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Featured Application: A low-cost, developing-country-accessible geophysical survey method to
aid water-supply borehole siting was developed and applied in Malawi. The method uses mul-
tiple vertical electrical soundings (VESs) to generate true 2-D resistivity cross-sections images of
the geological subsurface detail comparable to more expensive geophysical techniques with re-
sults far superior to 1-D hydrogeophysical approaches currently used in Malawi. Technology
adoption will greatly facilitate local targeting of aquifer resources and permit more sustainable
siting of supply boreholes that is vital to Malawi’s majority rural population who are predomi-
nantly reliant on groundwater for safe drinking water supply.

Abstract: To improve borehole siting for rural water supply, an advanced resistivity method was
adapted for developing country use and demonstrated in Malawi. The method was designed to be
low cost, developing-country accessible, efficient. It allows single or multiple operators to acquire
the multiple vertical electrical soundings (VESs) required that are inverted together in 2-D, to give
a true cross-section of subsurface resistivity. Application at four sites generated true cross-sections
of subsurface resistivity to around 100 m depth relevant to groundwater-resource investigation. A
wide range of (hydro)geological features was identified, including fractured/weathered basement,
gneiss domes, well-developed fault zones and several types of deltaic deposits. Imaging perfor-
mance appears comparable to that of 2-D surface ERT (electrical resistivity tomography) that uses
more expensive equipment, often unaffordable in developing countries. Based on the subsurface
configurations determined and hydrogeological conceptualisation subsequently undertaken, the lo-
cal aquifer potential could be evaluated, thereby providing a decision-making basis for future bore-
hole siting at the sites surveyed. The technology is far superior to conventional 1-D VES, electro-
magnetic profiling or magnetic profiling currently used for borehole siting in Malawi. Technology
adoption currently under consideration nationally would make use of existing VES capacity and
permit much improved targeting of aquifer resource, more sustainable siting of boreholes and
greater future resilience of Malawi’s rural water-supply infrastructure.

Keywords: rural water supply; groundwater investigation; hydrogeophysics; aquifer; conceptual
model; borehole; vertical electrical soundings (VESs); Malawi; Sustainable Development Goal 6

1. Introduction

Groundwater is the principal source of community drinking-water supply for Ma-
lawi’s predominantly rural population. Our wider programme of research has recently
mapped over 120,900 water points in Malawi, of which 49% are boreholes predominantly
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drilled to provide community hand-pumped water supply (Climate Justice Fund, mWater
data retrieval, August 2020). Improving access to groundwater is pivotal to rural water
supply across the developing world [1-3] and a priority means of enabling governments
to meet Sustainable Development Goal (SDG) 6 targets [4]. Low borehole functionality
rates, however, greatly hinder this ambition [5-7]. Although maintenance shortfalls,
amongst other factors, are commonly blamed [8,9], these can obscure poor hydrogeologi-
cal siting and borehole design that may primarily drive persistent functionality problems
[10,11]. Boreholes screened in less permeable or saline units, or else drilled too shallow
and vulnerable to dry-season dewatering or contamination may fail to respond to in-
creased maintenance. They may become “Stranded Assets” [6]. Such circumstances could
be alleviated with improved borehole siting informed by surface (hydro)geophysical
methods.

