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Abstract

Emergency responses in humanitarian contexts require rapid set-up of water supply. Boreholes are often drilled where the needs
are highest and not where hydrogeological conditions are most favourable. The Rapid Groundwater Potential Mapping
(RGWPM) methodology was therefore developed as a practical tool to support borehole siting when time is critical, allowing
strategic planning of geophysical campaigns. RGWPM is based on the combined analysis of satellite images, digital elevation
models and geological maps, obtained through spatial overlay of the two main hydrogeological variables controlling ground-
water potential: water availability (WA) and reservoir capacity (RC). The WA associates hydrogeomorphological features to
groundwater dynamic processes, while the RC reflects estimates of the hydraulic conductivity. RGWPM maps are produced
through an overlay of WA and RC with the overall groundwater potential (GWP) characterized as ‘very low’, ‘low’, ‘medium’,
and ‘high’, with each zone associated to a specific water supply option. The first RGWPM map was elaborated during a drilling
campaign in Northern Uganda. The average yield for the eight boreholes sited ‘with’ RGWPM was 35 m*/h versus 3 m*/h for the
92 preexisting boreholes that were sited ‘without” RGWPM. Statistical comparison of the classified yields of all hundred
boreholes with the RGWPM predicted-yield ranges revealed a good correlation for the ‘low” GWP unit, highlighting areas where
well siting for motorised systems should be avoided. A rather poor correlation of 33% was found for the ‘medium” GWP unit,
believed to be artificially induced by the numerous hand pumps (low yields) located in potentially higher yielding areas.
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Introduction: a growing need for motorised
water supply systems

Globally, the number and duration of violent conflicts and
forced displacements has increased significantly, from 42.7
million in 2007 to 79.5 million in 2019 (UNHCR 2020),
resulting in a rising number of people in refugee camps and
settlements. Displaced persons are often hosted in areas with
limited water supply infrastructure, where water scarcity and
climate change are critical factors already affecting the host
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population (WWAP 2019). To meet the increasing water de-
mand in emergency contexts, it is key to quickly assess all
possible water sources and plan sustainable water supply op-
tions in order to rapidly transition away from acute emergency
phase water supply, often done with costly, unreliable and
logistically challenging water trucking. In any humanitarian
response, the choice of the water supply option in the early
emergency phase is crucial, as it will impact the mid and long-
term costs as well as issues related to water resource
management.

When water demand dramatically increases due to high
numbers of newly displaced people, hand pump water supply
is often not the most cost-effective option. Hand pump water
supply is not well suited for humanitarian situations with large
displaced populations or where there is high population
density—for example, over 16,000 hand pumps were drilled
within only 10 km? in the recent Rohingya refugee crisis in
Bangladesh between 2017 and 2018. Hand pumps have logis-
tical and economic advantages, such as independence from
external energy sources and relatively low capital, operation
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and maintenance costs. However, there are also considerable
disadvantages to hand pumps—for example, their extraction
rate is limited to 0.5 m3/h, water treatment is difficult, and
the time required for collection and transport disproportionally
affects girls and women (Hutton et al. 2004). Water collection
reinforces time poverty, disempowers women, reduces school
attendance for girls, and exposes women and girls to sexual
and gender-based violence and injuries associated with water
carrying. With the general trend in humanitarian contexts
moving towards sustainability-focused water resource man-
agement through motorized-solar driven pumping systems
(e.g. Global Solar Water Initiative, UNHCR Clean Energy
Challenge (UNHCR 2021a)), the target aquifer productivity
has increased by an order of magnitude, from 0.5 m*/h for
hand pumps to over 5 m*/h for motorised systems.

Target aquifer productivity is central for measuring “dril-
ling success rates”, a widespread but poorly defined notion,
mostly used to define if yields are sufficient to support hand
pumps. It is often understood as binary, with a “dry borehole”
declared for yields below 0.5 m>/h, while yields above this
threshold are considered “successful”. If this same binary
“drilling success rate” definition were to be applied to motor-
ized systems, which require yields exceeding 5 m*/h, then all
boreholes yielding less than 5 m>/h would have to be declared
as “dry boreholes”, although they may be equipped with hand
pumps; therefore, the “drilling success” notion requires a more
nuanced definition, which relates target aquifer productivity to
yield ranges and to different water supply options. In essence,
this means that the binary spatial “drilling success rate” distri-
butions (“dry” versus “successful”) for hand pumps and mo-
torized systems, respectively are different. The spatial distri-
bution of “successful” motorized systems, targeting yields ex-
ceeding 5 m*/h is of course contained within the spatial dis-
tribution of “successful” hand pumps, since hand pumps will
also function in areas yielding more than 5 m>/h. On the con-
trary, motorized systems cannot be successfully implemented
in areas yielding less than 5 m*/h, while hand pumps can. As
the siting process for motorised water supply boreholes re-
quires identification of highly productive locations, it is cru-
cial that such areas are rapidly identified on a scale that is
relevant to water supply and distribution, typically within a
radius of 10 km around the zones where water is needed and
on a scale which allows planning of high-resolution geophys-
ical campaigns.

The rapid groundwater potential mapping (RGWPM)
methodology presented herein does not only seek to identify
highly productive zones, but aims at complete mapping of
areas of interest, identifying the likelihood of where and which
water supply option is most adapted. The need for a tool for
the rapid spatial assessment of “yield range probabilities” as-
sociated to different water supply options emerged following a
major refugee influx from South Sudan into Northern Uganda
in 2017. During the acute emergency phase in 2017 water was
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supplied to approximately 400,000 people by as many as 630
trucks delivering 6,547 m*/day, leading to extremely high
costs and logistical challenges (UNHCR 2017a). A drilling
campaign in 2018, involving 52 boreholes for solarised water
supply systems, was part of the long-term strategy for sustain-
able water supply. A pilot RGWPM was developed to guide
the geophysical prospection for this drilling campaign and
proved to be highly effective. The results of the RGWPM in
Uganda were encouraging and suggested that the approach
may be up-scaled and widely applicable within similar types
of geological conditions found in Sub-Saharan Africa.

This paper reviews the literature on groundwater potential
mapping approaches, putting the RGWPM methodology in
context before focussing on the specific conceptual frame-
work. Then, the Northern Ugandan case study is presented
with the step-by-step description of the technical aspects of
RGWPM. Finally, retrieved field data from Northern Uganda
is used to quantify the impact of RGWPM, by comparing
borehole yields of wells sited ‘with’ and ‘without’” RGWPM.
The case study not only revealed substantial increase in cu-
mulative yields for wells sited with RGWPM but also, and
perhaps more importantly, high-lighted the usefulness of such
maps in delimiting areas where no effort should go into well
siting for motorised systems.

Embedding rapid groundwater potential
mapping in the landscape of groundwater
potential mapping

A recent review of groundwater potential mapping published
by Diaz-Alcaide and Martinez-Santos (2019) concluded that
there is no universal definition of groundwater potential and
standardised method for developing maps, or commonly ac-
cepted set of units to measure the outcomes. Their review
revealed that some groundwater potential maps provide an
indication of the variations in groundwater storage across a
given region, while other studies interpret the groundwater
potential as a measure of how likely groundwater is to be
found or where the highest yields may take place. The review
concluded that the objective of most groundwater potential
studies is to identify the optimal zone(s) for groundwater de-
velopment, which is also the case for the RGWPM approach
presented herein.

