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Abstract This paper presents the results of a survey carried out in 2010 aimed at evaluating the type and quality of the 
groundwater resources of the Bangui region of the Central African Republic. This work is the first step towards the 
development of groundwater resources in the Central African Republic in order to find alternatives to direct pumping from 
the Ubangi River and provide the population of the suburbs with a safer drinking water supply from deep boreholes. By 
combining both geological and hydrogeochemical approaches, it appears that the geology of Bangui is favourable to the 
development of a secure and sustainable water supply from groundwater provided that the conditions of exploitation would 
be constrained by the local authorities. The deep Precambrian carbonate aquifers, known as the Bimbo and Fatima 
formations, are identified as target resources in view of the relatively good quality of their water from the chemical point of 
view, and the semi-confined structure of the aquifers that prevents the mixing with shallow aquifers that are already 
strongly affected by domestic and industrial pollution. The main difficulty in terms of exploitation is to appreciate the depth 
of the resource and the more or less fractured/palaeo-karstified type of the porosity.

Key words groundwater; hydrochemistry; hydrogeology; carbonate aquifer; drinking water supply; target resource; urban pollution; 
Central African Republic; Africa

Caractérisation des aquifères de la région urbaine de Bangui comme ressource alternative en eau potable

Résumé Cet article présente les résultats d’une étude réalisée en 2010 dans le but d’évaluer le type et la qualité des 
ressources en eaux souterraines de la région de Bangui. Ce travail se présente comme la première étape vers le 
développement des ressources en eaux souterraines en République Centrafricaine afin de trouver des alternatives au 
pompage direct des eaux de l’Oubangui et pour fournir à la population des banlieues une eau potable de meilleure qualité à 
partir de forages profonds. En combinant les deux approches géologique et hydrogéochimique, il apparaît que le sous-sol 
de Bangui est favorable au développement d’un approvisionnement en eau sécurisé et durable par les eaux souterraines 
sous réserve que les conditions d’exploitation soient règlementées par les
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autorités locales. Les aquifères profonds du Précambrien connus sous le nom de formations carbonatées de Bimbo et de 
Fatima sont identifiés comme ressources cibles, compte tenu de la relativement bonne qualité de l’eau du point de vue 
chimique et de la structure semi-captive des aquifères qui limite les mélanges avec les aquifères superfi-ciels déjà fortement 
touchés par les pollutions domestiques et industrielles. La principale difficulté en termes d’exploitation est d’apprécier la 
profondeur de la ressource et le caractère plus ou moins fracturé/paléo-karstifié de la porosité.

Mots clefs eau souterraine; hydrochimie; hydrogéologie; aquifère carbonaté; alimentation en eau potable; ressource cible; pollution 
urbaine; République Centrafricaine; Afrique

1 INTRODUCTION

The city of Bangui, the capital of the Central African

Republic, is located on the right bank of the Ubangi

River, which is the northernmost tributary of the

Congo River. Since its foundation in 1889, this city

has suffered from serious problems of water man-

agement. This is related to the specifics of the city’s

location (steep hills surrounding a large, flat, poorly-

drained, swampy valley) and to the urbanization pro-

cess responsible for reducing the area of permeable

soils, and the associated increased runoff processes

under tropical rainfall conditions. It is a paradox

that, although surface waters are abundant in the

region, important limitations concerning the drinking

water supply have appeared for the last two decades

(Nguimalet 2004). As a consequence, a clean and safe

drinking water supply is not available to the majority

of the population of Bangui. Tap water is only deliv-

ered in the very centre of the city for just about 20%

of the population (Nguimalet 2004), leaving the vast

majority of the informal/spontaneous settlements of

the suburbs with no piped supply, and so water is

tapped from groundwater via shallow hand-dug wells.

The marked increase in the urban area of Bangui,

associated with a population explosion and immigra-

tion from the rural regions of the Central African

Republic, have forced the population to dig more and

shallower wells and to use potentially harmful water

to meet their needs (Doyemet 2006). This is partic-

ularly worrying for the official authorities in charge

of health, given the quasi-absence of sewage systems

over the whole Bangui area, and the low income of the

urban poor population.

Such informal settlements are very common in

many big cities of the developing countries of Africa,

South America and Asia (de Waele et al. 2004,

Fantong et al. 2010, Fouépé Takounjou et al. 2010,

Rakhmatullaev et al. 2010, Foster et al. 2011). Sub-

Saharan Africa has the highest proportion of urban

population living in informal settlements (Takem

et al. 2010), which is about 80%. Estimates from

Tanawa et al. (2002) and Cronin et al. (2006)

demonstrate that, in such informal settlements, more

than 80% of the suburban population in developing

countries uses groundwater for drinking purposes.

In such a context, groundwater quality is a matter

of great concern given the ever-growing population

and the large amount of waste produced compared to

the limited facilities for waste disposal. The city of

Bangui experiences such problems and is therefore an

interesting case study for Africa.

This paper presents the results of a preliminary

hydrochemical survey carried out in April 2010 aimed

at evaluating the chemical quality of the groundwater

of the Bangui region. This work is the first step

towards a more comprehensive approach to the devel-

opment of groundwater resources in the Central

African Republic aiming to find alternatives to direct

pumping in the Ubangi River and provide the popu-

lation of the suburbs with safer drinking water supply

from deep boreholes.

2 STUDY AREA

2.1 General setting

The Central African Republic is a landlocked coun-

try in the heart of Africa with a land area of about

622 000 km2. With a population of about 4 million,

the population density is low (6.5 inhabitants/km2).

The capital city Bangui, with an estimated population

of around 800 000 inhabitants in 2003 (Nguimalet

2004), lies on the north bank of the Ubangi River

(Fig. 1) in Ombella-M’Poko Province.

