PIFLS S z 0T 0l 078 07 OSIOEET 0T  OTZ0'IET - %8"66/%0"86< youp|y-ewsis @ udYdOUIIUEIO0Y/_PIOE OLIqLOUS | mw_.o_ﬂ_wmw.
(5743 ST o1 0T 01 L$L 0T OILI'IZE O  88ETETH - %0'86</%6'86  WHPIV-EWSIS/DDT €Q uejordnqy/ unejseaeq Suvtomop pidry
8¥56 01 S 01 S St 01 €00T09T 01  PIIT8LT + %L '86/%S'86<  DDT/YOUP[Y-BUWBIS 9(] SUIXEJE[UD A/, SUIXBIE[UD A yuessaadopyuy
£7FS8 o1 S ol € SO0l 01  0S00°6LE 01  08T0°€8T - % ¥'66/%6'66  UOHPIV-BWSIS/DOT $@ wedazexQ/,wedoze1o]
. ] . . ¢ apruonon|s uredozex(y sajIoqeIW
SFE0T o1 S 0s 0¢ 8T8 01  €060°€9% 0T  8LS0'L8T + %T 86/%66 201 Jopiuomongs wedazexo 110wy pue
12F¢8 o1 4 01 S L6 01 O08KO'LST 01 9€H0°S8T - % ¥'66/%6°66  UOHP[V-EWSIS/ODT S wedazexQ/,. wedozex( surdozespozudg
SIF901 01 S 01 S 6C11 0T 9€80°LST 0T  68L0O'S8T + %S 66/%6 66 201 s wedazeiq/ wedazeiq
. - . v . $ dlozexoyjourej|ng
879 S z o1 S LTL 01 8PHO'TST 0T  0TI09SI - %S 66/%8 66 201 aApdayuL
/,l0zexoyjauey[ng puEsOBOIqUIY
[FLS 01 S 01 S 96'S 0T  F09T'SIE 0  TISI'79¢ + %S 86/%L 66 201 £( UEXO[JO/,UIEX0JO ’ T
71788 01 S 0T 01 96T 0T  09€0°'LOI 01  09S0°0SL - %8°66/%6 66< YoUp[y-eWSIS @ uoydoururejdoy/ udydourue)ooy
S1F08 Sl ol 0T 0l L0l 01 0910TST 0l  0610°0ST - %86/%5 66 207 P deULJO[OI(T/,OrUROII
YOLIP[Y-RWSIS
LIFT6 01 S 0T 01 €88 01  0L80°€ST 01  0090°L61 - % ¥ 66/%66< /KSojourparorg s wedazexy, uajordojey]
Zni)) ejuesg S9jIj0qEB)IW
9786 01 z 05 01 8LT 01 SL60'SET 01  0LOT'T6l - %0'86< /%¥ 66 YoUp[y-ewSIS €q udjodnqy/,usjoidnqi-Axoqred r“w.,_hh“ws
6T16 ST 01 0T 01 089 Ol €8II'IZT 01  OIOI'LSE - %0'86</%€'66  WOMPIV-PWSIS/HOT  £q uagordnqr/ uajordnqi-AX0IpAY-T e yisoBieuy
S1F06 0 T 0T 01 I€11 0l €TI'SOT 01 OLIT'6ST - %0'86< YOLP[Y-BWSIS £q udjoadnqy/ uajordnqy
6726 01 S 0 0¢ €St 0T  L8SI'00E 0T  SI6I'9LY + %66/%6'66<  DDT/UPUP[V-RWSIS €4 apiuonan(s g9 uiapo)
0ODI/0 - : : /ApruoInanis g9 suopo)
£FES 01 4 01 S SLY 0T  OIOI'SYT 0T b6ST00E + %T 66/%6 66 YOLIP|y-BWSIS 9( dUIdPO)/,AUIPO)
0, . -
SIFCIT 01 S 0€ 01 0€6 0T 96061 01  TTOL'LET + \\\wwwm Youp|y-ewsig 8 surdezeweqre)/ duidozeweqie)  andapdo-nuy
0
(%) (A2 A1313u9) (A9 d1819u9)
mb?aoom (1/30) (1/3w) &) (Bd) (uru) uol uor :o.vmw.a:c Aung aa1pddng SPIEPUE)S [EUINUL /, . SIMII[OA] . “wwm_mw
N[oSqY wnO0T  4odOT 1OOT 4 @OT Ld  uopruguo)  uoyeaynuend) nesiuoy i L

denyiqaQ SIA-D'T Ul A[NII[OUW YIBI 10J PIAIISO SIALIIA0IAI $IIN[osqe put SOO'T

pue sqO'T Spoydw ‘sOOT Put SO [BIUIWNIISUI ‘SUOT UONEULIJUO0) pue uonedynuenb 9d4£) uoneziuor ‘Kyrind “driddns ‘spaepue)s [ewidyur ‘sassepd dnnaderdy [, :7 d[qel