Diaz-Alcaide and Martinez-Santos (2019) further argued
that ‘potential’ is related to a ‘probability of something occur-
ring’ and defined it as a spatially distributed best estimate of
the physical capacity of the terrain to yield enough groundwa-
ter for a given use based on a series of indirect indicators.
Their analysis of 200 studies identified the following key pa-
rameters: lithology (geology), geomorphology, soil, land use,
topography, lineaments, drainage and slope related variables,
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rainfall and groundwater recharge. RGWPM also directly or
indirectly uses these key parameters.

Another characteristic of groundwater potential mapping is
that variables are classified and zoned in a multi-criteria deci-
sion framework (Teixeira et al. 2015), followed by different
map algebraic approaches (Ettazarini 2007; Elewa and
Qaddah 2011), leading to a classified likelihood of attaining
atarget value (e.g. sufficient yield for hand pump or motorized
water supply). Diaz-Alcaide and Martinez-Santos (2019) con-
cluded that for optimal results, groundwater mapping must be
used as a tool to inform fieldwork and that remote sensing
techniques in groundwater exploration have an enormous
potential.

The major drawback of the groundwater potential mapping
approaches evaluated by Diaz-Alcaide and Martinez-Santos
(2019) is the lack of validation of the maps with field data.
Overall, groundwater potential maps should be used to opti-
mise field work, rather than as a low-cost substitute for local-
scale surveys (Abdalla 2012; Mandal et al. 2016). The
RGWPM methodology presented hereafter is fully aligned
with these conclusions, since the objective is to inform local
geophysical field investigations for borehole siting.
Considering the taxonomy of groundwater potential mapping
approaches described by Diaz-Alcaide and Martinez-Santos
(2019), RGWPM generated by the methodology presented
herein are a priori high-resolution (20-100 km?) and near-
surface groundwater potential maps (depths reaching 100—
150 m) with no or very little ground-truth data. The additional
and unique characteristic of RGWPM is the short amount of
time required to produce the maps—just days or weeks.

Conceptual framework of RGWPM

The conceptual framework of RGWPM directly links to the
overarching goals of groundwater potential maps described in
the preceding, aiming at identifying different groundwater po-
tential zones by map overlay of different groundwater relevant
variables. In the RGWPM methodology, two spatial variables
are defined: water availability (WA) and reservoir capacity
(RC). The WA variable reflects the spatial distribution of
groundwater recharge and discharge processes, while the RC
variable is linked to hydraulic conductivity.

The overall objective of RGWPM is to identify which wa-
ter supply options are most appropriate in a given area by
mapping the two RGWPM variables and associating them to
four ‘yield classes’ which are correlated to water supply op-
tions: (1) the ‘“very low’ class for expected well yields smaller
than 0.5 m*/h, where no groundwater supply option (i.e. not
even hand pumps) should be envisaged, (2) the ‘low’ class for
yield ranging between 0.5 and 5 m*/h, typical for hand pump
water supply (e.g. Chilton and Foster 1995; Houston 1992),
followed by (3) the ‘medium’ class, covering the range

between 5 and 50 m3/h, typical for small motorised systems
and finally (4) the ‘high’ class for yields exceeding >50 m’/h,
typical for large motorised systems. The choice of the yield
ranges roughly corresponds to the ranges of typical submers-
ible pump sizes required, which in turn govern the drilling
diameter. Since drilling diameter has a major cost implication
but will determine which maximum yield can be withdrawn,
the water supply option has to be considered from the very
start. Hence, the main objective of these yield ranges is to
highlight the four orders of magnitude which are covered by
the different water supply options, rather than pinpointing
exact yield ranges. The main objective of RGWPM is to iden-
tify the most appropriate water supply option for a given lo-
cation and NOT to precisely predict the yield of a specific
well. The following section will explain the mapping process
which relies on a qualitative assessment and spatial overlay of
the variables, leading to probability distributions and not to
precise predictions.

Water availability

In the RGWPM approach, the water availability (WA) is
linked to groundwater flow and landscape features. The vast
majority of landscapes result from physical and bio-chemical
processes occurring in response to the interaction between the
solid earth and the biosphere with surface water and ground-
water. The discipline which addresses this interaction is
hydrogeomorphology (e.g. Scheidegger 1973; Sidle and
Onda 2004), which seeks to identify how different forms of
water transform different landscapes. Landscapes with their
specific geomorphic features can be understood as a snapshot
of the cumulative interaction between the solid earth and the
main fractions into which rainfall is transformed: surface run-
off and infiltration, with infiltration subdivided into evapo-
transpiration and groundwater recharge. Hence, specific land-
scape features reveal both surface and groundwater dynamic
processes. Scientists interested in the understanding of
surface-water systems have long recognized that drainage ba-
sins are a fundamental hydrologic feature, controlled to a large
extent by their geologic framework and climatic setting
(Horton 1945; Leopold et al. 1964; Chorley et al. 1984).
Groundwater flow is also governed by the geologic frame-
work, climatic setting (Toth 1963; Freeze and Witherspoon
1967) and interaction with surface waters, with aquifer sys-
tems considered as fundamental hydrogeologic units (Meinzer
1923; Heath 1984).

Surface runoff leaves a fingerprint in the landscape by
physical erosion, sediment transport and deposition, while in-
filtration contributes to landscape features through (bio-)-
chemical erosion such as weathering. For a given rainfall in-
tensity, the proportion contributing to either physical or chem-
ical erosion processes is related to the hydraulic properties of
the earth material. A lower permeability of the substratum
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combined with a higher rainfall will lead to a higher physical
erosion as compared to chemical weathering and vice versa.

The conceptual framework for WA involves analysing the
landscape for specific hydrogeomorphological features related
to such physical and chemical interaction between water and
the solid earth in order to extract relevant indicators of ground-
water dynamic processes (i.e. groundwater recharge and dis-
charge). For the purpose of the WA conceptualisation,
Winter’s (2001) definition of three fundamental hydrologic
landscape units, as shown on the left in Fig. 1, is very useful.
This classification subdivides landscapes into three building
blocks, i.e. upland, slope and lowland, each of which is related
to the geologic framework and the climatic setting. These
landscape building blocks are mirrored on the right in Fig. 1
into the RGWPM conceptualisation of the hydrologic system
consisting of surface runoff, groundwater flow and interaction
with atmospheric and surface water.

The upland unit as defined by Winter (2001) has no geo-
morphological features indicative of physical erosion and is
defined by the area situated above channel initiation points.
This area is characterised by diffuse groundwater recharge and
divergence of groundwater flow in the RGWPM approach
(Fig. 1), resulting in the absence of axial groundwater flow.
In the RGWPM terminology, which presents groundwater
availability within a landscape on a relative scale, this unit is
associated with a low WA, as shown on the bottom in Fig. 1.
In terms of water supply class, this area can at best support

hand pump water supply. No groundwater supply option (very
low WA class) can be expected in areas within the upland unit,
where bedrock is exposed or where regolithic (weathered sur-
face layer) thickness is thin, being areas highly unfavourable
for diffuse groundwater recharge.

