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ABSTRACT

Arsenic contamination in groundwater from crystalline basement rocks in West Africa has only been
documented in isolated areas and presents a serious health threat in a region already facing multiple
challenges related to water quality and scarcity. We present a comprehensive dataset of arsenic concen-
trations from drinking water wells in rural Burkina Faso (n = 1498), of which 14.6% are above 10 pg/L.
Included in this dataset are 269 new samples from regions where no published water quality data
existed. We used multivariate logistic regression with arsenic measurements as calibration data and
maps of geology and mineral deposits as independent predictor variables to create arsenic prediction
models at concentration thresholds of 5, 10 and 50 pg/L. These hazard maps delineate areas vulnerable
to groundwater arsenic contamination in Burkina Faso. Bedrock composed of schists and volcanic
rocks of the Birimian formation, potentially harbouring arsenic-containing sulphide minerals, has the
highest probability of yielding groundwater arsenic concentrations >10 pg/L. Combined with population
density estimates, the arsenic prediction models indicate that ~560,000 people are potentially exposed
to arsenic-contaminated groundwater in Burkina Faso. The same arsenic-bearing geological formations
that are positive predictors for elevated arsenic concentrations in Burkina Faso also exist in neighbouring
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countries such as Mali, Ghana and Ivory Coast. This study's results are thus of transboundary relevance
and can act as a trigger for targeted water quality surveys and mitigation efforts.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Despite the increased construction and development of centralised
water distribution systems and piped water supplies in sub-Saharan
Africa during the last decades, small-scale groundwater abstraction via
hand-dug wells or village hand pumps is often the sole source of drink-
ing water for rural populations (MacDonald et al., 2009; Martin and Van
De Giesen, 2005). Especially in the arid and semi-arid regions of the
Sahel belt, where surface water resources can dry out completely in
the long dry season, rural areas rely on groundwater for their drinking
water supply (Edmunds, 2008). In general, groundwater is regarded
as having good drinking water quality and to be predominantly free of
pathogens, but chemical constituents may present a hazard that is
often discovered late or not at all due to insufficient testing and survey-
ing of water quality (MacDonald and Calow, 2009; UNICEF, 2008).

This is the case for arsenic, which can occur naturally in groundwater
in concentrations that can lead to serious and chronic health effects after
prolonged consumption (Naujokas et al., 2013). Arsenic exposure has
not only been linked to the development of a variety of cancers, but
also to developmental, neurological, respiratory and cardiovascular ef-
fects (Argos et al., 2010; Naujokas et al., 2013; Yuan et al.,, 2010; Yuan
et al.,, 2007). The World Health Organization (WHO) has imposed a
drinking water guideline concentration for arsenic of 10 pg/L, which
has also been adopted by Burkina Faso (MAHRH/MS, 2005; WHO,
2011). Large-scale geogenic contamination of groundwater with arsenic
in South and Southeast Asia (e.g. Bangladesh, India, Cambodia, Vietnam)
has received a lot of attention in the last two decades (e.g. Bhattacharya
et al,, 1997; Flanagan et al., 2012; Smith et al., 2000; Berg et al., 2007).
The phenomenon is still relatively unknown and little studied in West
Africa though (Ahoulé et al., 2015), where fractured aquifers composed
of weathered crystalline bedrock predominate. This is a totally different
system to the young sedimentary aquifers of arsenic-affected regions in
Asia, where arsenic is predominantly released by reductive dissolution
(Ahmed et al., 2004). Studies in Ghana and Burkina Faso have shown
that the oxidation of arsenic-containing sulphide minerals found in
rocks of the Birimian formation is the primary process responsible for
high arsenic levels found in some groundwater (Asante et al., 2007;
Barro-Traoré et al., 2008; Buamah et al., 2008; Sako et al., 2016;
Smedley, 1996; Smedley et al., 2007; Somé et al., 2012). However, an
understanding of the extent of the problem and a detailed investigation
of the sources and geological conditions leading to arsenic contamina-
tion is currently lacking.

Since testing wells for arsenic contamination is expensive and time
consuming, maps identifying areas that are especially vulnerable to
this kind of pollution are largely missing. However, they would be a use-
ful tool for decision makers by helping to focus efforts where they are
most needed. Such groundwater vulnerability assessment and mapping
is a growing field, with more and more studies focussing on finding
methods to assess the vulnerability of aquifers to contaminants such
as nitrate or pesticides (Nolan and Hitt, 2006; Nolan et al., 2002;
Ouedraogo et al., 2016; Sorichetta et al., 2013).

Specifically concerning arsenic, statistical modelling to predict the
spatial occurrence of arsenic and highlight areas where safe drinking
water predominates has been performed successfully at different scales,
from global to regional, and in a range of different geological terrains
(Ahn and Cho, 2013; Amini et al., 2008; Ayotte et al., 2016; Ayotte et
al., 2006; Dummer et al, 2015; Rodriguez-Lado et al, 2013;
Shamsudduha et al., 2015; Winkel et al., 2008; Winkel et al., 2011;
Yang et al., 2012). Fundamental to the development of such models is
knowledge of the geochemical processes leading to the occurrence of

high arsenic in groundwater, as well as finding the predictor variables
(proxies) to explain these. Since geogenic arsenic is by definition of geo-
logical origin, such proxies are usually geological variables, but various
environmental parameters, such as temperature or precipitation, that
influence geochemical processes in groundwater may also be relevant
(Amini et al., 2008).