Hydrogeophysics has long been invaluable to assessing complex aquifer settings
throughout Sub-Saharan Africa [12,13]. Malawi’s East African Rift System location causes
its aquifers—primarily the fractured/weathered basement rock or valley alluvial aquifer
systems—to be heterogeneous and discontinuous (faulted) with strong lateral and vertical
lithological variation [14,15]. Siting of new boreholes in Malawi formally requires geo-
physical survey reconnaissance to assist decision-making on their location. The task is
usually performed by the Ministry of Irrigation and Water Development (MoIWD or “the
Ministry”) or else Malawian or foreign contractors. One or a combination of the following
ground-surface methods is used [16-19]: the 1-D resistivity method of vertical electrical
sounding (VES), which provides vertical profiles of subsurface electrical resistivity; the 1-
D conductivity method of electromagnetic profiling (EMP), which provides horizontal
profiles of apparent subsurface electrical conductivity; and, the 1-D magnetic method of
magnetic profiling (MP), which provides horizontal profiles of magnetic field intensity at
surface. Such methods are, however, judged inadequate for the investigation of aquifer
complexity typically expected in Malawi and indeed the wider African continent. VES, for
instance, is only valid for subsurface configurations that are laterally invariant [20]. These
are not prevalent in Malawi and not characteristic of fractured/weathered basement aqui-
fer environments, nor alluvial aquifers where transmissive sands and gravel may prove
laterally discrete [14,15,21-23]. Problems becomes obvious when comparing interpreted
VES curves against “ground-truth” borehole drill-cutting logs where strong mismatches
in lithology and depth are often observed [16,24,25].

Two-dimensional surface electrical resistivity tomography (2-D surface ERT) is an
advanced geophysical method producing true cross-sections of subsurface electrical re-
sistivity [26,27]. It is well-suited to the investigation of heterogeneous and discontinuous
aquifers [28-32] and continues to be widely used [33-36]. However, ERT equipment is
expensive. In more rapidly developing parts of the world, especially low- and middle-
income countries (LMICs), access to such multi-channelled resistivity systems may be lim-
ited and 1-D VES may remain widely applied [37—41]. This is despite its largely inferior
performance to ERT, but presumably reflects its success generally in physical aquifer and
groundwater resource characterization [31,32,42—46]. ERT appears to have only been im-
plemented in Malawi on a few one-off hydrogeophysical campaigns for borehole siting,
all using foreign contractors [47]. Whilst the Ministry possesses (in 2019) an ERT unit and
VES units and cables, it lacked expensive ERT cables and used the ERT unit only with VES
cables for 1-D VES acquisition.

Although the VES method was designed to provide vertical 1-D profiles of resistivity
[19,20,23,31,32], a few recent studies have recognised that several VESs may be combined
to provide pseudo or true cross-sections or volumes of subsurface resistivity and may
provide an alternative option to surface ERT. For instance, studies have demonstrated
several soundings may be inverted separately in 1-D, and the obtained vertical profiles of
subsurface resistivity correlated to produce a pseudo cross-section of subsurface resistiv-
ity [48], or a pseudo volume of subsurface resistivity [49,50]. Such approaches require 1-



Appl. Sci. 2021, 11,1162

3 of 29

D resistivity structures to be at the scale of the individual soundings, a condition appar-
ently fulfilled in the study of Mohamaden and Ehab [48], but not in our earlier (alluvial
aquifer) work in Malawi [49]. Our more recent work reported herein and implemented by
Leborgne [51] utilises the recognition of Atzemoglou and Tsourlos [52] and Khalil and
Monteiro Santos [53] that multiple soundings may be inverted together in 2-D, to obtain
a true cross-section of subsurface resistivity. This approach requires that the soundings to
overlap each other and to be fully collinear, as well as image 2-D resistivity structures.
The method was suitably adapted for use in Malawi and wider developing world where
resource may be limited to undertake true 2-D subsurface resistivity surveys. Its further
potential to produce a true volume of subsurface resistivity from multiple, overlapping
soundings inverted together in 3-D [54] is also noted for possible future extension. VES
may also complement other geophysical techniques, for instance magnetic resonance
sounding [55,56].

Our research goal was to improve hydrogeophysics and supply borehole siting in
Malawi through adaptation for developing-country use and testing in Malawi of an ad-
vanced resistivity method in which multiple VESs are inverted together in 2-D, to obtain
a true cross-section of subsurface resistivity. The methodology developed and described
herein aimed to be as cost effective as possible, and be easy to use in a developing country
context where VES capability is typically available enabling continued use (in Malawi at
least) of existing equipment and knowhow. It also aimed to remove the need for reliance
on expensive, possibly unaffordable ERT equipment to perform true 2-D subsurface resis-
tivity surveys. This ambition was successfully realised and the developed VES technology
demonstrated in four contrasting hydrogeological settings in Malawi. A hydrogeological
conceptual model was developed for each of these settings, and the aquifer potential and,
hence, preferred borehole siting location(s) were determined from the 2-D geophysical
cross-sections obtained. This successful technology application has led to formative dis-
cussions with the Ministry on its deployment throughout Malawi that may allow en-
hanced delivery of rural water supply and support national attainment of SDG 6 targets.