Within the Winter (2001) slope unit (Fig. 1), runoff is con-
veyed within the drainage systems developed through physi-
cal erosion, with sediment transport taking place. The slope
unit is associated with concentrated groundwater recharge
along the drainage systems and diffuse recharge on the lateral
slopes combined with axial groundwater flow from the upland
unit (right side Fig. 1). The main groundwater relevant geo-
morphological features characterising the slope unit are
ephemeral streams, typical of groundwater being disconnect-
ed from surface-water bodies. In the RGWPM terminology
for WA, this landscape unit is subdivided into medium and
‘slope” WA (bottom Fig. 1). The ‘medium WA’, associated
with the potential for small motorised systems, is defined by
the existence of both concentrated recharge along the drainage
network and axial groundwater flow from the upland unit. The
‘slope WA’ class within the slope unit, however, is only as-
sociated with diffuse recharge. Hence, the slope WA class,
although associated with low WA, and thus with the hand
pump water supply option, distinguishes itself from the ‘low
WA’ class of the upland unit by the presence of axial ground-
water flow coming from the upland, rendering these areas

Hydrologic landscape units (Winter, 2001)

Surface-groundwater dynamics:
RGWPM hydrogeomorphological features
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Fig. 1 The left side of the figure shows a conceptual illustration of the
landscape subdivision defined in Winter’s (2001) fundamental hydrolog-
ical units, with the upland being separated from the lowland by the valley
or slope-side. The right side shows analogue units defined in the
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RGWPM methodology with the associated hydrogeomorphological fea-
tures and groundwater relevant processes. Bottom: definition of water
availability (WA) criteria in the RGWPM space
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more favourable with regard to groundwater availability than
the upland.

Winter’s (2001) lowland unit distinctive geomorphological
characteristics include perennial surface-water bodies and sed-
iment deposition. In terms of WA in the RGWPM space,
perennial surface-water bodies occur where aquifers are con-
nected to surface-water bodies, which in terms of regional
groundwater flow only takes place in discharge areas where
groundwater flow converges, as illustrated in Fig. 1. These
areas are associated with the ‘high WA’ class, as shown on
the bottom in Fig. 1, designating areas, where, from a ground-
water availability perspective, large motorised systems can
potentially occur, depending on the hydraulic properties of
the subsurface, i.e. reservoir capacity.

Reservoir capacity

The second RGWPM variable is the reservoir capacity (RC),
which is a relative measure of hydraulic conductivity,
reflecting how easily groundwater is estimated to circulate in
the subsurface. Estimating hydraulic properties on a regional
scale is a difficult task. The authors fully acknowledge that the
approach described hereafter is simplistic; however, as previ-
ously mentioned, the objective of RGWPM does not seek to
map or predict yields of specific wells, but rather estimate
probabilities. For this reason, the variable name has been
adapted to reservoir capacity (RC), in order to avoid any direct
linkage to hydraulic conductivity. In the RGWPM approach,
RC classification is done by assigning hydraulic conductivi-
ties extracted from literature (e.g. Freeze and Cherry 1979) to
lithologies and to tectonic features such as faults and fracture
zones. The lithologies are identified from existing geological
maps, while the tectonic features are identified using high
resolution satellite images such as Bing or by combining
bands from LandSat images (e.g. Sikakwe 2020).

Just as for the WA, RC is divided into four classes (very
low, low, medium and high), which are associated with yield
classes and the most likely water supply options. To obtain
estimated well yields, the estimated hydraulic conductivity of
a lithology is introduced into the analytical solution of Dupuit
for confined aquifers (Dupuit 1857), making the assumptions
that aquifer thickness is 60 m, with a drawdown of 20 m, the
borehole radius is 4” (10 cm) and the average radius of influ-
ence is 15 m. These assumptions correspond to widely ob-
served average values encountered in boreholes drilled in frac-
tured aquifers in the Sub-Sahara. This approach produces four
hydraulic conductivity ranges corresponding to the four RC
classes: (1) estimated hydraulic conductivities K smaller than
1077 m/s assigned to the very low RC class, (2) with K ranging
between 107 and 10 ° m/s assigned to the low class, followed
by (3) the medium class for estimates of K ranging between
10 and 10> m/s and (4) with the high class for all estimates

of K exceeding 10> m/s. Table 1 shows these classes and the
associated water supply options.

Literature suggests that hydraulic conductivity in fault
zones may increase as much as 2—-3 orders of magnitude from
the bulk rock hydraulic conductivity, depending on fracture
density and connectivity (e.g. Evans et al. 1997; Bense et al.
2013). To address this challenge in the RGWPM approach,
the hydraulic conductivity estimation made for fault zones is
increased by one order of magnitude as compared to the sur-
rounding host rock. This implies a shift into the next higher
RC class, according to Table 1.

RGWPM: spatial overlay of WA and RC

The spatial overlay of WA and the RC determines the ground-
water potential (GWP) of the RGWPM, with the lower class
of the two variables dictating the GWP. Figure 2 shows the
RGWPM matrix with the RC classes on the vertical axis and
the WA classes on the horizontal axis. The mapping criteria of
the two variables, as described in the previous section are
summarised in the matrix and five groundwater potentials
(GWP) are distinguished: very low, low, slope, medium and
high which in turn are associated to the different water supply
options, also mentioned in the diagonal of the matrix in Fig. 2.
The slope GWP, although very similar to the low, due to
diffuse groundwater recharge only, is distinguished as a sep-
arate unit, due to the higher WA derived from axial ground-
water flow, as discussed in section ‘Water availability’.

The matrix reveals that the lower of the two variables will
determine the potential, e.g. low WA combined with high RC
will lead to a low groundwater potential and similarly for any
combination of the two variables. Hence, the probability of
high groundwater potential is restricted to zones with both
high WA and high RC, explaining why these areas are the
least frequently encountered.

With the mapping criteria for WA being easier to imple-
ment than for RC, it is useful to start with this variable. This
allows reducing the mapped area of the RC by excluding the
very low WA area, because whatever the RC in this area is, the
associated GWP will be limited by the very low WA variable.
Similarly, the mapping area for RC can be further reduced by
excluding the low and slope WA areas for RC mapping, un-
less hydraulic conductivity estimates are lower than 10”7 m/s,
i.e. very low.

Limitations and validity of conceptual framework

The RGWPM conceptual framework, as described previous-
ly, is only valid in topography-driven groundwater settings, in
which landscape features can be related to groundwater dy-
namics. Haitjema and Mitchell-Bruke (2005) identified the
conditions for topography-driven groundwater flow systems
on a regional scale and therefore neglecting the process of
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Table 1 Reservoir capacity

classification for estimated Reservoir capacity ~ Hydraulic conductivity Estimated yield range Associated water supply option
hydraulic conductivity ranges and RC) K (m/s) (m*/h)
estimated yield ranges, as well as ' . '
associated water supply options High >10 >50 Large motorised systems
Medium 10%-10°° 5-50 Small motorised systems
Low 107-10°° 0.5-5 Hand pumps
Very low <1077 <0.5 Groundwater use may not be

appropriate

interflow, based on analytical Forchheimer-Dupuit assess-
ments (Dupuit 1863; Forchheimer 1986), in which several
dimensionless ratios were used. The ratio between groundwa-
ter recharge (R) and hydraulic conductivity (K) relates to the
geological and climatic framework. Haitjema and Mitchell-
Bruke (2005) concluded that topography-controlled water ta-
bles are most likely to occur in low-permeability earth mate-
rials such as in the Precambrian basement shield covering vast
areas of the Sub-Saharan belt. This vast basement complex is
characterised by a typical regolithic weathering profile (e.g.
Taylor and Howard 2000) leading to continuous topography-
driven small groundwater bodies within the saprolite forming
the interface between the weathering front and the fresh bed-
rock, overlying deeper fracture zones. Very often, the
weathering front and interface with the fresh bedrock is situ-
ated at depths of 20—40 m below the topographic surface
(Wright 1992).

A second limitation of RGWPM s related to its near-
surface character. In areas where geological conditions within
the first 150 m below the surface are highly heterogeneous, the
projection of surface lithological information from geological
maps cannot be done and therefore estimates for the RC var-
iable may not be meaningful.