The spatial extent of the city has increased

markedly since the beginning of the 19th century,

from 2.12 km2 in 1912 to 22.56 km2 in the 1960s,

and more than 80 km2 today. This growth is linked to

both the demographic explosion, as in most regions of

West and Central Africa, and to an intense rural flight,

but also to immigration.

The study area (latitude: 4◦20′–4◦30′ N; longi-

tude: 18◦30′–18◦45′ E) covers not only the city centre,

but also the vast suburbs developing along the Ubangi

River and north along the main road.
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Fig. 1 Location of the study area, simplified geological map of the Precambrian hard-rock terrain, schematic potentiometric
surface of the shallow aquifer (adapted from Japan International Cooperation Agency, JICA 1999), groundwater and river
water sampling points. Tertiary sediments covering the area are not shown to improve the clarity of the illustration.

The suburban areas of Bangui city are mainly

composed of informal settlements deprived of any

water supply or sewage network. The national com-

pany in charge of water supply, SODECA, is only in a

position to deliver treated tap water in the very central

part of Bangui and in a few peripheral quarters. The

delivered water is pumped from the Ubangi River and

treated mainly to decrease the turbidity, and directly

chlorinated to guarantee its disinfection to the con-

sumers. The percentage of inhabitants with access to

the treated drinking water was 44% in 2006 (Doyemet

2006).

2.2 Geomorphology of the area

From the physiographic point of view, the Bangui

region is composed of a relatively flat alluvial plain

at 340–360 m a.s.l. altitude, bordered by the Ubangi

River to the southeast. This plain is very sensi-

tive to flooding, particularly during the rainy season

(Boulvert 1996). To the east lie the Bangui hills,

500–600 m a.s.l. in altitude and covered by a dense

primitive tropical forest, which is protected. To the

west is a vast plateau, with an undulating surface at an

altitude varying from 360 to 400 m a.s.l. This plateau
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is cut by small canyons and is locally affected by topo-

graphic depressions; it is crossed from the north to

the south by the M’Poko River and covered by the

remaining tropical forest, or increasing agricultural

activities. The extent of the city over the plateau area

increases every year.

2.3 Hydrological setting and

hydro-climatological conditions

Bangui is characterized by a tropical savannah cli-

mate with a rainy season from April to October

and dry season from November to March (Callede

and Arquisou 1972, Riou 1972). The average rain-

fall amount is around 1500 mm per year (Table 1).

The maximum temperature (>31◦C) is recorded in

March and the coolest (24–25◦C) in December. The

atmospheric humidity is always at least 60%, with

values of 80–85% between June and November.

Evapotranspiration has been estimated at around

1200 mm year-1 at the Bangui-Orstom station for

the period 1951–1989, and the effective infiltration at

about 300 mm year-1 (Nguimalet 2004).

In terms of vegetation and soil type, the Bangui

region appears as a transition zone between the trop-

ical humid forest and the savannah forest (Boulvert

1976), lying at the northernmost boundary of the great

Congo forest. Due to the development of the city, the

natural vegetation is quickly degrading, resulting in

the degradation and erosion of the soils. The soil type

is mostly ferralitic, as a result of chemical weathering

and accumulation of humus beneath the forest vege-

tation, accompanied by decomposition of most of the

primary minerals, except quartz, and accumulation of

secondary minerals, such as kaolinite, goethite and

gibbsite. These typically have a low silica content and

a high content of aluminium and iron.

The hydrographic network of the Bangui region

is composed of the Ubangi River, which is the largest

right-bank tributary of the Congo River of Central

Africa (Dupré et al. 1996, Runge and Nguimalet

2005), and the M’Poko River draining the north of

the Bangui region and joining the Ubangi River in

the southwest of the study area. A few small streams,

more or less perennial and sometimes partially canal-

ized, occur over the city region and discharge into the

M’Poko or the Ubangi rivers.

2.4 Geological setting

The geology of the Bangui region is very complex;

hard-rock formations dated from the Precambrian

are covered by surface formations of Tertiary and

Quaternary age. The region shows intense faulting

and folding features organized along three main direc-

tions, N10◦–N30◦, N60◦–N80◦ and N130◦–N150◦

(Wacrenier 1960, Mestraud 1982, Poidevin 1976,

Cornachia and Giorgi 1986, Doyemet 2006). Only

one major folding phase is observed, corresponding

to an E–W to SE–NW compression. These major

discontinuities tend to create a relative compartmen-

talization of the geology.

Based on the observations made by Poidevin

(1976, 1996, 2007), Cornacchia and Giorgi (1986),

Alvarez (1995, 1997), Rolin (1992) and JICA (1999),

four major Precambrian lithostratigraphic units can be

described in the region of Bangui:

– the Bimbo series (Middle Proterozoic) of sand-

stone, limestone, pelites and black quartzite con-

glomerate, about 120 m thick with a dip of 50–70◦

of N70◦ direction;

– the Fatima series (Lower Proterozoic) of grey to

black limestone, calcareous schist and marginally

dolomite, of thickness locally reaching 300 m;

– the Bangui-M’baïki-Boali series (Archean) of

sandstone, quartzite and locally argillite and con-

glomerate of about 300 m thickness; and

– the Yangana-Pama-Boda series (Archean) of

quartzite and schist.