The concentration of arsenic in groundwater is not only related to
the abundance of arsenic found in minerals in the aquifer matrix, it is
also a function of solubility, which is governed predominantly by pH
and redox conditions (Dixit and Hering, 2003; Hug and Leupin, 2003).
In China, for example, Rodriguez-Lado et al. (2013) found elevated
groundwater arsenic concentrations in sedimentary basins and river
valleys to be strongly associated with Holocene sediments, soil salinity,
fine subsoil texture and an elevated Topographic Wetness Index, which
functioned as proxies for chemically reducing environments with high
arsenic solubility. In the case of arsenic release due to sulphide mineral
oxidation in crystalline basement rocks, different proxies must be taken
into account, as has been shown by Ayotte et al. (2006), Yang et al.
(2012), Ahn and Cho (2013) and Dummer et al. (2015) who modelled
a positive correlation between arsenic occurrence and certain mineral-
bearing geological formations.

The goal of this study is to investigate the distribution and magni-
tude of geogenic groundwater arsenic concentrations in Burkina Faso
in order to better identify affected areas and populations. We carried
out a country-wide arsenic survey and created arsenic prediction
models based on three different concentration thresholds (5, 10 and
50 pg/L) taking into account the geochemical processes and conditions
responsible for elevated arsenic in groundwater in West Africa. The
models were calibrated using a spatially limited arsenic measurement
dataset and then validated with measurements from other regions in
Burkina Faso to ensure country-wide validity. As is often the case in de-
veloping countries, datasets of physical parameters such as geology, hy-
drogeology, mineral resources and climate were not available to the
same extent or resolution as in industrialised nations. For this study,
only surface parameters were available. The depth of individual bore-
holes and lithological logs were not available. Therefore, another goal
of this study was to investigate whether a reliable hazard model for ar-
senic can be produced in light of data scarcity. Due to the large number
of countries in the West African region and the difficulty in collecting
the necessary data for each individual country, we chose a single
“model” country for which to create arsenic prediction models. Burkina
Faso was selected because some existing studies already show elevated
groundwater arsenic but are limited in their spatial extent
(Barro-Traoré et al., 2008; COWI, 2004; Nzihou et al, 2013;
Ouédraogo and Amyot, 2013; Sako et al., 2016; Smedley et al., 2007,
Somé et al., 2012). The same geological formations that harbour arse-
nic-containing sulphide minerals in Burkina Faso are also found in
neighbouring countries such as Mali, Niger, Ivory Coast, Ghana and
Benin (Schliiter, 2008). Therefore, this study is relevant to the greater
West African region and should spur increased discussion and mitiga-
tion efforts concerning arsenic contamination and its health effects.

2. Hydrological and geological setting and its relevance to elevated
arsenic concentrations

Burkina Faso has a hot and dry semi-arid climate, with rainfall re-
stricted to one rainy season per year from June to September. Rainfall
is higher in the south-west than in the more arid north and east.
Groundwater recharge occurs during the rainy season with smaller
total amounts in the north than in the south-west, but can be spatially
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Fig. 1. Overview of the study area, giving the location of groundwater arsenic measurements used in this study (n = 1498). The calibration dataset from the Province of Ganzourgou
(source: Unicef/BUMIGEB) is represented by the large cluster of points east of Ouagadougou (n = 1184). The remaining points comprise the validation dataset (n = 314), which
includes data from Smedley et al. (2007) (n = 45) and the new measurements presented in this study (n = 269).

highly heterogeneous (Filippi et al., 1990; Martin and Van De Giesen, by the Mouhoun, Nazinon and Nakambé rivers (Black, Red and White
2005). Geomorphologically, Burkina Faso is relatively flat, with most Volta) (Martin and Van De Giesen, 2005).

of the country lying between 250 and 400 m a.s.l. (Fig. 1). 65% of the Between the in-tact crystalline bedrock at depth and the ground sur-
land area of Burkina Faso is covered by the Volta basin and is drained face, a typical tropical hard-rock weathering profile exists and controls
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Fig. 2. Simplified geological map of Burkina Faso, showing the main rock types, major faults and the location of mineral deposits (metal ores).
Modified from Castaing et al. (2003b).
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the local hydrogeological properties, explained in more detail in
Courtois et al. (2010) and Nikiema et al. (2013). The top few metres of
the ground surface are usually composed of a laterite crust, underlain
by a few tens of metres of weathered clayey saprolite, which represents
the upper part of the aquifer. This then merges into the so-called fis-
sured layer (densely fissured and fractured weathered bedrock),
which can extend to a depth of 80-100 m below ground level and acts
as the main aquifer for groundwater storage (Courtois et al., 2010). In
rural areas, boreholes for drinking water abstraction with hand pumps
are drilled into the fissured layer and have depths ranging from 35 to
90 m. Hand-dug wells tapping shallower aquifers in the weathered sap-
rolite layer may also be used for drinking water purposes.

A large part of Burkina Faso is covered by Paleoproterozoic crystal-
line basement rocks. These comprise belts of (meta-)volcanic,
metasedimentary and plutonic rocks of the Birimian Formation, as
well as large intrusive bodies of Eburnean granitoids (granite, tonalite,
granodiorite) (Fig. 2). The Birimian volcano-sedimentary belts (also
known as Birimian greenstone belts) were formed as part of an island-
arc system between 2240 and 2170 Ma. They are composed of varied
volcanic and plutonic rocks, including basalt, andesite, rhyolite and gab-
bro, that occur next to schists, quartzite and chert (Castaing et al.,
2003a). The Birimian formation has undergone considerable
mineralisation that was synchronous with regional metamorphism
and deformation. This led to the formation of high-grade ore deposits,
primarily gold and to a lesser extent other metallic ores. Gold deposits
principally occur within or adjacent to quartz veins that formed later
than the host rock (Béziat et al., 2008). Native gold can occur directly
within deformed quartz veins, or as gold particles disseminated in the
alteration halos of unfolded quartz veins. Both mineralisation types
are directly associated with the occurrence of sulphide minerals such
as pyrite (FeS,) and arsenopyrite (FeAsS) (Béziat et al., 2008; Bourges
et al., 1998; Castaing et al., 2003a). Pyrite can incorporate minor and
trace elements into its mineral structure and arsenic concentrations in
pyrite can occur up to 10 wt% (Abraitis et al., 2004). The oxidation of
such sulphide minerals when in contact with oxygen-containing
groundwater and subsequent release of arsenic to solution can lead to
considerably elevated groundwater arsenic concentrations (Verplanck
etal, 2008; Walker et al,, 2006; Yang et al,, 2015). In general, depending
on the redox conditions in the subsurface, arsenic should stay in solu-
tion in its reduced form As(III) if reducing conditions are prevalent,
but should be tightly adsorbed to iron hydroxides if conditions are
oxidising (Dixit and Hering, 2003). Nevertheless, Smedley et al.
(2007) measured clearly elevated arsenic concentrations in oxidising
groundwater in Burkina Faso and hypothesised that these high concen-
trations occur in the direct vicinity of mineralised zones where the arse-
nic loading in groundwater can be very high locally.