Nearly two thirds of all humanitarian camps and settle-
ments located in Sub-Saharan Africa are in the geologic base-
ment complex, for which the conceptual framework is valid.
Therefore, there is considerable potential for applying the
RGWPM methodology within humanitarian contexts. In the
next section, the application of the RGWPM methodology in
Northern Uganda is described, first setting the scene of the
general context of the case study area, before discussing
step-by-step the details of the construction of the map layers.

RGWPM of the Bidibidi refugee settlements
(northern Ugandan)

The Bidibidi refugee settlements are located in Northern
Uganda in the district of Yumbe, close to South Sudan and
the Democratic Republic of Congo (Fig. 3). These settlements
hosted over 280,000 refugees in 2017, mostly from South
Sudan, making it one of the largest refugee settlements in
the world (UNHCR 2017b). The settlements are situated in a
semiarid environment, or, more specifically, in a Tropical
Savannah climate (Beck et al. 2018). Northern Uganda has a
wet season from March to November and a dry season from

Fig.2 RGWPM matrix showing the mapping criteria for the overlay of the two variables, water availability (WA) and reservoir capacity (RC), with the

associated groundwater potential (GWP) and associated dominant water supply options
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December to February. The precipitation in this region is be-
tween 1,200 and 1,400 mm/year, while evapotranspiration is
around 900-1,000 mm/year (e.g. Kyatengerwa et al. 2020).
Like most of Sub-Saharan Africa, the Bidibidi settlements in
Northern Uganda are located on the basement, i.e. the
Precambrian shield (e.g. Wyns et al. 2015), consisting of ig-
neous or metamorphic rocks, with a regolithic weathered car-
apace (e.g. Taylor and Howard 2000). The geological map
(bottom right of Fig. 3) shows that the Bidibidi settlements
are located on the Mirian gneiss complex which are flaggy
gneisses affected by the Mirian tectonics in West Nile (DGSM
2004). The western branch of the East African rift terminates
at the height of the settlements of Bidibidi (Purcell 2018) and
induced large regional faults, shown as red lines in the tectonic
sketch in Fig. 3 (Thiéblemont et al. 2016). The RGWPM
developed for the Bidibidi settlement area, as shown in Fig.
3, is located on the left margin of the rift (Horst) along regional
NE-SW normal fault systems, which can be followed over
tens of kilometres. These normal faults induced a graben
along the east where the Nile flows to South Sudan, filled with
sediments. Fresh bedrock crops out only rarely in the Bidibidi
area, since most of the bedrock is covered by typical regolith
resulting from chemical weathering.

In the early stages of a humanitarian crisis, humanitarian
actors may opt to drill boreholes close to people in need of
water and in the places most easily accessible to drilling rigs,
without siting boreholes based on hydrogeological criteria.
Since the beginning of the South Sudanese refugee influx to
Uganda in 2016, hundreds of the boreholes that were drilled
failed to achieve sufficient yields to warrant the installation of
motorized pumps, since only a few humanitarian actors used
hydrogeological investigations to site boreholes. After numer-
ous “dry boreholes” had been drilled, the need for strategic
well siting became evident. In 2018 UNHCR carried out a
major drilling campaign in refugee settlements. It was during
this drilling campaign that RGWPM was first field tested (Fig.
3). Geophysical campaigns were planned using this RGWPM
and 52 wells were drilled, with 8 of them in Bidibidi (blue
circles with black dots in Fig. 3), in an area where already 176
wells had been drilled by numerous different humanitarian
actors in 2016-2017, without RGWPM.

Figure 3 shows the map resulting from the RGWPM pro-
cedure for the district of Yumbe (Northern Uganda). The de-
tailed methodology which led to this map will be discussed
step-by-step in the next section. The map reveals four ground-
water potential (GWP) zones: very low shown in white, low in
light green, the slope GWP in green and the medium ground-
water potential area in dark green. In the whole area, no high
groundwater potential exists. In Fig. 3, the small circles rep-
resent boreholes, which existed prior to the RGWPM drilling
campaign, while boreholes sited with the RGWPM are shown
as blue circles with black dots with variable sizes, proportional
to the yields. Three close-ups are shown in Fig. 3 (I, I and III)

which will be referred to in the next section to illustrate spe-
cific mapping procedures.

The RGWPM map in Fig. 3 reveals that most wells drilled
without the use of RGWPM (i.e. the small circles) are situated
either in the low or slope GWP zones. The light blue larger
circles with black dots show the positions of the eight wells
sited using the RGWPM, which all fall within the medium
GWP zone. The small light blue circles reflect wells within
the medium GWP zone which were drilled prior to the devel-
opment of RGWPMs and which are motorised with yields
exceeding 5 m>/h, all of which coincide with medium GWP
zones, as shown in the RGWPM. The dark blue small circles
reflect hand pumps with yields of 0.5-5 m>/h and can be seen
to be mostly located in the low or slope area, while the black
small circles filled with red reveal hand pumps which are
located within the medium GWP area, but exploited at lower
yields (<5m’/h). These hand pumps are potentially higher
yielding indicating a potential for motorisation (therefore
shown as ‘underexploited’ in the legend). The pink circles
reflect hand pumps for which no yield data exist, most of
which are also located within the low and slope GWP area.

The vast data set related to the wells shown in Fig. 3 will be
further discussed in section ‘Case study Bidibidi: quantifying
impact and predictability of RGWPM’, which focusses on
quantifying the impact and predictability of RGWPM.
Statistics of cumulative yields of the wells sited ‘with’ and
‘without’” RGWPM are then discussed, on the one hand,
and, on the other hand, correlations are established between
the classified yield data of all wells as related to the associated
GWP zones to assess a posteriori the predictability of the
RGWPM. In the following, the technical aspects of the
RGWPM methodology which led to the RGWPM shown in
Fig. 3 are discussed in detail and illustrated using the Bidibidi
case.

Constructing the map layers and RGWPM

In this section, the technical aspects of constructing the
RGWPM are discussed. First, the WA mapping procedures
are presented, followed by the RC mapping procedures, and
finally the overlay of WA and RC. The mapping of the differ-
ent layers of the WA and the RC was done with the QGIS 3
software, while only the interpolation described in section low
WA was done with SAGA GIS 2. Any mapping software
allowing basic raster and vector operations are suitable for
producing a RGWPM. In short, the main GIS manipulations
are limited to a few subtractions of raster layers, combined
with some manual corrections of morphological features using
high-resolution satellite images. The satellite images used for
mapping the starting points such as the Bing are brought in
QQGIS as XYZ tiles and the geological maps as WMS layers.
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<« Fig. 3 RGWPM for Northern Uganda, in the district of Yumbe (Bidibidi
refugee settlement). Four GWP zones are shown: medium (dark green),
slope (green), low (light green) and very low (white). The red lines (Rc)
are faults. Light blue circles with black dots: boreholes sited with
RGWPM (diameter proportional to yield); light blue circles: boreholes
located within medium RGWPM zones; red dots with black border: bore-
holes in medium GWP zone, either underexploited (yield <5 m’/h) or
with unknown yield; black circles with red border: dry boreholes
(<0.5 m*/h); dark blue circles: hand pumps with yield information; pink
circles: boreholes with unknown yield. Zones 1, II and III are three close-
ups referred to in following figures. Bottom right: tectonic sketch
(1:10 M) with regional faults along western branch of the East African
rift (Thiéblemont et al. 2016); geology map (1:2 M) with major geological
formations (DGSM 2004): BG banded gneisses, Gf granulite facies, Gg
granitoid and highly granitized, MG Mirian gneisses, RS rift valley sed-
iments, SA sediments, alluvium, black soils; UG undifferentiated
gneisses; in north granulite facies, the fault is one of the regional faults
of the rift. DRC Democratic Republic of Congo; RW Rwanda

Table 2 summarises all the mapping steps, from 1 to 11
which lead to the RGWPM. This table shows that the mapping
methodology does not follow the units from one end to the
other, but rather follows the logics of mapping units starting
from the easiest to map unit towards the more difficult ones.