2. Materials and Methods
2.1. Study Setting

Malawi is a small landlocked country with a population of 18 million people that is
rapidly growing by around 3% annually [57]. It is the most densely populated country in
the Southern African Development Community (SADC) [58]. It had a national poverty
rate in 2016 of 52% and extreme national poverty rate of 20% [59]. Over 80% of its popu-
lation lives in rural areas and are mostly employed in subsistence farming. This study
contributes to the Climate Justice Fund (CJF) Water Futures Programme of research,
funded by the Scottish Government, that aims to assist the Government of Malawi in
achieving SDG 6 (www.cjfwaterfuturesprogramme.com). CJF is led by the University of
Strathclyde and provides local-to-national scale coverage across a broad range of water
resource issues [5,6,60-62]. The field demonstration phase of this study was implemented
within a CJF geographic focus area that covers most of the Traditional Authority (TA) of
Mazengera located the Lilongwe District of Central Malawi (Figure 1).

TA Mazengara is a low-population, predominantly rural setting located in the plat-
eau area of West Malawi. It comprises a pediplain (i.e., a series of gentle concave undula-
tions) at over 1000 m a.s.] (above (mean) sea level) interrupted by smooth, short hills and
by a few sharp, tall hills such as the hogs-back ridge of Chilenje Hill and the conical
Nkhoma Hill reaching 1600 m a.s.1 [63] (Figure 1). Climate is of the Cwa type (temperate
with dry winter and hot summer) in the Képpen—Geiger classification [64]. A warm, wet
summer season lasts from November to April and a cool, dry winter season from May to
October. Natural vegetation is savannah woodland, albeit now heavily cultivated. The
plateau is dissected by numerous rivers, but without a significant standing body of water.
Streamflow experiences marked seasonal variations, with many smaller rivers and
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streams dry during winter. Possible changes in some reaches may occur across the plateau
from gaining to losing conditions where river flows become influent to groundwater
[14,15,60]. Biological contamination (e.g., by faecal bacterium, Escherichia coli) of surface
water is common. Accordingly, the rural population very heavily depends on groundwa-
ter extracted from boreholes or protected dug wells. Both are usually equipped with Af-

riDev hand pumps to provide safe drinking water and domestic supply.

(a) N  Physiographic zones

P
Malawi , f [1] Plateau area
V4
7 _ ~ [2] Rift valley escarpment
Lilongwe District E . .
LILONGWE oy Take Rift valley plains
n" /Mn;" alawi [4] Highland areas
N f Elevation (m AMSL)

TA Mazengera

N 4] w———
; 400 1000 1600

(b) e 2 D Study area

Elevation (m AMSL)

-
1000 1300 1600

Resistivity surveys

S R

Chilenje Hill . Nkhoma Hill

T

Chilenje Hill
VA

Linthipe River

[ Syenite intrusion [ Gneissdome [] Pediplain 3 Dambo

Figure 1. Study area setting: (a) surrounding physiographic setting (b) location of the four resistivity surveys and (c)
landscape analyses in the study area. Topographic maps use Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) data courtesy of NASA (Jet Propulsion Laboratory) and the US Geological Survey and were accessed via

the Watkins [65] 30 m grid interface and plotted with QGIS 3.4.4.
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Geological and Hydrogeological Setting