III. Results and discussion

IIL.1. Characterization of the sub-watersheds

II1.1.1. Hydro geomorphological characterization

Differences in hydro geomorphology (Supplementary Material), land use (Figure 1) and anthropic pressures were
observed between peri-urban and urban sub-watersheds.

The steepest basin slopes (11-21%) and lowest flow velocity (0.1-0.4 m/s) were measured in the peri-urban sub-
watersheds. PU1 and PU2 had the highest basin slopes (21% and 14% respectively) and the highest related hydrologic
response times (5-10 hours). The north-western peri-urban part of the study area has steep slopes but relatively natural
river banks and meandering rivers. The peri-urban sub-watersheds are mostly covered by woodland (9-72%), 21-31%
croplands and 2-53% built-up area. Between 1992 and 2015, built-up areas increased by 29% at PU4 and by 10% at
PUS (ESA-CCI data). The urban area only extends to the south-east because of the natural barrier formed by the relief
in the north-western part of the basin that limits urbanization (Dauvergne, 2011).

In contrast, although the basin slope of the urban sub-watersheds ranges between only 11% and 13%, these watersheds
have the highest flow velocity (0.2-0.8 m/s) and relatively short hydrological response (<5-10 h). Urban sub-watersheds
comprise 27-88% of built-up area and 6-24% of croplands. In particular, Ul, U2 and U5 have more than 70% of
impervious (built-up) area (ESA-CCI 2015) (Figure 1). The urban area crossed by the Mfoundi River is currently
channeled with artificial river banks to reduce recurrent floods in downtown Yaoundé; this increased urban river flow
velocities and reduced the extent of wetlands in the south of the Méfou basin (Moffo et al., 2011). Assuming the
building density in Open Street Map 2017 data reflects population density, the upper Mfoundi watershed is under the
highest anthropic pressure with high building density in particular at U5 (1,551 buildings/km?), U2 (1,087
buildings/km?) and U1 (1,079 buildings/km?) (Figure 3). The city dynamics could emphasize urbanization in the study
area. Indeed, according to ESA-CCI data, built up area increased from 21% to 27% while forested land decreased from

19% to 15% from 1992 to 2015.
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Figure 3: Map showing building density in the Mfoundi sub-watersheds (Open Street Map 2017, ESA-CCI 2015)

No Open Street Map data were available for the peri-urban sub-watersheds shown in grey on the map, which consequently only
provides data for the urban Mfoundi basin sub-watersheds delimited in Figure 1.
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Urban areas are subject to anthropic pressure. In particular, reports in the literature state that there are only four waste
water treatment plants (WWTP) in Yaoundé for almost two millions inhabitants. The type of WWTP treatments are
activated sludges, lagoon system, sand filtration or macrophyte-based waste water treatment system. According to Naah
(2013), the capacity of the WWTP were comprised between 650 and 30,000 population equivalent but the truly
functioning WWTP were covering around 6,300 population equivalent in total which represent 0,3% of Yaoundé
population. Consequently most untreated domestic wastewater is released into the surface waters of the upper Méfou
basin (Kenmogne et al., 2010; Weth¢ et al., 2003). Microbiological analyses revealed fecal contamination of all urban
streams (Djuikom et al., 2008, 2006). In Yaoundé¢, landfills are constituted by the unemerous and sometimes ephemeral
waste heaps distributed in all the urban area. These waste heaps are mostly constituted by domestic solid waste that has
been reported as an additional pharmaceutical contamination source adding to domestic wastewater (Bu et al., 2016;
Peake et al., 2015).