These series are not conformably superposed and

series may be missing due to the intricate tectonics

of the region (Doyemet 2006). The relative chronol-

ogy and the exact dating and sequence of these

Precambrian formations is still questioned and the

object of strong controversy. Detailed comments on

Table 1 Monthly and annual average air temperature, rainfall amount and atmospheric humidity for the Bangui airport
ASECNA station, data on the 1994–2005 period (after Doyemet 2006).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Temperature (◦C) 25.0 26.2 31.1 30.0 28.5 27.4 26.7 28.8 27.0 26.7 26.5 24.8 27.4
Rainfall (mm) 12.0 33.4 81.9 111.5 141.4 197.6 177.5 230.0 206.8 218.1 69.7 24.3 1504.2
Humidity (%) 69.4 63.9 70.3 76.8 79.6 83.7 85.4 85.1 84.2 84.6 81.5 76.1 78.4
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this topic and the alternative options are presented and

discussed by Nguimalet (2004) and Doyemet (2006).

Over the Bangui city area, two sectors can be dis-

tinguished from both the morphology and lithology

points of view:

– the Bimbo-Bangui sector in the west, composed

mostly of carbonate rocks and conglomerates, but

with very few outcrops of the Bimbo limestone

and sandstone or Fatima limestone (Fig. 1); and

– the eastern sector forming the hills of Bangui,

composed of quartzite associated with schist,

micaschist and amphibolites, with garnet outcrop-

ping in the northeast, and corresponding to the

Yangana series.

The surface formations cover the Precambrian sub-

stratum unconformably. The Tertiary formations are

made of clay, sandstone and conglomerate and are

more or less consolidated. At the surface, these

formations tend to be entirely transformed into lat-

eritic clays of rusty-red colour, argillaceous sand and

clayey gravel under strong climatic alteration. The

thickness of this formation varies greatly between

25 and 175 m, depending on the palaeo-morphology

and structure of the Precambrian formations. The

Quaternary deposits, originating from past major

floods in the Ubangi River, form a 1- to 4-m-

deep layer of sandy loam, sand and gravel widely

covering the alluvial plains and the Bangui city

area.

2.4.1 Hydrogeological units According to

Cornacchia et al. (1990) and Plesinger (1990), two

main hydrogeological units can be distinguished

in the region of Bangui: (i) the non-carbonate

formations and (ii) the carbonate Precambrian

formations.

The non-carbonate formations comprise the sur-

face formations in which most of the urban wells

tap the groundwater. These shallow formations can

be of Tertiary, Quaternary (clay, sand, gravel) or

even Precambrian age in the eastern hills of Bangui

(quartzite, schist, gneiss). A few authors (JICA

1999) have proposed singling out another water-

bearing level in the surface laterite layer, which is

porous and slightly permeable in some places, but

generally this very shallow aquifer is interspersed

with the other non-carbonate formations and the

groundwater is relatively well connected hydrauli-

cally.

The Precambrian carbonate formations mainly

composed of limestone with dolomitic layers and

even sandstone with calcareous cement, lying at a few

tens of metres depth, are principally exploited through

boreholes equipped with hand pumps (Djebebe-

Ndjiguim 2007). It is important to note that these

carbonate formations do not outcrop in the Bangui

region and are only known of by drilling. Two types

of carbonate rock are distinguished and are locally

known as the Fatima limestone and the Bimbo lime-

stone. An approximate delimitation of the area of

these formations is proposed on Fig. 1, after the inves-

tigations and synthesis proposed by Doyemet (2006).

As previously explained, the Precambrian carbonate

formations are covered by Tertiary and Quaternary

deposits and, hence, are difficult to describe, locate

and differentiate and relatively little is known about

them. However, they have previously been recognized

as fractured and karstified in the geology of Bangui.

This is the case in the vicinity of the airport where

the drilling for the UCATEX factory encountered

major karst conduits below a depth of 150 m, and the

CASTEL brewery borehole, close to Bimbo, reached

fractured limestone at a depth of about 50 m. At the

wider scale, the plain of Bangui has numerous sur-

face topographic depressions indicating the existence

of crypto-karstic or pseudo-karstic features (Boulvert

and Salomon 1988, Alvarez 1997, Boulvert and

Juberthie 1998) reflecting the development of karsto-

genetic processes at depths below the Tertiary cover.

These areas are often poorly drained and occupied

by swamps. The inherited palaeo-morphology of the

Precambrian carbonate formations is hence complex

and efforts to tap the limestones of Fatima or Bimbo in

the region of Bangui can fail due to the great variabil-

ity of the hard-rock depth and the technical and finan-

cial limits of the local drillers. In the Bangui region,

the limestone is reached at between 25 m and more

than 200 m depth west of the airport (JICA 1999,

Nguimalet 2004).

The Precambrian carbonate aquifer, covered by

the more-or-less permeable Tertiary formations, can-

not be considered as confined, but more as a

semi-confined aquifer. This is due to the locally

very clayey nature of the Tertiary sediments and

confirmed by the slight over pressure of the

carbonate groundwater compared to the shallow

aquifer.

So, two aquifers have to be considered: a shallow

one in the Tertiary non-carbonate sediments includ-

ing the laterite groundwater, and a deep carbonate

one lying at various depths under a discontinuous

semi-permeable cover and showing karst and fracture

features.
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2.4.2 Hydrogeological characteristics The

shallow non-carbonate aquifer has a porous nature

and a mean thickness of about 50 m. In its most

superficial part (laterite) it is poorly productive

(JICA 1999) with a low permeability (1.1 × 10-6

to 9.2 × 10-6 m s-1) even in the most sandy lenses.

In favourable situations the Precambrian non-

carbonate formations are able to produce up to

20 m3 h-1, and are sometimes used for the drinking

water supply through boreholes and hand pumps,

especially in the hilly surroundings of Bangui.