3. Methods
3.1. Data collection

3.1.1. Arsenic concentration measurements

Adataset (n = 1498) of georeferenced groundwater arsenic concen-
tration measurements from boreholes in rural areas was used in this
study to calibrate and validate the arsenic prediction model (Fig. 1).
The dataset includes both new and existing data (Table 1). Included in
the 1498 measurements are 269 new groundwater samples taken spe-
cifically for this study from 2014 to 2016 in different regions of Burkina
Faso (Table 1, Fig. 1). Samples originate from village boreholes equipped
with hand pumps (types India, Volanta or Vergnet). We followed
standard sampling and laboratory analysis procedures as described in
similar studies (Berg et al., 2008; Buschmann et al.,, 2007). On-site pa-
rameters (temperature, pH, electrical conductivity, O, concentration
and redox potential) were measured in a flow-through cell connected
to the pump spout. Water sampling was performed after on-site param-
eters had stabilised, generally after 5-10 min. All sampled boreholes are

Table 1
Arsenic concentration measurements (n = 1498) used for model calibration and
validation.

Province No. of % >10pg/L  Source
samples As
Calibration Ganzourgou 1184 15.5% Unicef/BUMIGEB
data
Validation Yatenga 45 42%° Smedley et al.
data (2007)
Nahouri 52 2% This study
Soum 38 13% This study
Balé 31 16% This study
Various 101 9% This study
(South-West)
Bam 22 14% This study
Boulkiemdé 15 0% This study
Various 10 20% This study

2 Non-random sampling specifically targeting arsenic-affected boreholes.

pumped nearly continuously during the day by local residents for drink-
ing water production, hence water was never stagnant in the pipes dur-
ing sampling. Samples for major cations and minor and trace element
analysis (including arsenic) were collected in acid-washed polypropyl-
ene bottles, filtered through 0.45 um filters and acidified with concen-
trated HNO3 suprapure to a pH < 2. An unfiltered, non-acidified
aliquot was collected for analysis of anions, DOC and TIC. Samples
were stored below 4 °C whenever possible. Analysis was performed in
the laboratories of Eawag, Switzerland, using ICP-MS (Agilent 7500cx)
for cations and trace elements, ion chromatography for anions (ICS-
2001 Dionex) and a carbon analyser (TOC Shimadzu) for TIC and DOC.
Also included in the total dataset of 1498 samples are 1184 arsenic
measurements obtained through a study commissioned by Unicef
Burkina Faso and carried out by the “Bureau des Mines et de la Géologie
du Burkina” (BUMIGEB) in 2010 to measure arsenic concentrations in
drinking water boreholes in the Province of Ganzourgou, 50 km east
of Ouagadougou. Samples were measured in the laboratories of
BUMIGEB using Atomic Absorption Spectroscopy (AAS). Depths of indi-
vidual boreholes are not known, however a separate database of 434
boreholes from Ganzourgou contains depths ranging from 35 to 90 m,
with a mean of 51 m. In addition to the Ganzourgou data, 45 arsenic
measurements from the Ouahigouya region (Yatenga Province) in
northern Burkina Faso were provided by Smedley et al. (2007).

3.1.2. Model variables

3.1.2.1. Independent predictor variables. Georeferenced map data with a
country-wide coverage were considered as predictor variables for the
arsenic prediction model. As groundwater arsenic in Burkina Faso is
thought to originate from sulphide minerals in mineralised zones,
focus was set on assembling predictor variables that could indicate
such mineralisation, such as lithological variables and distances to min-
eral deposits, faults and granitic intrusions (Table 2). The Geological and
Mineral Deposit Map of Burkina Faso at a scale of 1:1,000,000 (Castaing
et al., 2003b) was used to extract major lithologies, faults and the loca-
tion of mineral deposits of metal ores (e.g. gold, zinc, chromium, manga-
nese) (Fig. 2). In addition to the location of mineralised zones,
groundwater flow and residence time may also play a role in arsenic
concentrations. Due to the heterogeneity of fractured bedrock aquifers,
mapping such parameters on a regional or country-wide scale is prob-
lematic (Dewandel et al., 2012). As possible proxies for hydrological
processes related to groundwater flow and residence time we chose
the “drainage direction” and “flow accumulation” datasets of the
HydroSHEDS database (Lehner et al., 2008). These data are derived
from the digital elevation model (DEM) of the Shuttle Radar Topogra-
phy Mission (SRTM).

The predictor data layers were converted to raster format (if origi-
nally in vector format such as polygon, line or point) with a resolution
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Table 2
Predictor variables used in the arsenic prediction model.
Predictor variables Type Format Source

Volcano-sedimentary
schist (Birimian)

Categorical Polygon BUMIGEB/BRGM

(Castaing et al., 2003b)

Volcanite: basalt, andesite, Categorical Polygon

rhyolite (Birimian)

Orthogneiss (Birimian) Categorical Polygon

Granite Categorical Polygon

Tonalite Categorical Polygon

Distance to faults Continuous Raster

Distance to mineral Continuous Raster

deposits (metal ores)

Distance to granitoid rocks Continuous Raster

Drainage direction Continuous Raster ~ HydroSHEDS/WWF,
(30 arc sec) (Lehner et al., 2008)

Flow accumulation Continuous Raster

(30 arc sec)

of 30 arc sec (1 km on the equator) using standard tools available in the
open source QGIS and GRASS software packages (GRASS Development
Team, 2015; QGIS Development Team, 2015). The distances to faults,
mineral deposits, and granitoid rocks were calculated within a buffer
zone of a maximum of 10 km away from the feature.