The Méfou watershed is also subject to anthropic pressure due to urbanization, mostly in the Mfoundi sub-watershed
(U1-U5). Urbanization accentuates the natural tendency of the relief to favor rainfall-runoff events because it increases
the extent of impervious land surface (Moffo et al., 2011). It may also accelerate upstream to downstream water flow by
channeling the streams in the urban area. Runoff could also be at the origin of the drainage of contaminants, i.e.
pharmaceuticals, pesticides, bacteria, adsorbed on urban surfaces (Blanchoud et al., 2007; Wilkinson et al., 2017).

The natural features (elevation, slope, hydro-geomorphology) favor rainfall-runoff processes in particular in the north-
western part of the peri-urban area (PU1 and PU2). The combination of these hydrological features, the lack of
sanitation and the continuous increase in built up areas raises concerns about sources of contamination in particular

sources of pollutants including pharmaceuticals in wastewaters and landfills that can reach surface waters.

II1.1.2. Wastewater management and groundwater characterization

Disparities were observed in housing quality, water use and wastewater management around the urban water sampling
sites during the interviews on water use. At U1, U2 and U5, 43-47% of the respondents lived in low quality housing; in
particular at U4, where the proportion increased to 67%. On the other hand at U3, only 18% of respondents lived in low
quality housing, and 36% and 27% lived in medium and high quality housing, respectively. Low quality housing
implies no proper infrastructure enabling access to water and sanitation (OMS and ONU-Habitat, 2010).

Considering the water use survey as a whole, pit latrines were reported as the main type of sanitation (36-79% of
households). Again U3 stood out as 55% of the respondents reported using a WC (toilets with water flush) and only

36% pit-latrines. The population survey showed that 80% of the households throw out their wastewater in their
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immediate surroundings (into drains, rivers and yards). A total of 71% of the respondents in the water use survey said
they throw away drugs whose use-by-date has expired into landfills and 11% into pit latrines because no system for
recycling of expired drugs exists in Cameroon like the Cyclamed network in France, for example.

The U4 survey site was also where drinking water shortages were the most frequent (67%) followed by U2 with 64% of
households concerned. At U3, only 18% of the respondents reported drinking water shortages. The most regularly
flooded homes were located in U2, with 82% of the respondents affected. Around the sampling points, 68% of the all
respondents reported they used groundwater for drinking (45% boreholes, 13% wells, 10% springs); 78% that they used
groundwater for domestic purposes including cooking and washing clothes (12% boreholes, 65% wells, 1% springs);
and 79% for bathing, personal hygiene, etc. (14% boreholes, 62% wells, 3% springs). Differences were observed in the
urban area in the sources of groundwater used for drinking water. In particular in the U4 district, 100% of the
respondents reported they relied on groundwater for drinking, 43% from boreholes and 57% from wells. In the U3
district, a very high proportion (91%) of the respondents reported they used boreholes for drinking water. Water is
treated if the groundwater comes from a well in 70% of the households surveyed; whereas drinking water from
boreholes and springs is less frequently treated (43% and 24%, respectively). Information concerning the type of
treatment was difficult to obtain, but 14% of the respondents said they used filtration and 8% bleach to eliminate
bacteria or other pollutants.

The well at U4 (U4-W1) was typical of wells in Yaoundé. In particular, this well can be qualified as “partially
equipped” because the safety slab is cracked and a latrine is present at a distance of less than 5 meters from the well. In
contrast, boreholes are generally “well equipped” because they are completely concreted and access is restricted.
Springs that emerge from rocks are poorly equipped; only a platform is installed to allow water collection. The
immediate surroundings of groundwater supply points are crucial to limit contamination from pollutants from the soil
through runoff or infiltration. It is usually recommended that a protected area is established around wells (i.e. at least ten
meters from a latrine and a soil thickness of at least four meters between the bottom of the latrine and the aquifer)
(Tabué Youmbi et al., 2009). This is not always the case in Yaound¢ in particular in unplanned districts (INS and BGR,
2013; Kringel et al., 2016; Takounjou et al., 2009; Youmbi et al., 2013).