The study area is located in the extensive Proterozoic Basement Complex. Two main
geological settings are distinguished in Malawi (Supplementary Materials Figure S1):
zones where the Basement Complex is at surface, most of the study area; and zones where
itis covered by colluvium or alluvium, occurring in the west of the study area [66] (Figure
2). Lithologies of the Basement Complex comprise: (i) medium- to high-grade metamor-
phic rocks (mainly felsic gneiss and granulites) which underwent foliation, folding, mig-
matisation and diapiric crustal flow, the latter being visible at the surface, in the form of
short, soft hills corresponding to the outcropped portions of gneiss domes; and, (ii) syenite
intrusions visible at surface as the tall, sharp hills of Nkhoma and Chilenje (Figure 1c)
[14,15,63,66-68]. Metamorphic terrains of the Basement are attributed to tectonic and met-
amorphic activities of Proterozoic orogenies [69,70]. Strikes, foliations, elongated gneiss
domes and lineaments display a general SSW-NNE orientation [66,68], but without obvi-
ous influence of the Early Miocene to Quaternary East African Rifting [68]. Four erosion
surfaces were identified: Gondwana (Jurassic) and post-Gondwana (Early and Mid-Cre-
taceous) erosion surfaces, remnants of which could be the hills of Chilenje and Nkhoma;
a Late Cretaceous to Early Miocene African erosion surface corresponding to the pedipla-
nation responsible for the current general aspect of the plateau; and a later Miocene to
Pliocene post-African erosion surface corresponding to the dissection of the plateau in the
major river valleys [63,71].
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Figure 2. Location of resistivity survey demonstration area shown relative to (a) Landsat image [72] and (b) the geological
setting (digitized, adapted and reinterpreted from Hughes and Matumbi [66]). Landsat imagery courtesy of NASA God-
dard Space Flight Center and US Geological Survey.

The Basement hosts aquifers that correspond to the classical concept of frac-
tured/weathered basement aquifers in tropical environments [60,73]. This concept was
developed by, inter alia, Wright [12], Chilton and Foster [13], Carter and Bennett [67],
Acworth [74], and Chilton and Smith-Carington [75]. These aquifers are defined by their
association of an igneous or metamorphic fractured basement and a mantle of weathering
products resulting from the prolonged, progressive, in situ chemical degradation of the
basement rock into soil under tropical conditions. Detail of the typical vertical profile of
fractured/weathered basement aquifers in tropical environments, assembling the above
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(a)

works, is conceptualized in Figure 3. This conceptualization underpins later hydrogeolog-
ical conceptualisation madeof the geophysical cross-sections obtained. Division within
Figure 3 is into the following units, from bottom to top [12,13,74]: fresh unfractured and
unweathered basement; fractured basement with shallow, sub-horizontal fracturing initi-
ated by decompression accompanying exhumation of the basement and/or tectonic frac-
turing reaching deeper depths, of generally sub-vertical fractures often associated with
lineaments (both types of fracturing may be enhanced by dissolution); saprock—mostly
unweathered blocks detached from the parent bedrock in a matrix of crumbled bedrock
of gravel/sand grain size; saprolite of progressive decrease in grain size upwards from
gravel and sand to sand and clay; laterite comprising quartz grains, authigenic clays and
Fe—Al oxides/hydroxides are predominant. Variable topsoil covering (e.g., duricrust and
latosol) depends on land use, cover and climate. Units may be grouped into super-units,
such as the regolith (saprock, saprolite, laterite and topsoil) and the collapsed zone (later-
ite and topsoil), the thickness of which is usually c. 15-30 m, exceptionally reaching 70 m.

& “ e K, discrete | K, average | ¢e, discrete T Q
Profile Units Thicknesses (m)] Grain sizes
) )| /) | wn | e | ws)
Topsoil <5
Laterite <15
Clay
Regolith <20 <70; Sand \
Usuall i \
Saprolite 15— 32; \ 1<0.3
\ 0.05-15 |
<30 A / Usually
Gravel
ravel \ v s <2
vl Saprock Blocks ) <5 !
<20 <‘
Fractured Fractured
] /1 basement bedrock |/
Basement /
Fresh Massive
basement bedrock
(b)

Aquifer ! Aqui‘fer. i Aquifer
discontinuity : discontinuity i discontinuity
caused by Semi-confined, predominantly caused by Unconfined, predominantly |  caused by
basement hill: weathered aquifer baszment fractured aquifer i basement hill

i . ridge !