Mapping the water availability

The mapping procedure for the WA layer does not follow
sequentially from low to high. Rather it starts with the con-
struction of the low WA zone, within which the very low WA
zone is then distinguished, as shown in Fig. 4. Then, in the
second stage, the high WA is mapped. The remaining area
reflects the slope unit, within which the medium WA is
mapped. The remaining, unmapped areas then automatically
fall into the slope WA.

Low water availability

The zone of low WA corresponds to the diffuse recharge
zone, which is defined by the absence of any surface-water
erosional features. It is obtained by mapping all starting
points (i.e. channel initiation points), as indicated by black
circles in Fig. 4. The mapping process of the starting points
is a combination of computed drainage systems using the
DEM (SRTM 1 arc-second) and then manually editing and
correcting the points using high-resolution satellite images.
The result of this process is a distribution of points (x,y,z)
defined by their coordinates and elevations extracted from
the DEM. A simple natural neighbour interpolation was
used to generate a surface containing all starting points,
called ‘A-surface’, shown as a bold black line in the vertical
cross-section in Fig. 4. The purely diffuse recharge area
(low WA) is obtained by intersecting the constructed A-
surface with the digital elevation model. The area which
lies above the intersection of the two surfaces designates
the area where no surface erosional features exist and thus

qualifies as low WA zone, as shown in Fig. 4 as a map view
(blue), as well as in the cross-section AA’.

Very low water availability

The very low WA zone is always contained within the low
WA zone, i.e. within the area of the purely diffuse recharge
zone and delimits areas where diffuse recharge is substantially
restricted. There are two criteria that are used to map this zone:
(1) outcropping bedrock or, (2) unsaturated regolithic
weathering profile. Outcropping bedrock indicates that phys-
ical erosional processes dominate the weathering processes,
suggesting lateral sediment transport rather than vertical infil-
tration. Using satellite imagery to identify exposed bedrock is
one way of identifying the very low WA within the low WA.
Additional remote sensing products, such as NDVI or
LandSat can be used in combination, particularly in areas
where intertwined vegetation and slight soil cover blur
outcrops.

In most regoliths encountered across the Sub-Saharan re-
gion, groundwater accumulation is very often encountered at
the interface between the weathered profile and the unaltered
bedrock (Chilton and Foster 1995). Groundwater flow along
this interface can substantially contribute to groundwater re-
sources in the low WA area but also contributes to recharge of
groundwater in deeper fractured zones. Hence, in areas where
the base of the weathering profile is topographically higher
than the surface erosional features of the channel initiation
points, i.e. above the A-surface, it is argued that the formation
of a continuous groundwater body is greatly reduced. This
argument has led to simply deducting from the digital eleva-
tion model 20 m, assumed this as an average depth of the
regolith weathering profile where such groundwater bodies
can occur (Taylor and Howard 2000; Chilton and Foster
1995; stippled line in cross section AA’ of Fig. 4).
Intersecting this fresh bedrock hypothetical topography with
the A-surface results in the very low WA zone, being the area
above the A-surface (white area Fig. 4).

High water availability

The high WA corresponds to discharge areas of groundwater
where water is always available. Groundwater discharge areas
are either connected to surface-water bodies, such as to lakes
and streams, or they form springs or wetlands. Hence, the
mapping process for this zone consists of mapping perennial
surface-water features. The mapping process should be done
using dry seasonal satellite images—as an example, Fig. 5
shows one of the few areas where a perennial stream could
be mapped in the Bidibidi (dark blue area). The dry season in
2018 in Uganda extended from January to March, as shown in
the bottom left graph illustrating the daily precipitation as
obtained from Google Earth Engine (CHIRPS). A Google
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Table 2 The schematic step-by-

step process, from 1 to 11, leading Map Figure references  Map units
to RGWPM, revealing for each variable  4-7 ] ]
overlay unit which data sets were Very low Low Slope Medium High
used. Figure references are given
which are further discussed in the WA 4 - Step 1 - - -
text. DEM digital elevation mod- 4 Step 2 _ _ - _
el; WA yvater a\{allablllty; RC 5 B B B B Step 3
reservoir capacity
6 - - - Step 4 -
6 - - Step5 - -
Required datasets DEM, LandSat, DEM, Sat. — DEM, Sat. LandSat, Sat.
Satellite image image image image
Step 6: Water availability overlay WA (x,y): combination of steps 1-5
RC - Step 7 - - -
7 - - - Step 8 -
- - - - - Step 9
Required datasets ~ Geological map, LandSat, - Sat. image, Sat. image,
Satellite image Geol. map Geol. map

Step 10: Reservoir capacity overlay RC (x,y): combination of steps 7-9
Step 11: RGWPM: Overlay of WA (x,y) and RC (x,y)

Earth image from 01/02/2018 (Fig. 5a) taken in the middle of
the dry season shows where the stream becomes perennial, i.e.
starts to exfiltrate. In order to cross-validate the positioning of
the high WA with the Google Earth image, a composite NDVI

Fig. 4 a Close up I of Fig. 3 with starting points or channel initiation
points (black dots) and drainage network (thin back lines). The light green
and white areas present respectively low and the very low water
availability (WA). b Cross-section AA’ showing the constructed ‘A-sur-
face’ (bold black line) intersecting the topography (brown line). The
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image, also obtained with Google Earth Engine (LCO08) be-
tween January and March 2018 (Fig. 5b), shows healthy veg-
etation (high NDVI values) along this stream, indicating the
presence of near groundwater or perennial surface water.

Very low

Topography

]
iRegolithic weatheringi
iprofile :

N
0 250 500m\\
I N

hypothetical bedrock is shown as dashed pink line, 20 m below topogra-
phy: intersection with A-surface delimits the very low GWP area. White
circles and black squares illustrate the intersection of the A-surface with
topography profile AA’ delimiting the low and very-low WA,
respectively
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Fig. 5 Close up II of Fig. 3 with the High WA zone (blue). This zone is
defined by a perennial stream mapped using the Google Earth image of
01/02/2018. a The beginning of the perennial stream is where the colour
of the streambed becomes darker; b cross-validation with NDVI

Medium water availability

According to the conceptual framework (Fig. 1), the medium
WA is situated in the slope unit, along the drainage network,
where concentrated recharge can take place. A method is pro-
posed to distinguish the low WA from the medium WA, since
these are adjacent in the conceptual model, meeting at the
channel initiation points. If the medium WA goes all the way
to the starting points, the starting point itself would belong to
both the low and the medium WA zone at the same time, which
is misleading. As concentrated recharge cannot really take
place at the channel initiation point, where runoff only just
begins, it is conceptually reasonable to start the medium WA
zone at the first order junction, as illustrated in Fig. 6 by large
light blue dots. A buffer of 100 m is drawn around the drainage
network to delimit the medium WA, coherent with the target
resolution of the maps for geophysical campaigns.