3.1.2.2. Dependent variable (arsenic concentration measurements). In
order to be compatible with the predictor variables, the calibration
dataset of arsenic concentration measurements was converted from
point to raster format and concentrations aggregated to one value per
1 km? pixel by using the maximum arsenic concentration if more than
one measurement fell into the pixel. We chose the more conservative
maximum value instead of averaging concentrations in order to ensure
that high-arsenic boreholes remain in our analyses and are not “diluted”
by surrounding low concentrations. As such, the original calibration
dataset of 1184 individual arsenic measurements was reduced to 877
measurements, with 39% above 5 ng/L, 19% above 10 pg/L and 2%
above 50 pg/L. The aggregated concentration values were binary-
coded according to the chosen threshold (above threshold = 1, below
threshold = 0) and used as the dependent variable in the logistic re-
gression model. We chose the threshold values of 5, 10 and 50 pg/L to
represent the full concentration range of the dataset. Furthermore,
10 pg/L is the WHO and national drinking water guideline value and
therefore of greatest relevance for drinking water. Discussions also
exist in Burkina Faso of raising the guideline value to 50 pg/L, a value
that is used in some other arsenic-affected countries, such as Bangla-
desh. The calibration dataset from Ganzourgou Province has a limited
spatial extent (4000 km?) but very dense borehole coverage within
this area. All predictor variables are present in this zone and any poten-
tial spatial bias is therefore limited. On the other hand, the validation
dataset (composed of the 269 new samples described in this study,
plus 45 samples from Smedley et al. (2007)), is spatially well distributed
and includes locations from the north, south and west of Burkina Faso

(Fig. 1).

3.2. Geospatial hazard modelling

Logistic regression was used to model the probability of arsenic oc-
curring over three concentration threshold values. This method is ex-
tensively used in a variety of fields to determine the relationship
between a binary dependent outcome variable and a number of inde-
pendent predictor variables (Hosmer et al., 2013). Specifically, logistic
regression models the log(odds), which is defined as the probability P
that an event occurs relative to the probability that it fails to occur
(1 — P), (e.g. arsenic being above/below the threshold concentration),
as the linear combination of a set of independent predictor variables

(x1.X,) with model coefficients 3;..3x (Hosmer et al., 2013).
P
log(odds) = log (ﬁ) =Bo + B1X1 + ... + BrXi

Removing the logarithm then gives the probability:

e(Bo+Prxi+...+BxXy)

P = oo T

The exponential of the model coefficients exp(p) being >1 indicates
an increasing effect of the predictor variable on the dependent variable,
while a value <1 denotes a decreasing effect.

Logistic regression modelling was carried out within the R statistical
environment (R Core Team, 2015). We have followed similar proce-
dures as described in detail in Rodriguez-Lado et al. (2013). Univariate
logistic regressions for the three chosen thresholds of 5, 10 and 50 pg/
L were performed separately on each predictor variable using the
whole calibration dataset as the dependent variable. The drainage
direction and flow accumulation datasets were discarded from further
analyses as they did not prove to be significant predictors for
elevated arsenic at the 95%-confidence level in the univariate models
(p-values > 0.05) (Table 3). The orthogneiss, tonalite and “distance to
faults” predictors were also not significant (Table 3), but were neverthe-
less kept for further analyses. Orthogneiss belongs to the partly
mineralised Birimian formation and could potentially be linked to arse-
nic contamination, tonalite is a widespread rock type in Burkina Faso
with a large spatial coverage (Fig. 2) and fault zones as areas of
increased fracturing and/or deformation are also hypothesised to be
potential proxies for mineralised zones.

The remaining eight predictor variables were used for multivariate
logistic regression. Instead of single-algorithm models, which are vul-
nerable to the number and location of the calibration data, we chose
to create an ensemble model from numerous base models (ensemble
members) for more robust results (Rodriguez-Lado et al., 2013). The
calibration dataset was randomly split into training (75%) and testing
(25%) portions for multivariate logistic regression with stepwise selec-
tion (both directions), whereby predictor variables are automatically
retained or removed according to the Akaike Information Criterion
(AIC) (Akaike, 1974). This procedure was repeated 100 times, creating
100 models each calculated with a different subset of training data.
These models were then used to calculate probabilities for the testing
data subsets, whereby the Hosmer-Lemeshow goodness-of-fit test at
the 95%-confidence level was applied to assess the accuracy of the
model, i.e. whether the model is consistent with the testing data that
were not used to calibrate it (Hosmer et al., 2013). Models with a signif-
icant Hosmer-Lemeshow test (p < 0.05) indicate that there is no rela-
tionship between predicted and observed data. Models with a high p-
values (p > 0.05) in this test were therefore retained. Of the remaining
ensemble members, a weighted mean of the model coefficients (1. )

Table 3
Results of univariate logistic regression models for three concentration thresholds. Signif-
icant values at the 95%-confidence level (p < 0.05) are highlighted in bold font.