These observations are in agreement with observations made in a previous study of the nitrogen and phosphorus mass
balance in Yaoundé groundwater (Kringel et al., 2016). First, these authors also reported that waste management based
on pit latrines and septic tanks increases the likelihood of groundwater contamination by wastewater. They provided
evidence that the amount of wastewater could recharge the aquifer leading to an “anthropic groundwater type”. At

certain locations, wastewater can infiltrate the porous ferralsol aquifer. The authors argued that wastewater can
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determine groundwater quality. Their study confirmed that the management of wastewater we identified around our
sampling points is widespread in Yaoundé and that, in general, the aquifers of the urban sub-watersheds are likely to
receive contaminants from human excreta i.e. fecal bacteria and possibly also pharmaceuticals. The widespread use of

groundwater accentuates the importance of monitoring groundwater.

II1.2. Pharmaceutical contamination of surface and groundwater and related issues

Pharmaceutical detection and quantification

Some pharmaceuticals are widely used as markers of wastewater inputs, for example carbamazepine for surface waters
(Pongmala et al., 2015); sulfamethoxazole, sulfanilamide and carbamazepine for groundwater, as in the study case of
Varanasi in India (Lapworth et al., 2018); atenolol, carbamazepine and diclofenac in different catchments in Switzerland
(Epting et al., 2018).

In this study, among the 23 molecules of interest, eight pharmaceuticals belonging to four therapeutic classes (anti-
epileptics, NSAIDs/analgesics, antibiotics/anti-infective and beta-blockers) were detected at least twice across all
samples (Table 3). Pharmaceuticals belonging to benzodiazepines, antidepressants, lipid-lowering drugs and opiate
substitutes were not detected either in groundwater or in samples of surface water.

The antiepileptic carbamazepine and the analgesic acetaminophen were the most frequently detected and quantified
compounds in surface waters (Figure 4). Carbamazepine was detected and quantified in up to 100% of water samples.
Acetaminophen was also detected in up to 100% and was quantified in up to 85%. Carbamazepine is usually taken as a
continuous treatment for epilepsy and trigeminal neuralgia. Once discharged into wastewaters and/or in effluents from
WWTP - from which it is poorly removed (<10%) (Hai et al., 2018) by conventional treatment - it is relatively
persistent and widespread in the aquatic environment (Andreozzi et al., 2002; Hai et al., 2018). In the surface waters of
Yaoundé and due to the almost total absence of sanitation, carbamazepine remains a relevant anthropogenic tracer.
Acetaminophen belongs to the therapeutic class of NSAIDs which is the most widely consumed class of drugs in the
world. They are easy to acquire and are included in the formulation of several medical drugs combined with other active
ingredients, which may partly explain their wide occurrence in water (He et al., 2017) and consequently the presence of
acetaminophen in the water samples.

Differences in pharmaceutical occurrence were observed between peri-urban and urban sub-watersheds in addition to
differences in the type of water (surface and groundwater) (Table 3 and Figure 4).

Among the targeted compounds, the NSAID/analgesic codeine, the antibiotic ofloxacin and the beta-blocker atenolol

were detected and quantified in surface waters in the urban area but not in the surface waters in the peri-urban area. All
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the compounds detected in the peri-urban surface waters were also found in the urban surface waters. The fewest
molecules were detected and quantified in the subwatershed PU2 (at the Camwater treatment station).

Carbamazepine was detected and quantified in 100% of the water samples in the urban area and in 75% of the water
samples in the peri-urban areas. Acetaminophen was detected in 100% of the samples in both the urban and the peri-
urban areas but was more frequently quantified in the urban area (85%) than in the peri-urban area (75%). Ibuprofen
and diclofenac followed the same trend with up to 95% and 75% of detection frequency in the urban area and up to 55%
and 45% of quantification frequencies, respectively. In the peri-urban area, their detection frequencies were 75% but
diclofenac was quantified more (75%) than ibuprofen (50%). The anti-infective sulfamethoxazole differed, it was more

often quantified in the peri-urban area (50%) than in the urban area (6%).

Pharmaceutical concentrations

In terms of surface water contamination levels, urban sub-watersheds (Ul to US) were more polluted with
pharmaceuticals (range < 2 to 5,660 ng/L) than peri-urban sub-watersheds (PU1 to PUS5) (range < 2 to 367 ng/L).

The highest concentrations of NSAIDs/analgesics acetaminophen, diclofenac, ibuprofen were measured in urban areas,
with median concentrations of 24-2,994 ng/L, <10-318 ng/L and 25-259 ng/L, respectively. The highest concentrations
were measured at the Ul sub-watershed, with a peak concentration of acetaminophen of 5,660 ng/L. Peak
concentrations of ibuprofen were 516 ng/L at U2 and for diclofenac 419 ng/L at U1. Although it was detected in all the
samples, carbamazepine was quantified between 73 ng/L and 163 ng/L (median concentrations) with the highest
concentration (193 ng/L) measured at US5.