Generally, these formations, and the Tertiary sedi-

mentary formations, covering most of the Bangui

area, are poorly permeable and exploited only

through hand-dug wells of a few metres depth. These

wells, deprived of any protection, are the main water

supply of the informal settlements and suburbs of

Bangui, and tap very low quality groundwater that

is sensitive to all the surface influences of a fast

developing African capital, such as the lack of waste

management, the absence of a sewage system and the

presence of numerous pit latrines (Elbaz-Poulichet

et al. 2002, Lutz et al. 2009, Nikiema et al. 2010,

Huneau et al. 2011). The piezometric level is usually

encountered, depending on the season, at a depth

of 1–5 m. The annual water table fluctuation is

between 2 and 5 m, with high waters in October

and low waters in April–May. At the bottom of the

Tertiary sediments lies a more or less continuous

layer of lacustrine clay which acts as a low perme-

ability interface with the underlying Precambrian

carbonate aquifer. Based on the observations of

JICA (1999), the morphology of the water table

follows the topography, and the groundwater flow

direction is mostly oriented from the northeast to

the southwest and south where groundwater is in

equilibrium with the Ubangi River pressure potential

(Fig. 1).

The deep Precambrian carbonate aquifer can

be considered as the most important groundwater

reservoir of the region. Its hydrogeological prop-

erties are favourable to exploitation given its per-

meability of 2.3 × 10-3 to 9.3 × 10-5 m s-1 in

boreholes where karst features or fractures were iden-

tified (JICA 1999). In boreholes tapping more com-

pact limestone, permeability is lower: 1.0 × 10-6 to

2.1 × 10-7 m s-1 (JICA 1999), but still favourable

to exploitation with hand pumps. The thickness of

the carbonate formations is not known and the bot-

tom has never been reached (Nguimalet 2004). The

arrangement of hydraulic heads in the deep aquifer is

more complex than in the shallow aquifer according

to JICA (1999), and seems to be influenced by

the structure of the Precambrian formations, espe-

cially the main N–S trending faults under the Bangui

region. However, the number of boreholes used to

establish the groundwater flow map is very limited

and it cannot be considered as reliable. Indeed, it

is probable that the groundwater flow direction of

the deep groundwater is also organized towards the

Ubangi River and its tributaries which constitute

the main drainage axis of the region, but it is also

very likely that the pathways used are more complex

because of the faulted and karstified structure of the

aquifer.

Carbonate formations have been used by the

“Ministère de l’Hydraulique” of the Central African

Republic to develop a safe and secure alternative to

shallow wells for the supply of water in the Bangui

suburbs. The great difficulty arising from this attempt

was linked to the variability of the depth of the

Precambrian formations, to the lack of knowledge of

the palaeo-morphology and palaeo-alteration of the

carbonate rocks at depth, and to the technical limita-

tions of local drillers who might not have the capacity

to drill to more than 100–120 m depth.

3 GROUNDWATER SAMPLING AND

ANALYTICAL METHODOLOGY

A selection of 50 sampling points was made to repre-

sent the whole region of Bangui city. In April 2010,

34 boreholes, 15 wells and the M’Poko River water

were sampled. All the sampling points are regularly-

used wells or boreholes. These wells/boreholes are

intended to tap the two main aquifers of the region.

At each site, information was collected regarding

all human activities and practices in the vicinity

that could be potential sources of pollution. These

included dish washing, presence of pit latrines in

close proximity, presence of standing waste and/or

waste dumping uphill of the sampling point, and

former industrial activities.

In situ parameters were also measured at each

site. Electrical conductivity (EC), temperature (T)

and pH were measured using a WTW 340i multi-

meter, and HCO3
- was determined in the field using

an HACH digital titrimeter. Samples were filtered

through 0.45-µm membranes and were collected for

major element analysis in polyethylene bottles. The

aliquot for cation analysis was acidified to pH < 2

with 1% v/v HNO3. Samples were stored at 4◦C

in the “Laboratoire d’Hydrosciences Lavoisier” of

the University of Bangui before fast shipment to the
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EGID Institute of the University of Bordeaux, in

France.

Major ions were determined by HPLC using a

Dionex 320 chromatograph (IonPac CS16) for the

cations and a Dionex 1100 chromatograph (IonPac

AS11-HC) for the anions. The quality of the chem-

ical analysis was checked using an electro-neutrality

condition up to 5%.

The calcite and dolomite saturation indexes

as well as the pCO2 were calculated using the

PHREEQC code (Parkhurst and Appelo 1999).

The sampling points were identified and num-

bered according to the type of the water extraction

device: cased borehole equipped with hand pump

(B) or ordinary well without casing (W). Figure 2

illustrates the different types of boreholes and wells

sampled during this campaign.

Due to the lack of any national registry of bore-

holes used for drinking water supply, it was not

possible to access lithostratigraphic or depth infor-

mation for the boreholes. Thus, the boreholes can-

not be considered to tap only the carbonate forma-

tions, but may also tap the Tertiary deposits in some

places and sometimes even both aquifer levels. The

wells, of only a few metres depth, are generally

exclusively tapping the Tertiary levels or the laterite

formation.

4 RESULTS

The results of the in situ parameter measurements and

of the chemical analyses plus the ionic balance (IB)

calculations for each analysis are displayed in Table 2

with the name, coordinates, altitude and sampling

date of the points.

4.1 Physicochemical parameters

The groundwater temperature is between 25◦ and

28◦C for both wells and boreholes, a range close to

the annual mean air temperature in the Bangui region

of around 27◦C (Table 1).