Predictor variables p-Values

5 pg/L 10 pg/L 50 pg/L
Volcano-sedimentary schist (Birimian) <0.001 <0.001 <0.001
Volcanite: basalt, andesite, rhyolite (Birimian) 0.01 <0.001 0.99
Orthogneiss (Birimian) 0.22 0.15 0.99
Granite 0.002 <0.001 0.01
Tonalite 0.40 0.06 0.44
Distance to faults 0.67 0.42 0.19
Distance to mineral deposits (metal ores) <0.001 0.87 0.02
Distance to granitoid rocks <0.001 <0.001 <0.001
Drainage direction 0.14 0.63 0.31
Flow accumulation 0.59 0.81 0.93
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Calibration dataset Validation dataset
877 aggregated As measurements 314 individual As measurements
19% > 10 pg/L 14% > 10 pg/L

Training data (75%) Testing data (25%)
l l Final ensemble model

Logistic regression T

100 meodel runs,
random splitting into .
~—A training/testing datasets

Weighted mean of
model coefficients (B,..3,)

Fig. 3. Overview of the logistic regression modelling procedure.

was calculated to generate a final ensemble model for each of the three the ensemble members. In this way, predictor variables that occurred
threshold concentrations. Weighting was applied according to the fre- frequently in many ensemble members received a higher weighting
quency that a predictor variable was retained by stepwise selection in and greater relative importance in the final ensemble model than

Table 4

Summary results of field and laboratory analyses performed on new groundwater samples.
Parameter Unit Minimum Maximum Mean Median St.Dev n WHO guideline % > guideline
pH - 4.85 8.18 6.75 6.86 0.45 221 - -
EC pS/cm 26.0 2311 369 339 219 220 - -
0, mg/L 040 6.26 222 2.01 1.13 134 - -
Temp °C 26.7 33.0 30.9 31.0 0.98 221 - -
Eh mV 69 305 250 281 64 21 - -
DOC mg/L 0.25 3.1 0.42 0.25 0.48 269 - -
TIC mgC/L 15 112 42 39 22 269 - -
HCO; mg/L 7.5 560 212 197 110 269 - -
F mg/L <0.1 2.55 0.28 0.19 0.36 269 1.5 2.6
cl mg/L <0.1 129 411 1.23 10.8 269 - -
Br mg/L <0.1 0.63 0.07 0.05 0.06 269 - -
NO3 mg/L <0.1 1060 17.8 4.6 69.7 269 50 5.6
SO4 mg/L <0.1 1250 9.90 0.83 80.9 244 - -
PO, mg/L <0.1 14.8 0.18 0.05 0.99 244 - -
Li pg/L <0.1 94.2 15.9 119 15.0 269 - -
B pg/L <5 332 13.0 5.6 315 269 2400 -
Na mg/L 0.7 172 21.6 18.2 16.4 269 - -
Mg mg/L 0.2 110 149 13 11.8 269 - -
Al pg/L <0.1 1952 13.1 1.5 119 269 900 (HB) 0.3
Si mg/L 52 533 26.7 255 104 269 - -
K mg/L 0.16 45.0 2.41 1.51 3.75 269 - -
Ca mg/L 0.6 318 30.8 27.3 30.2 269 - -
\ pg/L <0.02 67.5 9.63 6.78 10.6 269 - -
Cr ug/L <0.02 13.6 0.54 0.15 1.25 269 50
Mn pg/L <0.02 1101 26.8 4.77 83.9 269 400 (HB) -
Fe pg/L <0.3 6043 155 7.35 548 269 - -
Co pg/L <0.02 471 0.19 0.04 0.50 269 - -
Ni ug/L <0.02 9.51 0.74 0.38 0.99 269 70 0
Cu pg/L <0.1 31.7 1.77 0.66 337 269 2000 0
Zn pg/L <0.1 3187 62.0 7.85 247 269 - -
As ug/L <0.02 421 7.56 0.4 38.8 269 10 9.6
Se pg/L <0.02 432 0.32 0.09 0.64 269 40 0
Sr pg/L 8 3048 259 182 312 269 - -
Mo ug/L <0.02 144 3.53 0.86 143 269 70 (HB) 1.1
cd ug/L <0.01 3.94 0.04 0.005 0.25 269 3 03
Sb pg/L <0.01 16.7 0.20 0.05 1.02 269 20 0
Ba pg/L <0.1 539 53.6 153 81.4 269 700 0
La ug/L <0.01 0.59 0.04 0.01 0.08 269 - -
Ce pg/L <0.01 1.06 0.06 0.014 0.15 269 - -
w pg/L <0.02 9.97 0.31 0.075 0.84 269 - -
Tl ug/L <0.02 037 0.02 0.01 0.03 269 - -
Pb pg/L <0.02 8.28 0.25 0.06 0.72 269 10 0
Th pg/L <0.01 <0.01 <0.01 <0.01 0.00 269 - -
§) pg/L <0.02 8.96 0.21 0.01 0.90 269 30 0

HB: health-based value, no formal guideline value established.
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Fig. 4. Bar graphs showing the distribution of arsenic concentrations above the chosen threshold value in relation to the lithology of the aquifer. A) displays the calibration dataset
(aggregated to one arsenic value per 1 km? pixel as was used for modelling, n = 877), B) the validation dataset (n = 314). The rock type “Orthogneiss” does not occur in areas where
water was sampled for the validation dataset and is therefore not represented on the graph on the right.

variables that were retained in relatively few ensemble members. Vari-
ables that were present in <5 out of a maximum of 100 ensemble mem-
bers were not considered for the final model. See Fig. 3 for a summary of
the above-mentioned procedure. A Receiver Operating Characteristics
(ROC) curve was computed on the final ensemble model using the
whole calibration dataset to assess how well the model discriminates
between low and high risk observations (Fawcett, 2006). For this, the
rate of true positives (sensitivity) was plotted against the rate of true
negatives (specificity) and the area under the curve (AUC) computed.
An AUC value of 0.5 denotes a model that is no better than a random
model, and a value of 1 would be a perfect prediction.

3.3. Hazard map generation

The final model coefficients were used to generate hazard maps
showing the modelled probability of groundwater arsenic concen-
trations exceeding the threshold concentrations of 5, 10 and 50 ng/
L. The cut-off value to distinguish between low- and high-risk areas
was chosen where the sensitivity and specificity of the model were
equal (Rodriguez-Lado et al., 2013; Winkel et al., 2008). To calcu-
late how many people are potentially affected by elevated arsenic
in their drinking water, we combined the hazard map with popula-
tion density estimates obtained from the Center for International
Earth Science Information Network - CIESIN - Columbia
University (2016).