Slope water availability
As can be seen in Fig. 6, the only zone which remains

unmapped at this stage is the slope WA area, as discussed
and shown in Figs. 1 and 2. Hence, this zone is in an

composite (January—March 2018) where high (blueish) values indicate
healthy vegetation due to the proximity of groundwater or perennial sur-
face water. The 2018 daily precipitation in millimetres (bottom left) illus-
trates the dry season from January to March 2018

intermediate position between the low and the medium
WA, characterised by purely diffuse recharge like in the
low WA, but also with axial groundwater flow, as in the
medium WA. This intermediate position has led to this
separate WA class. Since it is the only unmapped area at
the end of the WA mapping procedure, slope WA is simply
assigned to the entire unmapped area.

Mapping the reservoir capacity

In this section, the mapping procedure leading to the RC
layer is presented. The RC attempts to assign one of the
four hydraulic conductivity classes defined in Table 1 to all
lithologies and tectonic features in an area of interest. The
errors committed in assigning hydraulic conductivities are
somewhat alleviated by the fact that the estimations are
made on orders of magnitude rather than on absolute hy-
draulic conductivities. In the RGWPM matrix shown in
Fig. 2, the sign = used for the hydraulic conductivity clas-
ses suggests that the absolute range end-member values
require some hydrogeological expert judgement, and,
whenever possible, on data from existing boreholes.
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Fig. 6 Close up III of Fig. 3 showing the mapping procedure of the
medium WA. The black dots mark the starting points used to construct
the low WA zones. Light blue dots indicate first order junctions of
drainage channels with the basin network. Large blue dots indicate

Low reservoir capacity

In vast areas across the African Precambrian shield covered
with regolith it has been demonstrated that the saprolite has a
typical hydraulic conductivity around 10°° m/s (e.g.
Dewandel et al. 2006). Hydraulic tests conducted in saprolite
in Uganda reveal a median hydraulic conductivity of 4.6 x
10°° m/s (Taylor and Howard 2000) and for less specific
weathered granite a range between 3.3 x 10 ¢ and 5.2 x 107
m/s has been documented (Domenico and Schwartz 1990).
Within the RGWPM this hydraulic conductivity range would
ascribe the regolith to the medium RC class according to the
hydraulic conductivity ranges of Table 1 (10 °~107> m/s).
However, the groundwater bodies contained within saprolite
will hardly ever yield more than a few m*/h, colloquially
known as ‘hand pump’ country. Therefore, the RC would
probably be overestimated by the use of textbook hydraulic
conductivities and therefore, if hydraulic conductivities are
expected to be close to the lower end of the range, it is advis-
able to assign it to the lower RC class. However, hydraulic
conductivities should not be underestimated by setting it be-
low a low RC either, as the majority of hand pumps across
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upstream second order junctions defining the beginning of the medium
WA. Buffer of hundred meters around the channels is then added to
define the medium WA (green lines)

Africa prove the opposite, since they are drilled in
nonfractured regolith. In both cases, this balancing act be-
tween medium and low RC is largely alleviated by first map-
ping the WA overlay and excluding the low and very low WA
areas from the RC mapping domain.

Medium reservoir capacity

In a regolithic environment, the mappable fracture zones
are assigned to the next higher RC class as compared to
the host rock. In regolithic areas such as in Bidibidi, these
faults and fracture zones are therefore assigned to the
medium RC class, since the surrounded host rock was
assigned to the low RC class. It must be kept in mind
that fractured igneous and metamorphic rocks according
to Freeze and Cherry (1979) are unlikely to have a higher
hydraulic conductivity than approximately 10™* m/s,
which means that high RC in fracture zones can in some
rare cases be expected. Assigning a fracture zone to the
high RC class, requires, however, some sound
hydrogeological rationale. In the majority of cases, where
fault zones appear as geomorphological features it seems
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reasonable, therefore, to assign them to the medium RC
class.

In the Bidibidi case study, fault and fracture zones
were mapped by identifying rectilinear lineaments using
satellite images. These features range between a few hun-
dred meters for fractures to several kilometres for the fault
zones, as shown in Fig. 3 (red lines). The vegetation is an
additional useful indicator for mapping these features, be-
cause evergreen plants such as large trees preferentially
grow along them. This type of vegetation usually draws a
line of darker shade of green than the surrounding smaller
plants such as grass. In Fig. 7, the red lines show the
fracture zones mapped within the medium WA (light
blue). Lineaments are also encountered within low or
slope WA zones, but do not have to be mapped, since
the GWP will be dictated by the lower WA during the
overlay process.

High reservoir capacity

The earth material which can most safely be assigned to the
high RC class with hydraulic conductivity easily exceeding

10~ m/s are alluvial deposits such as sand and gravels, for
instance along Wadis. This type of material was not encoun-
tered anywhere in Bidibidi.

RGWPM: overlay of the water availability and the
reservoir capacity

The WA and RC being mapped, the last step of the RGWPM
methodology consists in overlaying the two variables and de-
termining the GWP according to the matrix (Fig. 2) with the
lower of the two classes defining the GWP. The variable WA
has been mapped regardless of RC but not vice-versa. In this
case study, the largest area of the RGWPM is covered by low
and slope WA, which will define the GWP. Many fracture
zones (medium RC) fall within the large low and slope WA
zone, but did therefore not need to be mapped at all, since a
medium RC will not change the resulting GWP, set by the low
WA. For that reason, the fracture and fault zones were only
mapped within the medium WA. In that sense, the term over-
lay is conceptual rather than practical, since the overlay pro-
cess evolves while the mapping proceeds, which resulted in
the RGWPM shown in Fig. 3.

Fig. 7 Close up III of Fig. 3 showing the lineaments related to fractures (red lines) associated with medium RC mapped within the medium WA areas

(green lines)
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Case study Bidibidi: quantifying impact
and predictability of RGWPM

This section explores the impact and predictability of the
RGWPM used in the Bidibidi refugee settlements to site eight
boreholes (Fig. 3). Two different analyses are presented—the
first compares the yield as well as drilled depth of the bore-
holes sited ‘with’ the RGWPM with the boreholes drilled
without RGWPM (hereafter called ‘existing boreholes’); the
second analysis uses the data from the existing boreholes to
compare the actual well yields with the RGWPM predicted
yield classes. These data are independent and were not used to
establish the RGWPM. This comparison allows cross-
validation of the RGWPM approach by assessing the match
between the RGWPM predicted yield classes and the reality.

Throughout this section, it has to be kept in mind that the
quality of the borehole data retrieved from numerous human-
itarian agencies is highly heterogeneous. With yield data
forming the most important data set for the following analysis,
interpretation seeks to account for the different ‘data quality’
and origins. In the best case, yield data are based on pump test
interpretation and in the worst case they are simply a driller’s
estimate during borehole development, or simply the highest
pump test yield. This was typically found to be the case for
numerous pump tests carried out for hand pumps, which sim-
ply document the maximum test yield of 0.8 m*/h as borehole
yield. This kind of yield data may be misleading, because it
does not necessarily reflect the actual borehole yield, but sim-
ply confirms that the highest test yield can be sustained.

Comparative statistics of borehole sites with and
without RGWPM

The data for the comparative analysis of the eight boreholes
sited with the RGWPM in Bidibidi and the 176 existing wells
sited without RGWPM are shown in Fig. 8a (table) and Fig.
8b (RGWPM map). For a larger version of the RGWPM map
please refer to Fig. 3. Figure 8 is subdivided into three ‘data
families’ shown horizontally: those with yield data, those with
drilling depth data and those with both yield and drilling depth
data. Data from boreholes drilled without RGWPM and those
drilled with RGWPM are presented for each of these groups.