In contrast to urban sub-watersheds, lower concentrations were measured in the peri-urban sub-watersheds. Codeine
and acetaminophen were the only two molecules detected at PU2 (Camwater treatment station), both in the raw and in
the treated surface water resource of the Méfou River. The maximum measured concentrations in PU3 sub-watershed
were 72 ng/L of ibuprofen, 30 ng/L of diclofenac, 15 ng/L of carbamazepine and 14 ng/L of acetaminophen. The highest
concentrations were measured at PU4 with median concentrations of ibuprofen, diclofenac and sulfamethoxazole of 224
ng/L, 166 ng/L and 120 ng/L, respectively. At PUS5, median concentrations at Nsimalen were 11 ng/L, 35 ng/L, 58 ng/L
and 62 ng/L respectively for acetaminophen, carbamazepine, sulfamethoxazole and diclofenac.

At this stage, we can confidently affirm that the surface waters of Yaoundé are contaminated by relatively higher levels
of pharmaceuticals in urban wastewaters than in the peri-urban area whose surface waters may be under less anthropic
pressure (Figure 1 and Figure 3). The results of this monitoring campaign can be put in parallel with building density

(Figure 3). The highest measured concentrations and peak contaminations were evidenced in particular in Ul (highest
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global pharmaceutical concentrations), U2 (diclofenac peak concentration) and U5 (carbamazepine peak concentration)
which are the sub-watersheds with the highest building density (861, 1087 and 1551 buildings/km?2 respectively). This
situation is in agreement with anthropic pressures from domestic wastewaters and adds supplementary information on
these “pollution hotspots” previously identified in Yaoundé (Branchet et al., 2018).

In the PU4 sub-watershed; the environment is wetlands and oil palm plantations, however it drains the whole urban
Mfoundi watershed, explaining why at this peri-urban point, measured concentrations were higher than in PU2, PU3
and PUS. The PUS sub-watershed receives waters both from the peri-urban area and from the urban area because it is at
the downstream confluence of the upper Méfou River and of the Mfoundi River. We expected pharmaceutical
concentrations to be higher than in PU2 and PU3 because of the discharge of the urban contamination into the Méfou
River as previously reported (Branchet et al., 2018). However concentrations were the same as in PU3 for example,
which may be explained by dilution.

In contrast to the peri-urban sub-watersheds, the Ul, U4 and U5 urban sub-watersheds were affected by groundwater
contamination. The highest concentrations were of diclofenac and sulfamethoxazole, with concentrations ranging from
476 to 518 ng/L and 69 to 1285 ng/L, respectively. The most polluted sub-watershed was U4 due to contamination of
the U4-W2 well with carbamazepine (up to 335 ng/L), the diclofenac (up to 518 ng/L) and acetaminophen (up to 111
ng/L) followed by sulfamethoxazole (up to 1,285 ng/L). Concentrations of ibuprofen of up to 154 ng/L were quantified
in the U5-B1 borehole. Up to 390 ng/L of sulfamethoxazole was measured in the U5-B2 borehole and up to 134 ng/L in

the U5-W1 well. A spring in U1 was contaminated by between 69 and 73 ng/L of sulfamethoxazole.

Questions concerning the fate of pharmaceuticals in the Méfou hydrosystem

Variations in the contamination profiles of surface and groundwater sampling sites raising questions about (i) the
mobility of these compounds and (ii) interactions between surface and groundwater in the Méfou hydrosystem.

No relation were found between physico-chemical properties (log Kow and Koc) (Supplementary Material) of the
quantified compounds and their occurrence and concentration trends in surface and groundwater. Then, acetaminophen
and sulfamethoxazole displayed opposite behaviours. Median acetaminophen concentrations ranged 5 -5,660 ng/L in
surface waters whereas the compound was quantified only once in groundwater at a concentration of 110 ng/L.
Conversely, sulfamethoxazole concentrations were lower in surface waters (median concentration range < 2 to 120
ng/L) than in groundwater (median concentration range: < 2 to 1,092 ng/L). It has been shown that sulfamethoxazole is
a highly mobile compound in surface waters, soils and groundwater. Physico-chemical soil properties (pH, composition)

might also affect its fate (Archundia Peralta 2016) suggesting the need for deeper studies on the local environment to
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understand its occurrence.