Table 5

4. Results and discussion
4.1. Arsenic concentration data

The full chemical analysis performed on the 269 new groundwater
samples presented in this study will only be discussed briefly here to
give a broad overview of water chemistry. Results are summarised in
Table 4 and show that groundwater is generally near-neutral in pH, con-
tains dissolved oxygen and is largely of good chemical quality for
drinking.

Arsenic is by far the contaminant of greatest concern, with 9.6% of
samples above the WHO and national guideline value of 10 pg/L. Arsenic
speciation measurements were carried out on few samples (n = 31)
from the Province of Balé, about 180 km south-west of Ouagadougou
and show that arsenic is predominantly present as As(V), confirming
the findings of Smedley et al. (2007). No other trace elements show sig-
nificantly high concentrations and dissolved iron concentrations are
typically very low. Nitrate concentrations are high in some boreholes,
with 5.6% of samples above the WHO guideline value of 50 mg/L
(Table 4). Drinking water boreholes are generally located in the imme-
diate vicinity of human dwellings and are also used for watering live-
stock, therefore human and animal waste is a likely source of nitrate
to groundwater (Huneau et al.,, 2011; Nikiema et al., 2010). Geogenic
fluoride contamination is restricted to the southern province of Nahouri
close to the village of Tiébélé, where the fluoride concentrations of only
a few samples were slightly above the WHO guideline value of 1.5 mg/L

Weight-averaged coefficients (3), standard deviation and frequency per 100 model runs of predictor variables that were retained in the final ensemble models. The averaged p-value of the
Hosmer-Lemeshow (HL) goodness-of-fit test for the significant ensemble members is given in the last column (p-values < 0.05 were discarded).

Predictor variables Coefficient B Exp(R) St. dev. Freq. in analyses p-Value HL test
5 pg/L threshold

Volcano-sedimentary schist (Birimian) 0.7 2.01 0.12 89

Volcanite (Birimian) 1.19 3.29 0.24 920 0.87
Orthogneiss (Birimian) 033 1.39 0.35 46 i
Distance to granitic intrusions 0.04 1.03 0.76 6

10 pg/L threshold

Volcano-sedimentary schist (Birimian) 13 3.67 0.11 98

Volcanite (Birimian) 1.68 537 0.26 98 0.91
Orthogneiss (Birimian) 0.74 2.1 0.2 83

50 pg/L threshold

Volcano-sedimentary schist (Birimian) 2.82 16.77 0.54 27

Tonalite, granodiorite 0.48 1.61 1.37 8 0.93



Image of Fig. 4

A. Bretzler et al. / Science of the Total Environment 584-585 (2017) 958-970 965

(Table 4). This region is directly adjacent to Bongo district of northern
Ghana, where geogenic fluoride contamination originating from alka-
line granitic rocks has been extensively documented (Alfredo et al.,
2014; Apambire et al., 1997; Salifu et al., 2012).

The complete arsenic concentration dataset of 1498 measurements
demonstrates that elevated levels of arsenic in groundwater are found
in numerous provinces (Fig. 1, Table 1) and are not restricted to north-
ern Burkina Faso where most previous studies were carried out
(Barro-Traoré et al., 2008; Smedley et al., 2007; Somé et al., 2012). Of
all 1498 collected measurements, 14.6% contained arsenic concentra-
tions above the national and WHO guideline value of 10 ug/L and 2.3%
above 50 pg/L. 84% of elevated arsenic concentrations (those above
10 pg/L) fall into the range of 10-50 pg/L, and very high concentrations

C)
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As > threshold
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] o01-02

[ ] o02-03
[] 03-04
] o4-05
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Probability
As > 10 ug/L

(above 50 pg/L), which are especially relevant to people's health, are
much less frequent.

4.2. Arsenic and lithology

Fig. 4 shows the percentage of samples above the given arsenic
thresholds according to the host rock type. Although arsenic concentra-
tions above 5 pg/L are found in all rock types with only a slight prefer-
ence for Birimian lithologies, those above 10 and 50 pg/L are
increasingly more likely to be only found in volcano-sedimentary
schists and volcanic rocks (basalt, andesite, rhyolite) of the Birimian for-
mation and are much less common in groundwater from granitic rocks
(granite, tonalite, granodiorite). This supports findings from previous

Probability
As > 50 pug/L

Fig. 5. Modelled probability of groundwater arsenic concentrations exceeding the threshold values of A) 5 pg/L, B) 10 pg/L and C) 50 pg/L.
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studies (e.g. Smedley et al. (2007)) that arsenic is linked to the occur-
rence of sulphide minerals in volcano-sedimentary rocks of the Birimian
formation. Geogenic arsenic in groundwater is much less common in
granitic areas, which have not undergone widespread alteration or
hydrothermalisation processes leading to the formation of mineral
deposits.

Arsenopyrite and pyrite occurrence in the Birimian greenstone belts
has been documented in numerous studies, e.g. Milési et al. (1992),
Béziat et al. (2008). Unfortunately, data on arsenic concentrations in py-
rite minerals in Burkina Faso were not available. A database of geochem-
ical analyses of 482 rock samples taken throughout Burkina Faso in both
granitic and volcanic/metamorphic terranes (Castaing et al., 2003a)
showed few samples (n = 27) that had arsenic concentrations greater
than the upper crustal abundance of 5.7 mg/kg given in Hu and Gao
(2008). All of these high-As samples were located within the Birimian
greenstone belts and were volcanic, meta-volcanic or meta-sedimenta-
ry rocks, with the highest arsenic concentration of 55 mg/kg being mea-
sured in a meta-basalt sample. Arsenic in groundwater can be assumed
to originate from sulphide minerals in such rocks, however identifying
the sources of high concentrations in specific boreholes would require
very local, in-depth geochemical studies with rock samples ideally
being taken during borehole drilling.