The first line in the table of Fig. 8a shows the total number
of' boreholes used for the analysis. Below, there are three sep-
arate boxes highlighted in different white-grey shadings. The
white data box shows the sub-data set which includes all bore-
holes for which yield data are available. A total of 92 existing
boreholes were used, meaning that no yield data are available
for 84 boreholes, which are shown as pink circles in the
RGWPM in Fig. 8b, all of which are hand pumps. The second
line in the table shows the cumulative yield, revealing 272 m?/
h for the existing wells versus 283 m*/h for the RGWPM sited
boreholes. Hence, 8% of the borecholes (8 RGWPM
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boreholes) extract 51% of the total yield, while 92% of the
boreholes (92 existing boreholes) extract 49%. This leads to
an average borehole yield of 3 m*/h for the existing boreholes
versus 35 m*/h for the RGWPM sited boreholes.

On the other hand, considering the cumulative yield of the
existing boreholes of 272 m>/h, 135 m’/h, i.e. 50%, are ex-
tracted from 8 motorised systems (all located within the
medium GWP zone, shown as blue circles in Fig. 3), most
probably sited based on expert advice. Adding the yields of
the 16 motorised boreholes, representing 10% of all bore-
holes, the existing 8 boreholes (135 m>/h) and the 8
RGWPM sited boreholes (283 m3/h), yields 418 m>/h, corre-
sponding to 75% of the total yield.

This very simplistic statistical comparison definitely sug-
gests that RGWPM siting has had a major impact on the bore-
hole yields on the one hand and, on the other hand, that the
medium GWP zone is far more high-yielding than the rest,
increasing the average borehole yield by approximately one
order of magnitude.

This result may be distorted by the fact that 84 existing
boreholes without yield data have not been included in this
assessment. If an average yield of 2 m>/h is assumed for all
these boreholes, corresponding to the average yield of bore-
holes with yield data located within the low GWP zone, then
the cumulative yield of the existing 176 wells would be 440
m?/h, versus 283 m*/h of the 8 RGWPM sited wells. In that
case, the RGWPM boreholes would still be extracting 39% of
the cumulative yield with only 4% of the boreholes.

Belonging to the second data family are those boreholes
with data on depth or drilled length. These are presented in the
section shown as a light grey box in Fig. 8a. For this analysis,
76 existing boreholes were identified containing this informa-
tion. The cumulative borehole depth of the existing wells is
6,115 m, reflecting 86% of the total drilled length in Bidibidi,
while the eight RGWPM sited boreholes have a cumulative
depth of 964 m, corresponding to 14% of the total drilled
length. The average borehole depth of the existing wells is
80 m/BH, while for the RGWPM sited boreholes it is
121 m/BH. Hence, borehole depth may also be relevant and
is of course completely independent of the RGWPM ap-
proach, which does not suggest any drilling depth.

Belonging to the third data family are those boreholes with
both yield and drilling depth, and are shown in the dark grey
box in Fig. 8a. The 69 existing boreholes with both data sets
had a cumulative yield of 242 m*/h, versus a cumulative yield
of 283 m*/h for the RGWPM sited boreholes, leading to av-
erage yields of 4 and 35 m*/h and average borehole depths of
80 and 121 m, respectively. From these data, the specific
borehole depth-yield was calculated, reflecting how many me-
ters were drilled to for each m> of water, which is a very visual
way of quantifying productivity of wells. For the existing
boreholes, an average of 27 mBH/[m3/h] is obtained, versus
only 3 mgy/[m’/h] for the RGWPM sited boreholes, again
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Fig.8 a Table showing the key data used for the statistical comparison of
existing boreholes sited without RGWPM (first column) and for
boreholes sited with RGWPM (second column) and all boreholes (last
column), with subdivision of data into boreholes containing yield data

pointing towards a far higher productivity per meter drilled of
the RGWPM sited boreholes. This is an operationally inter-
esting result, pointing both towards positive impact of
RGWPM for siting and also towards positive impact of in-
creased borehole depth (80 m for existing BH and 121 m for
RGWPM sited BH).

Although the data quality is highly heterogeneous and the
statistical comparison was made with only eight RGWPM
sited boreholes, the results suggest that using a physically
based, although simplistic approach such as the RGWPM,
has had a significant positive impact on the yield in the
Bidibidi case study.

Assessing actual borehole yields with RGWPM
predicted ‘yield classes’

In this section, the data set of the existing boreholes, sited
without the RGWPM containing yield data, is used to assess
how the RGWPM map, shown in Fig. 3, performs in
predicting the yield range. For that purpose, it is important
to leave aside the boreholes sited with RGWPM, in order to
have an independent data set. The process involves extracting
the ‘GWP’ zone associated to each existing borehole from the
RGWPM and classifying the yields of all wells into the
RGWPM yield classes. This leads to a matrix, shown in the
table of Fig. 9a, in which the GWP zones of the RGWPM are

and boreholes with depth data. Boreholes with both yield and depth data
are shown in the dark grey table section. b Miniature RGWPM,
corresponding to Fig. 3, for rough overview

shown in columns and the classified yields in lines, indicating
the number of boreholes falling into each yield class. The
matrix shows that 20 of the existing boreholes fall into the
low GWP zone, 48 into the slope GWP zone and 24 into the
medium GWP zone. In Fig. 9b, the individual yields of the
eight RGWPM sited boreholes, all located within the medium
GWP zone, are shown in a separate graph, revealing that six
boreholes fall into the medium yield class (550 m’/h) and
three boreholes fall into the high yield class (>50 m*/h). The
average yield of 35 m*/h is indicated with a red stippled line.
In Fig. 9c, the data from the existing boreholes shown in the
matrix in Fig. 9a are represented as percentages of boreholes
assigned to different yield classes within each GWP zone.

Low and slope GWP zone

In the RGWPM approach, these two GWP zones are associ-
ated with the low yield class, i.e. to yield ranging from 0.5 to 5
m’/h. The difference between the two GWP zones, as
discussed earlier, is mainly the fact that the slope GWP zone
is not only related to diffuse recharge but is better positioned
with respect to axial groundwater flow from the upland unit,
suggesting more stable groundwater conditions with smaller
seasonal variations, but not higher yields.

Figure 9c reveals that 15% of the 20 boreholes drilled in the
low GWP zone have very low yields, <0.5 m3/h, while 75% of
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Fig. 9 a Table showing the data from existing boreholes (sited without
RGWPM) and subdivided into the different GWP zones (columns), low,
slope and medium obtained from the RGWPM, classifying all yields
according to the three RGWPM yield classes, very low (<0.5 m*/h),
low (0.5-5 m*/h) and medium (>5 m*/h); b graph showing yield data

the boreholes have yields falling into the low yield class,
which is the class associated with the GWP zone. Only 10%
of the boreholes (2 BHs) have medium yields, exceeding 5
m>/h. This suggests a rather good predictability of the
RGWPM for the low zone, with only 25% of outliers on each
side.

Similar to the low GWP zone distribution, the slope GWP
zone borehole yield distribution shown in Fig. 9c reveals that
90% of the boreholes (43 BHs) located within the slope unit,
have low yields ranging between 0.5 and 5 m’/h, with only
4% (2 BHs) having lower yields and 6% yields exceeding 5
m?/h (3 BHs). Here again, the predictability of the RGWPM is
very good.