Interactions between surface and groundwater depend on local features (geology, climatic conditions, pedology, etc. and
the scale of observation). At the local scale, surface water can recharge groundwater and allow the mixing of the waters
at the subsurface thanks to geomorphological and hydrodynamic features. Also the variability of the hydrological
conditions over time (turbulent flow, high rainfall, flood, etc.) affect the interactions and flow dynamics between surface
water and groundwater. Consequently they remain highly variable and relatively complex (Epting et al., 2018;
McLachlan et al., 2017; Vu et al., 2018).

The effect of human activities, in particular pumping groundwater for drinking water, can modify the flow dynamics
and cause a reversal in fluxes from groundwater to surface waters or increase vertical migration of contaminants
(Lapworth et al., 2018; Vu et al., 2018). Some contaminants including pharmaceuticals can be used as tracers to better
define these interactions (Epting et al., 2018). For example, in a case study of the city of Varanasi in India, the
concentrations of sulfamethoxazole in the groundwater mirrored those in the surface waters, but were lower and
depended on the origin and depth of the groundwater (Lapworth et al., 2018). The vulnerability of the groundwater was
underlined. In particular, the authors reported that long-term intensive pumping increased the hydraulic gradient thereby
enabling the contaminants to reach deeper aquifers. Pumping also controls the nature of groundwater recharge.

Thus, like in Yaoundé, the increase in groundwater withdrawal through wells and boreholes and the potential for
groundwater vulnerability were evidenced. Pharmaceutical concentrations measured in the present study, in particular
those of acetaminophen and sulfamethoxazole, add a novel issue concerning surface and groundwater relations as a
component of this vulnerability. The need for further study and, for example, the use of modeling (Takounjou et al.,
2009) could help explain how the aquifers are recharged by wastewater and local issues related to groundwater

contamination.
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II1.3. Comparison with the international context and local issues

Before the present study, sub-Saharan water bodies were monitored in five different countries (most frequently in
South-Africa followed by Ghana, Kenya, Mozambique and Nigeria) for nine therapeutic classes (NSAIDs/analgesics,
antibiotics, beta-blockers, lipid-lowering drugs, antiretroviral drugs, antimalarial drugs, anti-epileptics, benzodiazepines
and vascular dilatation drugs) (Ebele et al., 2017; Madikizela et al., 2017). The global contamination profile for the
common monitored therapeutic classes is similar in previous studies and in the upper Méfou basin, with the
predominance of the NSAIDs/analgesics (acetaminophen, codeine, diclofenac, ibuprofen), the anti-epileptic
carbamazepine then antibiotics/ anti-infective (ofloxacin, sulfamethoxazole,). Concentration ranges in the present study
were slightly lower than those measured in other African surface waters (Madikizela et al., 2017). For example,
NSAIDs ranged from a few micrograms per liter to more than 100 pg/L in Kenya (K’oreje et al., 2016) whereas
carbamazepine reached 500 ng/L in South Africa (Matongo et al., 2015). However concentrations varied considerably
with the local context. Only two studies in Sub-Saharan Africa provide pharmaceutical contamination of groundwater
from wells. In Nigeria acetaminophen was measured in the range of 102 ng/L to 18 420 ng/L in wells and diclofenac
concentrations ranged 118-13,480 ng/L (Olatunde et al., 2014). In Kenya pharmaceutical concentrations from
antibiotics, antiretroviral, NSAIDs and antipsychotic were comprised between 5 ng/L and 1,600 ng/L in wells.