Groundwater arsenic concentrations are subject to a great degree of
spatial variability, with arsenic-affected wells often in direct proximity
to “safe” wells. This effect is observed in nearly all arsenic-affected
areas worldwide, regardless of the geological setting and arsenic
mobilisation mechanism and indicates that arsenic concentration in
groundwater is influenced by very local, small-scale conditions
(Fendorf et al., 2010; Van Geen et al., 2003). In Burkina Faso, the occur-
rence of potentially arsenic-containing sulphide minerals (e.g. pyrite,
arsenopyrite) is linked to gold-bearing quartz veins that are heteroge-
neously distributed within the volcano-sedimentary schists and volca-
nic rocks of the Birimian belts. The occurrence of sulphide minerals
can therefore vary over a scale of metres, depending on the size of
mineralised veins. Smedley et al. (2007) hypothesised that As(V) may
reach high dissolved concentrations in direct proximity to these
mineralised zones, where it may be in equilibrium with secondary Fe-
oxides having high sorbed As(V) loads. In addition, groundwater may
flow in fractures that are totally isolated from each other. It is plausible
that anoxic/suboxic zones may develop in such fractures, locally
favouring the desorption of As(Ill) bound to Fe-oxides as has been sug-
gested by Yang et al. (2015). Whether a borehole intercepts a ground-
water flow path very close to a mineralised zone is likely the main
factor affecting whether or not elevated arsenic is present in the well.

4.3. Predicting arsenic-affected areas

Logistic regression was performed on the calibration dataset for the
three chosen thresholds using eight explanatory variables as predictors
for elevated groundwater arsenic occurrence. For all three thresholds,
only some of the lithological variables were significantly related to the
presence of elevated arsenic as shown by the mean model coefficients
(Table 5), whereas the distance variables (faults, mineral deposits, gra-
nitic intrusions) did not have a significant influence on the final ensem-
ble model. Volcano-sedimentary schists of the Birimian formation
increase the odds of wells having elevated arsenic for all three thresh-
olds. Birimian volcanites (basalt, andesite, rhyolite) and Birimian
orthogneiss are also positive indicators for arsenic being above 5 and
10 pg/L. The higher the arsenic concentration, the fewer variables
were significant in the model, with volcano-sedimentary schist being
the dominant variable, causing a 4-fold and 17-fold increase in the
odds of arsenic being above 10 pg/L respectively 50 pg/L (Table 5). The
probability maps in Fig. 5 highlight areas that are vulnerable to elevated
groundwater arsenic, showing probabilities of arsenic exceeding the
specified threshold values.

The highest probabilities (0.7) are calculated for the threshold of
5 pg/L, meaning that there is a 70% chance of finding arsenic concentra-
tions above 5 pg/L in a well in this region. The low AUC value (0.57,
Fig. 6) denotes rather poor discriminating power of the model. This is
not surprising for this low threshold and reflects the nature of the cali-
bration data: water with arsenic >5 pg/L is well-represented in all rock
types used as predictor variables, with only a slight preference for lithol-
ogies of the Birimian formation (Fig. 4). The lack of a clear,
distinguishing predictor variable means that the specificity and sensitiv-
ity of the model are low, as high arsenic values are frequently classified
into low-risk areas and vice-versa. The AUC for the 10 pg/L model of 0.63
is also not very high. This also indicates that high arsenic values are
often found outside the regions classified as “high risk”, reflecting the
heterogeneity of the calibration dataset and the inability to find a clear
predictor for high arsenic. Even though arsenic concentrations >10 pg/
L are mainly found in volcanites and volcano-sedimentary schist, some
occurrences are also found in granitic rocks (granite and tonalite)
(Fig. 4), which were not determined to be significant predictors. These
arsenic measurements therefore plot as high values in low-risk areas,
which reduces the model's specificity. The best AUC is calculated for
the threshold of 50 pg/L, where volcano-sedimentary schists are the
clearest predictor of high arsenic concentrations and the few high
values are correctly classified.

Even though mineral deposits are hypothesised to be excellent prox-
ies for mineralised zones, they were not a significant predictor for arse-
nic in the logistic regression model. This is not surprising when we
consider that mineralised zones exist where mineral exploration may
not have taken place yet or that are too limited in extent to be econom-
ical for mineral extraction. Nevertheless, such areas are still potential ar-
senic sources and may yield elevated groundwater arsenic
concentrations even though they are not documented in the mineral de-
posits dataset. Most of the high-arsenic samples in the calibration
dataset are from areas >10 km from documented mineral deposits.
We therefore see the incompleteness of the mineral deposit dataset
we used as the reason for its poor performance in predicting As-affected
areas, and not the unsuitability of mineralised zones as As-predictors as
such.
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Fig. 6. Receiver operating characteristics (ROC) curves for the calculated logistic regression
models using three different thresholds. The area under the curve (AUC) is displayed in
the legend.
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Fig. 7. Arsenic hazard map divided into “high” and “low” risk zones according to the probability cut-off of 0.2 of the 10 pg/L prediction model, overlain by the validation dataset of arsenic

measurements (n = 314).