The pH of the wells tapping the shallow

groundwater is acidic and ranges between 4.9 and

6.4, as expected considering the clayey, siliceous and

non-carbonate nature of the aquifer matrix. For the

boreholes mostly tapping the Precambrian carbonate

aquifer, the pH values are generally higher and around

neutral. A few boreholes exhibit low pH values and

probably tap only the Tertiary shallow aquifer with-

out any interactions with the deep one. Intermediate

pH values can be observed in the case of bore-

holes tapping both aquifer levels and thus provid-

ing mixed groundwater. The M’Poko River has a

pH of 7.5.

Fig. 2 Examples of the most common groundwater extraction devices and structures in the Bangui region: (a) shallow hand-
dug well with a used tyre as a curb; (b) shallow hand-dug well with a corroded steel barrel as a curb; (c) borehole equipped
with a foot pump and protected by a concrete slab; and (d) borehole equipped with a hand pump.
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Electrical conductivity (EC) shows a wide range

of values, from 22 to 753 µS cm-1. Generally the

boreholes tend to show higher mineralization com-

pared to the wells but with a high variability.

The EC allows discrimination of two end mem-

bers in the data set, one with high EC val-

ues, around 300–400 µS cm-1, corresponding to the

carbonate aquifer groundwater, and a second with low

values, <150 µS cm-1, corresponding to the shallow

groundwater. Intermediate values can be explained by

mixing processes. The highest value of 753 µS cm-1

for W8 cannot be explained by the carbonate nature

of aquifer matrix and is linked to anthropogenic

influences.

4.2 Major ions

Bicarbonate ion (HCO3
-) concentrations show wide

variation, between 3 and 274 mg/L. Groundwater

samples from boreholes tend to be more concentrated

than well groundwater samples, for which concen-

trations are very low (<70 mg/L), apart from W7,

W8 and W12. The Cl- varies from 0.4 to 67 mg/L,

with low values for the borehole samples (average of

2.5 mg/L) and relatively high concentrations in wells

(average of 26.2 mg/L). Concentrations of SO4
2-

remain very low (<3.7 mg/L) in the boreholes. In the

wells, concentrations are also generally low, but some

high values are found, reaching 46 mg/L for W6, W7,

W8 and W12. The NO3
- concentrations are also rel-

atively low for boreholes, reaching 10–20 mg/L for

B1, B12, B19, B20 and B22. For the wells, NO3
- is

present in half of the samples at concentrations to

10 mg/L, and reaching 48 mg/L for W5.

The Na+ concentrations vary between 0.6 and

78 mg/L. For most of the boreholes, Na+ con-

centrations are under 5–6 mg/L, but some sam-

ples (B12, B19–B21, B30–B34) show values of

10–25 mg/L that are associated with high EC val-

ues. Concentrations of K+ vary between 0.7 and

37 mg/L. Borehole K+ concentrations are relatively

low, about a few mg/L, apart for B19 (7.8 mg/L).

For the wells, concentrations in K+ are relatively high

in most of the samples and can exceed 20 mg/L,

especially at W7, W8 and W12. These high K+ con-

centrations are also associated with high EC values.

Variations in Mg2+ and Ca2+ concentrations paral-

lel one another, with values of 0.2–37 mg/L and

0.7–47 mg/L, respectively. In the boreholes, Mg2+

and Ca2+ concentrations tend to show higher concen-

trations compared to the wells, for which only W8 and

W12 can be distinguished.

4.3 Piper diagram

To comment on the chemical evolution and to define

the chemical types of the Bangui groundwater, a Piper

diagram displaying the results of the sampling cam-

paign is featured in Fig. 3. Two major water types can

be identified: (i) Ca2+-Mg2+-HCO3
- water type cor-

responding mainly to the borehole groundwater, and

to the M’Poko River, and (ii) Cl--NO3
--Na+-K+ water

type corresponding to the well groundwater. This lat-

ter group shows some dispersion around the Cl--Na+

water type zone with some outliers bordering the

limit or the domain definition (W2, W3, W12, W14,

W15, W9). A few boreholes (B1, B15, B19) also

appear in the Cl--Na+ water type zone, with a ten-

dency towards the Na+-K+-HCO3
- water type zone,

and correspond to shallow boreholes and low min-

eralized groundwaters. The Piper diagram does not

show display of the intensity of the mineralization of

groundwater and just indicates the ratios between the

different ionic species; therefore, it was interesting

to use another graphic tool to illustrate the contrast

observed between the different samples.

4.4 Stiff diagrams

The Stiff diagrams drawn from the data set are dis-

played in Figs 4 and 5 for boreholes and wells,

respectively. The diagrams show that the samples

can be divided into three groups, corresponding

to: (i) mineralized groundwaters produced mostly

from the boreholes and belonging to the Ca2+-

Mg2+-HCO3
- water type, (ii) moderately mineral-

ized groundwaters produced by a few boreholes and

mostly coming from the wells showing intermediate

water types between Ca2+-HCO3
- and Na+-Cl-, and

(iii) poorly mineralized groundwaters tapped from the

wells and clearly of Na+-Cl- water type.

5 DISCUSSION

As previously explained, two main hydrogeological

units can be described in the Bangui region. The

results of this survey tend to confirm this assumption,

and illustrate the main hydrochemical features of the

associated aquifers. As displayed in Table 3, different

correlations can be identified in the data set related

mainly to the carbonate or non-carbonate type of the

aquifers, but also to the strong anthropogenic influ-

ences that can affect groundwater flow in this urban

region.
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Fig. 3 Piper diagram showing the different water types of Bangui groundwaters tapped from wells and boreholes, and the
M’Poko River water.