Overall, for the low and slope GWP zones together, both
zones associated with the yield range of 0.5-5 m*/h, 85% of
the existing borehole yields actually do so, while 7.5% have
higher and 7.5% lower yields. Hence, the yields of these 68
boreholes could have been predicted with 85% certainty if the
RGWPM had already existed at the time of drilling. A highly
relevant aspect of the high predictability of the RGWPM for
low yield classes is that ‘low yield class’ areas can rapidly be
defined, thus rapidly excluding uninteresting zones for water
development.

The medium GWP zone

The medium GWP zone in the RGWPM approach is associ-
ated to yields in the range of 5-50 m/h, for small-to-medium
motorised systems. Figure 9¢ reveals that only 33% of the 24
boreholes located in this zone having documented yields ex-
ceeding 5 m>/h, all of which are motorised. In all, 67% of the
medium zone boreholes (16 BHs, all hand pumps) have yields
in the low yield class range, of 0.5-5 m*/h. One reason for this
mismatch could possibly be ‘poor’ predictability of the
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for the eight boreholes sited with RGWPM, with six within the medium
yield class (5-50 m*/h) and three boreholes within the high yield class
(>50 m*/h), with indicated average yield of 35 m*/h; ¢ graphs showing the
relative distribution of existing boreholes within each GWP zone with the
colours referred to (a)

RGWPM for the medium GWP zone; however, having per-
formed 100% for the boreholes sited with the RGWPM within
the medium zone points towards another explanation. The
high percentage of boreholes in the medium GWP zone hav-
ing a low yield class may therefore simply be related to the
fact that they were drilled to be hand pumps (all of them are),
leading to low documented yields. All these boreholes are
shown in Fig. 3 as black circles filled with red and are de-
scribed as ‘underexploited’, since they have a medium
RGWPM predicted yield class, suggesting they could be
motorised (>5 m>/h). This observation was an unexpected
result of this cross-validation process, suggesting an alterna-
tive use of RGWPM to identify existing wells which could
potentially be upgraded to motorised pumping or even solar
pumping systems. This is highly relevant, since conversion to
solar pumping is an operational priority for UNHCR and its
partners. Using the RGWPM to prioritise wells to be
retrofitted, concentrating on hand pumps located within the
medium GWP zone, may be a significant added value of these
maps.

Although the RGWPM approach has only been cross-
validated in the Bidibidi case study, the results suggest
that significant improvements can be made by using
RGWPM and targeted geophysics. Particularly in human-
itarian contexts, where the alternative is mostly ‘no strat-
egy’ other than drilling rapidly and close to people. The
RGWPM is believed to be a highly useful approach,
which certainly has a potential to be replicated in other
arcas in the Sub-Saharan belt with similar geological
conditions.

The Bidibidi case-study and RGWPM cross-validation
process has revealed that not only is the predictability of the
expected ‘yield classes’ quite good, allowing strategic plan-
ning of small-scale geophysical investigations, but this also
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highlighted that the low and slope GWP areas should be
avoided for prospection, if solarised/motorised systems are
targeted. A surprising but operationally significant result of
this case study was also to identify numerous hand pumps
situated within the medium GWP zone, suggesting that such
boreholes should be prioritised if retrofitting of hand pumps to
solar-powered motorized systems is envisaged.

Looking at the results presented in the preceding section,
revealing significant differences in yields between boreholes
sited with and without RGWPM, one is tempted to ponder on
what the borehole map would have looked like in Bidibidi, ifa
RGWPM would have been available upon onset of the drilling
campaigns during the early emergency phase.

In the humanitarian context, staff turnover is high which
can result in low institutional memory and data loss. To mit-
igate this issue, UNHCR and its partners have developed an
online database (UNHCR 2021b). Loss of data may be one
reason for the failure to get high-yielding boreholes prior to
the use of RGWPM, but another reason may also be related to
the lack of a common borehole siting strategy. Whatever the
reason may be, the boreholes’ yields are eventually translated
into water production figures for refugees, which in turn are
reported as indicators (minimum standard of 20 L per person
per day). Hence, if wells are not adequately sited and
exploited, as suggested by the aforementioned simple analy-
sis, the derived indicators will call for additional funds to fill
any gaps in the water demand. In that respect, the results
obtained from the boreholes sited with the RGWPM are high-
ly encouraging. Moreover, the boreholes sited with the
RGWPM can also support the trend in the humanitarian con-
text towards solarisation/motorization, suggesting that it is
possible to move away from the classic hand pump water
supply scheme.

Conclusion

The main objective of this work was to support humanitarian
efforts to site boreholes more efficiently using a methodology
called Rapid Groundwater Potential Mapping (RGWPM).
RGWPM is in line with the humanitarian needs during emer-
gencies, being rapid, providing humanitarian agencies with a
practical tool within days or weeks. It is also in alignment with
the increasing trend towards solarisation of boreholes, which
commonly requires higher yields than what hand pumps need.
The mapping done in a few days delimits the groundwater
potential zones and informs water supply options. The
RGWPM methodology cannot be fully automated and re-
quires an experienced hydrogeologist to be implemented.
The results can be shared with site planers to allow them to
factor in borehole siting with overall site plans taking into
account demographical and socio-economic factors.

The groundwater potential zones of RGWPM were obtain-
ed from the spatial overlay of the WA and RC, with the lower
of the two variables determining the GWP. The WA is better
defined and more quickly mapped, thus limiting the area
where the RC is evaluated to areas with a medium WA or
high WA. The WA mapping criteria are based on a
simplistic but physically grounded transposition of the
conceptual framework of Winter (2001) hydrological land-
scape units into hydrogeological processes by the identifica-
tion of geomorphological features. The RC overlay expresses
the geological features as hydraulic conductivities.

The Ugandan case study results showed that although there
is a degree of uncertainty related to the mapped variables, the
mapped units and the groundwater potential zones based on
physical processes increase success rates as opposed to alter-
native borehole siting strategies used by humanitarian agen-
cies (e.g. siting based on demographic criteria). The cross-
validation on the Northern Ugandan refugee settlement of
Bidibidi highlights that the eight boreholes sited with
RGWPM extract more than 92 existing boreholes, with aver-
age yields of 35 m*/h as compared to 3 m*/h for boreholes
sited without RGWPM. The semiquantification of RGWPM
reveals that the medium groundwater potential zones correlate
with motorised systems and the low and slope zones with
hand pumps.

Rapid Groundwater Potential Mapping has so far only been
to semiarid region, where the landscape dominantly results
from erosional processes linked to water. There are a number
of limitations to RGWPM, with the highest uncertainty related
to the mapping process of the reservoir capacity. Another
limitation is that complex geological settings such as multi-
layered systems, cannot be addressed with this methodology.
Finally, these maps do not consider existing boreholes; hence,
implementing numerous boreholes within the same medium
or high groundwater potential zone will always have to be
associated with considerations on the sustainability of the
exploitation.

The authors fully acknowledge that considering groundwa-
ter recharge and hydraulic conductivities through
hydrogeomorphological classification, as done in this work,
is an extremely simplified approach. Nevertheless, during
acute emergencies when crucial decisions are being made
which have considerable financial and operation implications,
RGWPM has the potential to foster more successful geophys-
ical and subsequent drilling campaigns. Also, it is believed
that RGWPM has the future potential for establishing a com-
mon framework or approach for groundwater exploration in
humanitarian situations. Since only one RGWPM map needs
to be established for one area, it could even be used as a
coordination tool, allowing different humanitarian actors in
water supply to join efforts using a common (physically
based) approach.

@ Springer
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