4.4. Model validation

The validation dataset, composed of 314 independent groundwater
arsenic measurements was used to verify the validity of the prediction
model in other regions of Burkina Faso outside of the geographical dis-
tribution of the calibration dataset. The validation data are located in the
north, south and west of the country (Fig. 1) with 14% of concentrations
above 10 pg/L. The 10 pg/L probability map was first classified into “high
risk” and “low risk” zones by taking 0.2 as the probability cut-off value.
The validation data were then plotted on this map and the rate of cor-
rect classification calculated (Fig. 7). Results presented in Table 6
show that 91% of high arsenic values (>10 pg/L) were correctly classified
into high-risk areas (sensitivity, true positives), with only 9% plotting in
low-risk regions (false negatives). For the low arsenic concentrations,
39% of these were correctly classified into low-risk areas (specificity,
true negatives), with the remaining 61% in high risk areas (false posi-
tives). The high rate of false positives again reflects the nature of the ar-
senic concentration database, with only few high-arsenic wells being
scattered among a majority of arsenic-safe wells. From a drinking
water quality perspective, the high rate of false positives is less worry-
ing, as finding good water quality in a high-risk area is a positive out-
come. Much more important is the good performance of the model in
predicting high-risk areas, with very few high-arsenic values plotting
in low-risk areas.

Table 6
Model validation results.

Even though the presented hazard maps highlight areas at greater
risk of arsenic contamination, they cannot accurately predict high arse-
nic concentrations of individual boreholes, since the spatial resolution of
predictor variables is much coarser than the small-scale variability that
can occur between boreholes. Such data cannot represent the extremely
localised processes leading to highly varying arsenic concentrations in
wells situated within hundreds of metres of each other. Ideally, to
more accurately predict arsenic occurrence in Burkina Faso, one would
need highly detailed maps of gold and/or sulphide mineral deposits
(showing individual mineral veins) on a country-wide scale, as well as
borehole logs showing the lithological structure and location of water-
bearing fractures at depth.

4.5. Population at risk

Using large-scale and readily available geological data and a detailed
dataset of arsenic measurements, we have produced a statistically
sound hazard map predicting areas that are more likely to contain
high concentrations of geogenic groundwater arsenic in Burkina Faso.
By combining predicted high-risk areas (>20% chance of finding high ar-
senic concentrations) with population density, the total population at
risk of drinking water elevated in arsenic (>10 pg/L) were estimated
(Fig. 8). Burkina Faso sustains a largely rural population, with only
30% living in urban areas (UNICEF and World Health Organization,

Validation dataset, n = 314 No. of samples

Predicted > 10 pg/L (high risk) Predicted < 10 ug/L (low risk)

Observed > 10 pg/L (high As) 44
Observed < 10 pg/L (low As) 270

40 (91% true positives)
165 (61% false positives)

4 (9% false negatives)
105 (39% true negatives)
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Fig. 8. Estimated number of persons at risk of being exposed to groundwater arsenic concentrations >10 pg/L per km? in Burkina Faso. Population density data was retrieved from the
Center for International Earth Science Information Network - CIESIN - Columbia University (2016).

2015). Altogether, about 4 million people, which is roughly one-fifth of
the total population of 17.3 million, live in designated high-risk areas. Of
these, 2.8 million are estimated to be rural inhabitants. Considering the
calculated statistical probability that about 1 in 5 boreholes in these
high-risk regions are contaminated with arsenic, about 560,000 people
are potentially exposed to contaminated groundwater. Since ground-
water is the main source of drinking water in rural areas and arsenic
treatment techniques are as yet very rarely implemented, we consider
this figure to be a valid estimate. This is a daunting number for one of
the poorest and least-developed countries that is already facing numer-
ous issues concerning water and sanitation (UNDP, 2015; UNICEF and
World Health Organization, 2015). Even though large-scale targeted
medical studies have not been undertaken to the authors' knowledge,
arsenic-related health issues can be expected to be widespread and re-
sult in a considerable burden of disease and reduced productivity and
life expectancy in the Burkinabé population. In addition, socio-econom-
ic, demographic and political conditions will contribute considerably to
a population's total vulnerability to arsenic exposure (Singh and
Vedwan, 2015).

4.6. Relevance for arsenic mitigation in Burkina Faso and the greater West
African region

The presented arsenic hazard maps are aimed as a tool for water
resource authorities to conduct drinking water surveys in areas
where they are most needed. The testing of each drinking water
well in high-risk regions is still necessary, as relatively few high-
arsenic wells are generally distributed among many low-arsenic
wells. The current practice is to close arsenic-affected wells with
a chain or to dismantle them to prevent water abstraction by the
population. Often a replacement well is not drilled in the vicinity,
leading to water shortages and greatly increased walking distances

and hardship for women and children in charge of water collection.
Closing a well without replacement only makes sense if an alterna-
tive, arsenic-free well is nearby, which may certainly be the case
since several drinking water boreholes are often installed in a
village.

Well-switching has proved to be a popular mitigation option in
arsenic-affected regions in Bangladesh and is preferred over tech-
nological solutions such as water treatment filters (Ahmed et al.,
2006; Inauen et al., 2013). Only where alternative, arsenic-safe
wells are too far away does on-site arsenic treatment or the drilling
of a new well make sense. Some success and encouraging results
have already been seen in Burkina Faso with the installation of
community-scale arsenic treatment filters by 2iE-Fondation based
on commercially available iron-hydroxide filter materials, though
this is not yet widespread (Ouedraogo, 2016). The installation of
a filter needs careful operation and maintenance, trained local
staff, frequent water quality monitoring, replacement of filter ma-
terial when saturated, and, above all, the necessary funding for sus-
tainable, long-term operation. These can be daunting tasks for
remote rural communities and need to be addressed before any
upscaling of filter techniques is possible. Therefore, switching to al-
ternative, arsenic-free wells, where possible, is definitely the pre-
ferred mitigation option in Burkina Faso at the moment.

The arsenic hazard model generated may also be relevant in Burkina
Faso's neighbouring countries, as the volcanites and volcano-sedimen-
tary schists of the Birimian formation, which proved to be the most re-
liable predictor for high arsenic, also cover large areas of Ghana, the
Ivory Coast, Mali, Niger and Benin. A transboundary hazard map for
the whole West African region, calibrated and validated with local
data would be a first step in creating awareness of geogenic arsenic con-
tamination on a more regional scale and initiating necessary mitigation
in affected areas.
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