5.1 Carbonate hydrolysis, carbon dioxide and

groundwaters of deep origin

The EC presents a large span of variation and is

very significantly correlated to the bicarbonate con-

centrations. Figure 6 shows in detail the quality of

the correlations for the wells and boreholes. Two ten-

dencies are very clearly identified for EC > 150

µS cm-1. The wells exhibit EC maximum values of

more than 700 µS cm-1, and maximum concentrations

in bicarbonate of about 250 mg/L. The correlation

for boreholes is stronger (r = 0.99) for lower EC

values (maximum 466 µS cm-1) and slightly lower

bicarbonate concentrations (maximum 274 mg/L).

This reveals and confirms the existence of two sep-

arated aquifers, a superficial one in the lateritic for-

mations and another deeper one tapped only by the

boreholes, with water of clearly carbonate nature and

very sensitive to hydrolysis, as shown by the high

bicarbonate concentrations and pH values close to

neutrality or greater than 7. Calculated saturation

indexes (Table 2 and Fig. 7), displaying the rela-

tionship of log pCO2 versus pH of groundwater,

confirm this observation. For both wells and bore-

holes, a decrease in pH is observed for increasing

log pCO2 values. For the wells, the log pCO2 values

remain above 10-1.5 bar, corresponding to relatively

open system conditions (Appelo and Postma 2005,

Chidambaram et al. 2011). This is in agreement with

the shallowness of the laterite and Tertiary deposits

aquifer. This is also the case for the boreholes exhibit-

ing pH < 6.5. For boreholes with pH ≥ 7, an evolution

towards closed system conditions is noted. These

boreholes are also the ones tapping the deep carbonate

aquifer below the Tertiary and Quaternary forma-

tions, and are disconnected from direct recharge from

the surface waters.

Table 3 indicates strong statistical dependency

between the other components of the carbonate

equilibria, i.e. bicarbonate, calcium and magnesium.

Figure 8 displays the form of the calcium and mag-

nesium versus bicarbonate concentrations. In both

graphs, the calcium and magnesium concentrations

follow the same tendency, corresponding mainly to

a progressive hydrolysis of the deep aquifer matrix

that increases with the residence time of groundwater

11



Fig. 4 Stiff diagram displaying the mineralization of Bangui groundwaters tapped from boreholes. Samples with identical
profiles have been skipped: B4 and B16 identical to B14; B15 identical to B1; B11 and B13 identical to B10; B18, B22,
B24, B27 and B28 identical to B23.

within the carbonate aquifer (Celle-Jeanton et al.

2009, Jirakova et al. 2009, 2010). The relatively high

content of magnesium also confirms the presence

of dolomite in the carbonates composing the Bimbo

and Fatima limestones. For most of the wells tapping

the non-carbonate formations and some of the bore-

holes, the concentrations remain low (<10 mg/L for

Ca2+, 5 mg/L for Mg2+ and 50 mg/L for HCO3
-),

but for bicarbonate concentrations >100 mg/L, the

correlation is very clear, especially with calcium,

and mainly relates to boreholes that are tapping the

deep limestone aquifer. A few wells, W7, W8 and

W12, show the same tendency, which is discussed in

Section 5.3.

5.2 Traces of anthropogenic influences and

threats to the shallow aquifer

Anthropogenic activities, such as the washing of

clothes and kitchen utensils, and the dumping of

12



Fig. 5 Stiff diagram displaying the mineralization of Bangui groundwaters tapped from wells and the M’Poko River (Riv).

Table 3 Correlation matrix of the physico-chemical parameters and major ions from wells and boreholes of the Bangui
region. Bold indicates correlation r >50%.

EC pH T HCO3
- Cl- SO4

2- NO3
- Na+ K+ Mg2+ Ca2+

EC 1 0.62 −0.04 0.82 0.62 0.68 0.21 0.71 0.65 0.60 0.77
pH 1 −0.39 0.84 −0.07 0.10 −0.23 0.06 0.01 0.74 0.83
T 1 −0.35 0.36 0.29 0.36 0.33 0.38 −0.42 −0.33
HCO3

- 1 0.09 0.22 −0.15 0.22 0.14 0.83 0.95
Cl- 1 0.80 0.35 0.91 0.88 −0.05 0.05
SO4

2- 1 0.37 0.85 0.93 0.03 0.20
NO3

- 1 0.42 0.49 −0.20 −0.10
Na+ 1 0.92 −0.06 0.18
K+ 1 −0.08 0.11
Mg2+ 1 0.72

Ca2+ 1

waste, as well as the pit latrines located in the vicin-

ity of the wells and scattered densely across the

Bangui area, appear to have an impact on the shallow

aquifer. This influence is underlined by positive cor-

relations in Table 3 between EC, sodium, potassium,

nitrate and sulphate. Figure 9 displays the relationship

of sodium and potassium to chloride concentrations.

The chloride concentrations of the wells are very

high and make chloride the dominant anion in sev-

eral samples. Since there is no geological source of

chloride in the region, the positive correlation with

high concentrations of both sodium and potassium

reveals the influence of pollution mainly linked to

household wastewater and the use of domestic deter-

gents (Reimann and de Caritat 1998, Jaunat et al.

2012) on the surface groundwater. The boreholes
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Fig. 6 Relationship between EC and bicarbonate concentrations for groundwaters of the Bangui region. Two very distinct
tendencies can be identified for EC greater than 150 µS cm-1, reflecting the carbonate or non-carbonate type of the aquifers
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Fig. 7 Relationship of log pCO2 to pH for groundwaters of the Bangui region.

remain unaffected by this pollution and display chlo-

ride concentrations in agreement with the rainfall

input and water–rock interactions. There is no data

for the Central African Republic concerning the rain-

fall input in terms of quality, but previous surveys

in Central and West Africa have mentioned chloride

concentrations varying from 0.18 to 2.31 mg/L for

neighbouring northern Cameroon (Njitchoua et al.