As sources, the local context and drug management and consumption differ among monitored areas, so it is very hard to
compare the presence of pharmaceuticals in water bodies in different countries or regions (Jjemba, 2008). It is also risky
to link patterns of contamination in rivers to drug consumption because of the spatial scale (local, national) and the
season, and the mode of consumption of a drug (i.e. for chronic or infectious diseases) (Thiebault et al., 2017). In
Cameroon, the problem is exacerbated by the existence of an informal drug sector (Angbo-Effi et al., 2011; Mendo et
al., 2015): the high costs of public health institutions (hospitals, clinics) mean that the poorest population have limited
access to health care (Commeyras et al., 2006; OMS and ONU-Habitat, 2010). Consequently, 71% of the population of
Yaoundé resort to informal health care units (Geest, 2017) as their main solution or as a complement to the formal
pharmaceutical sector and only 30% of formally prescribed drugs are actually taken by the patients (Commeyras et al.,
2006). The informal drug sector provides less expensive drugs, but the drugs are of lower quality (concentrations of
active substance are uncertain, the types of active substance are uncertain, false drugs, etc.) making an assessment of
Cameroonian drug consumption very difficult. However the survey by Commeyras et al. (2006) listed acetaminophen as
the most widely prescribed and consumed drug in Yaoundé. This survey and reports in the literature suggest that a
cocktail of pharmaceutical compounds are possibly present in-stream, in line with results of monitoring of other sub-

Saharan water bodies (Ebele et al., 2017; Madikizela et al., 2017).
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« Down-the-drain » modeling approaches are widely used (e.g., LF2000-WQZ (Williams et al., 2009), GRETER-ER
(Archundia et al., 2018), STREAM-UE (Lindim et al., 2017), etc.) to predict in stream pharmaceutical concentrations
according to the hydrologics, the hydraulics, the consumption patterns and WWTP effluents. However, limited in the
specific context of sub-Saharan urban centers, the use of a modeling approach would be limited because, added to the
difficult assessment of pharmaceutical consumption, the absence of sanitation makes it hard to include effluents from
WWTP in the model. Models would need to be adapted to predict concentrations in water, and to assess environmental
risks and health impacts.

High urbanization pressures have environmental impacts (Carvalho et al., 2014; Kotyza et al., 2010), by increasing
population vulnerability and related health risks (Dos Santos et al., 2017; Gracia-Lor et al., 2017; Whitehead and
Dabhlgren, 1991). Living conditions are considered as environmental determinants of health (Whitehead and Dahlgren,
1991). The quality of housing, access to drinkable water and sanitation along with educational level can increase health
inequalities among urban populations (OMS and ONU-Habitat, 2010). Our water use survey partly emphasized these
inequalities through living conditions and the links between groundwater contamination and use in the urban area raises
questions about population exposure and potential health risks in Yaoundé.

Groundwater in three urban sub-watersheds (Ul, U4 and U5) was found to be contaminated by pharmaceuticals
belonging to the anti-epileptic, antibiotic and NSAID therapeutic classes (Table 3). Yet in these areas, the survey
population reported using groundwater sources in particular for drinking water purposes. In U1, 47% of the respondents
rely on springs, and the spring we sampled was found to contain sulfamethoxazole. In U4, only 8% of the households
reported using wells for drinking water, but the wells were contaminated by carbamazepine, ibuprofen, diclofenac and
acetaminophen. In U5, 43% of the households used boreholes for drinking water and the one we sampled was found to
be contaminated by ibuprofen. Even if health risks due to the presence of pharmaceuticals in drinking water have not

been not evidenced so far, these results suggest that in some areas, the population is exposed to these compounds.
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IV. Conclusion

The aim of the present study was to provide baseline information and to identify patterns of pharmaceutical
contamination of surface and groundwater resources in a sub-Saharan capital city according to land use, hydro-
geomorphological and water use features.

The targeted compounds were suitable tracers to demonstrate that pit-latrines, landfills, the increase in built-up areas
and urban planning all put heavy pressure on urban streams in Yaoundé and have an impact on water resources destined
for human consumption. Both surface and groundwater were contaminated by pharmaceuticals and the levels of
contamination correspond to those reported in previous studies in sub-Saharan water bodies with peak pollutions of
NSAIDs and homogeneous contamination by the anti-epileptic carbamazepine. The contamination is diffuse and
persistent. Groundwater is contaminated at some urban locations in particular by NSAIDs, tackling the issue of the fate
of pharmaceuticals in the hydrosystem. Groundwater contamination makes populations highly vulnerable because they
rely on this water supply as an alternative to a formal tap water network and to compensate for the lack of infrastructure
in the capital city of Cameroon. As the city dynamics favor an increase in pressures on water resources, Yaoundé needs
to adapt water uses, and public authorities need to protect water resources, the health of the inhabitants and the

environment.
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