1995), averaging 0.73 mg/L in Yaoundé (Fouépé

Takounjou et al. 2010) and an annual weighted mean

concentration of about 0.3 mg/L for Niger (Galy-

Lacaux et al. 2009). This latter study also provides

an annual weighted mean concentration of about

0.2 mg/L for sodium and about 0.3 mg/L for potas-

sium in rainfall. The Bangui wells’ concentrations are

clearly higher than these values, even considering the

evaporation conditions.

Correlations between chloride and the other ele-

ments of potential anthropogenic origin, such as sul-

phate and nitrate, are more complex. High sulphate

concentrations are associated with high chloride con-

centrations in only four wells (W6, W7, W8, W12),

with a maximum value of about 50 mg/L. These

correspond to specific point source pollution and are

all located in the vicinity of possible sources. The

boreholes do not show any elevated concentration

in sulphate, which remains below 4 mg/L. Nitrate

contamination is very apparent in wells, and reaches

49 mg/L, just below the drinking water standard

(50 mg/L), but indicating serious organic pollution

of the shallow aquifer, as commonly encountered in

other big African cities (Nkotagu 1996, Nyenje et al.

2010, Yidana et al. 2010, Foster et al. 2011, Huneau

et al. 2011). For instance in Cameroon, the cities of

14



0

10

20

30

40

50

60

0 50 100 150 200 250 300

C
a

2
+
 (

m
g

/L
)

HCO3
- (mg/L)

Borehole
Well

0

5

10

15

20

25

30

35

40

0 50 100 150 200 250 300

M
g

2
+
 (

m
g

/L
)

HCO3
- (mg/L)

Borehole

Well

Fig. 8 Comparison of concentrations of dissolved calcium and magnesium as a function of bicarbonate concentration for
groundwaters of the Bangui region.

Douala and Yaoundé both present nitrate pollution

of the shallow groundwater resources, with maxi-

mum concentrations up to 100 mg/L that are always

strongly correlated with faecal bacteria contamination

(Zébazé Togouet et al. 2009, Takem et al. 2010).

No correlation is apparent in the chloride–nitrate

graph, suggesting that these two pollutants are of

different origin. The nitrate pollution appears to be

diffuse, affecting all the sampled wells. The very poor

sanitation conditions, the density of pit latrines and

the existence of numerous organic waste dumps are

responsible for this widespread contamination affect-

ing the most superficial groundwater resources of

Bangui, which unfortunately are the most used by the

population.

5.3 Point source pollution identified at the

former UCATEX factory site

As previously mentioned, specific point source pollu-

tion seems to affect only the wells in an area restricted

to the southeast of Bangui airport. This pollution is

particularly marked by high EC and high sulphate,

potassium, chloride and sodium concentrations, far

above the local baseline of the shallow groundwater.

Even if organic contamination (shown by the nitrate

concentration) is superposed, these high concentra-

tions indicate another contamination source. From the

field investigations, a former industrial site, locally

known as the UCATEX factory (close to well W12), is

suspected to be at the origin of the underground pollu-

tion. The UCATEX factory was used to produce tex-

tiles involving chemical dyeing processes. It appears

that, since the cessation of the UCATEX activities

in 1993, polluted industrial wastewaters stored and

abandoned in settling tanks have infiltrated towards

the water table and polluted the shallow aquifer.

Considering the shallow groundwater flow direction

(Fig. 1), a pollution plume is now developing towards

the south and the Ubangi River. Wells W6, W7 and

W8 are located on this groundwater flow direction

and affected by the industrial pollution. Depending on

the depth of the wells, the pollution is more or less

developed and detectable in the groundwater quality.

Nguimalet (2004) reports that, particularly in low-

water periods, the degradation of the water quality
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Fig. 9 Comparison of concentrations of dissolved sodium and potassium as a function of chloride concentration for
groundwaters of the Bangui region.

dramatically increases (change of colour, bad smell)

as a consequence of reduced dilution by rainwater

infiltration. At present, no official measures are under-

taken by the authorities to discourage people from

using these contaminated wells. From our investiga-

tions, no propagation of the surface pollution around

the UCATEX site can be detected in the deep aquifer,

which in this area lies at approx. 150 m below the sur-

face and can be considered as semi-confined under

a discontinuous Tertiary clay lens of about 50 m

thickness (Nguimalet 2004).

5.4 Two main reservoirs and contrasting

groundwater resources

Figure 10 illustrates the different groundwater extrac-

tion conditions and structural contexts encountered in

the Bangui city area, and the types of well/borehole.

In Table 2, the sampled wells and boreholes are

classed according to that typology:

1. borehole tapping the deep aquifer of the Bimbo

limestone at shallow depth;

2. borehole tapping the shallow aquifer of

the Tertiary deposits without touching the

Precambrian limestone and sandstone;

3. shallow well restricted to the aquifer levels of

the laterite developed on the Upper Tertiary and

Quaternary deposits or the Archean quartzite and

schist;

4. borehole tapping the deep aquifer of the Fatima

limestone at various depths; and

5. borehole tapping the quartzite and schist of the

flanks of the Bangui Hills.

From the previous comments and observations, it

is apparent that the Bangui region is able to offer

interesting groundwater resources to its developing

population. The deep carbonate sediments lying under

Bangui city are the priority groundwater resource to

target. For the moment, these levels are only exploited

marginally by boreholes in places where water can

be accessed easily by the limited capacities of local

drillers. As discussed previously, the complex palaeo-

morphology of the fractured and karstified limestone

is difficult to understand, and the aquifer level is not
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Fig. 10 Schematic interpretative geological cross-section through the Bangui city region and illustration of the different
groundwater extraction structures encountered. Key: 1: borehole tapping the deep aquifer of the Bimbo limestone at shallow
depth; 2: borehole tapping the shallow aquifer of the Tertiary deposits without reaching the Precambrian limestone and
sandstone; 3: shallow well restricted to the aquifer levels of the laterite developed on the Upper Tertiary and Quaternary
deposits or the Archean quartzite and schist; 4: borehole tapping the deep aquifer of the Fatima limestone at various depths;
and 5: borehole tapping the quartzite and schist on the flank of the Bangui Hills.

always reached when an attempt is made. The quality

of the deep limestone aquifer is relatively good con-

sidering the major ions, and is not affected by nitrate

contamination. In some places, the deep carbonate

aquifer is considered as semi-confined under the

Tertiary deposit in which clay lenses act as low-

permeability interfaces. In terms of residence time,

the quite elevated concentrations of Mg2+ registered

in many samples confirm the dolomitic type of some

aquifer levels, but also indicate a groundwater resi-

dence time long enough to dissolve dolomite, which is

known to have slow dissolution kinetics (Appelo and

Postma 2005) and, hence, provides a good residence

time indicator (Huneau et al. 2001, Celle-Jeanton

et al. 2003, 2009). The occurrence of karstic features

within the carbonate substratum of Bangui should

be considered more as palaeo-morphological remains

sealed under the Tertiary cover and not as active karst

conduits. In terms of relationships with the rivers,

particularly the M’Poko River, no direct influence

was noted and the geochemical characteristics of the

M’Poko River are clearly different from those of the

carbonate aquifer. The Ubangi River behaves as the

main drainage axis in the region and is probably partly

fed by the underground discharge of regional aquifers

(Dupré et al. 1996, Nguimalet 2004, Runge and

Nguimalet 2005, Doyemet 2006). It receives waters

discharged from the carbonate aquifer.

The shallow groundwaters of the Tertiary and

Quaternary deposits, as well as the laterite devel-

oped on them, all grouped as non-carbonate aquifer

formations, appear to be very poor resources given

the chemical parameters measured during this sur-

vey. The shallowness of the aquifer combined with

the inadequate sanitation and waste management of

the developing Bangui city are responsible for major

nitrate contamination of the resource that seriously

limits the potential use of the water as drinking water

supply, especially for the young population. The iden-

tification of industrial point source pollution around

the UCATEX factory site, and already well spread

in the subsurface, should encourage the authorities to

forbid the use of well water, at least from within an

area defined around the polluted site and south along

the groundwater flow downgradient. Given the activ-

ities carried out in the UCATEX factory during its

operation, a detailed survey including evaluation of

the trace metal concentrations in groundwater should

be organized. The shallow groundwater is more sen-

sitive to river water interactions, particularly along

the banks of the Ubangi and M’Poko rivers, but the

few water table pressure potentials measured by JICA

(1999) and Doyemet (2006) suggest the influences are

restricted to areas in the immediate vicinity of the

water courses.

5.5 Future investigations

Usually, the deep carbonate Precambrian aquifer

(Bimbo or Fatima formations) is tapped below the

Tertiary cover of a few metres to more than 150 m

thickness, but not always, which gives a random
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character to any hydrogeological prospecting in the

area. This is difficult to cope with given the very lim-

ited funds allocated to water supply development in

the Central African Republic. To improve the situa-

tion and be able to develop more accessible and sus-

tainable facilities for the resource, different options

can be proposed. The first would be better delin-

eation of the Tertiary-covered carbonate levels of

the Precambrian. For this, geophysical survey com-

bined with detailed inter-borehole lithostratigraphic

correlation should be undertaken. In addition, fur-

ther geochemical surveys are required to appreciate

in detail the geochemical evolution of groundwater

along the major flow paths, to identify the recharge

area of the aquifer and to characterize groundwater

in terms of both origin and quality. In view of the

known source of pollution at the surface, trace met-

als need to be carefully followed, and combined with

isotope hydrology tools (stable isotopes of the water

molecule 18O and 2H, and also carbon isotopes 13C

and 14C, or even CFC gases) to evaluate the residence

time of the groundwater. This approach should also

combine a good definition of the potentiometric heads

and be coupled with a vulnerability mapping strategy,

as proposed by Robins et al. (2007).

6 CONCLUSION

From the results of this survey, the very first to focus

on groundwater flow and quality in the Bangui city

area, it appears that the only reliable and appropri-

ate quality groundwater resource lies in the deep

carbonate aquifers of the Precambrian. These very old

formations are poorly known because of the lack of

outcrops in the region, but also because of their very

complex pseudo-karstic palaeo-morphology inherited

from post-Precambrian erosion. In the long term, the

water-supply question relates more to the conditions

of the exploitation rather than the resource quality.

As explained by Foster et al. (2011), in develop-

ing cities too much public water-supply abstraction is

concentrated within urban municipal limits, leading to

unstable cones of piezometric depression and causing

secondary problems of induced pollution. For this rea-

son, the development of the carbonate aquifer should

be planned and organized in protected “external”

municipal well fields according to the proposals of

Foster et al. (2011). This is needed for Bangui, where

the pollution pressure on shallow groundwater is

absolutely out of control and where the development

of mining activities greatly reduces the security of the

current river intake from the Ubangi. The areas north

and west of Bangui airport need to be prospected.

These low population zones, located upstream from

the main pollution sources, could be adequate for the

development of new production boreholes, provided

that the drilling would be able to reach the carbonate

aquifer lying at 150–200 m depth.
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