Preferential groundwater—"
pathway through well-

/ developed fracture zone
E] Saprock E[ Laterite
E] Fractured basement E Saprolite
Fresh basement Water level

Figure 3. (a) Typical vertical profile of fractured/weathered basement aquifers in tropical environments. (b) Examples of
aquifer subtypes among fractured/weathered basement aquifers in tropical environments.

Hydraulic conductivity (K) and effective porosity (®) vary significantly over the pro-
file (Figure 3). K is usually highest, up to 5 m/d, in the fractured basement, saprock and
gravelly, lower part of the saprolite; @. is generally highest in the sandy (i.e., intermediate)
part of the saprolite where it may reach up to 0.3 v/v. The fractured basement and saprock
provides most of the aquifer transmissivity and the saprolite much of the storage. Clayey
parts of the saprolite/laterite may create semi-confined conditions with delayed yield.
Transmissivity (T) is typically only 1-5 m?/day and borehole yield (Q) may only excep-
tionally exceed 2 L/s. Aquifer productivity is, hence, low to moderate [12-14,74]. High
lateral variations over short distances in terms of lithologies, deformation structures and
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water levels may give rise to several aquifer subtypes (Figure 3) [47]. Discontinuous aqui-
fers restricted to troughs or occurrence parallel to strikes may be common [63]. Borehole
capture zones are often limited due to the relatively low K environment and decreasing,
low hydraulic gradients at distance from escarpments [76] and may not be radially sym-
metric; for instance, fracture flows may be preferentially oriented. Despite their low to
moderate productivities, the fractured/weathered basement aquifers of tropical Africa are
widespread and occur at shallow depths, thereby providing a source of water that can be
tapped widely at low exploitation costs. For these reasons, these aquifers are of major
importance to the rural populations of tropical Africa, including Malawi [12,13].

In the west, a large area of the Basement Complex is covered by Tertiary and Quater-
nary colluvium [66], comprising eroded weathering products redistributed downslope of
escarpments by gravity. Colluvium in tropical Africa may accumulate in depressions and
form dambo [13] (Dambo a bantu word used in Malawi for “[...] shallow linear depres-
sions in the headward zone of rivers without a marked stream channel [, that] are season-
ally waterlogged and grass-covered” [77]). Dambo are common throughout the study area
and of particular hydrogeological interest due to their high water-retention capacity,
providing a “buffer” dry-season water source [68].

Banda et al. [60], under our wider CJF programme, have recently provided a hyro-
chemical and stable isotope based hydrogeological conceptualisation of the wider Lin-
thipe catchment draining into lake Malawi that encompasses TA Mazengara.

2.2. Survey Methodology: Rationale and Approach

The basis of the advanced resistivity method applied was to use multiple VESs that
are inverted together in 2-D in order to obtain a true cross-section of subsurface resistivity.
Perceived central to application in poorly resourced developing-country settings, such as
Malawi, was the need for a method development that used low-cost VES equipment that
removed the need for expensive ERT equipment to perform true 2-D subsurface resistivity
surveys. Supporting processing software used should ideally be freeware.

Equipment preparatory works were undertaken in the UK, in advance of the rela-
tively short period of opportunity for project fieldwork in Malawi [51]. This preparatory
work enabled resistivity surveys to be configured in the field as a series of VESs, allowing
true 2-D subsurface resistivity imaging. Each survey subsequently comprised the follow-
ing: (i) selection of the survey site and survey preparation; (ii) acquisition of the survey as
a series of VESs; (iii) survey data processing, to obtain a true cross-section of subsurface
resistivity; (iv) interpretation of the subsurface resistivity cross-section, in terms of sub-
surface configuration; and (v) evaluation of the aquifer potential of the surveyed site from
the subsurface configuration determined on the cross-section. Design of a methodology
suited to the time-limited period of fieldwork available permitted development of a meth-
odology that was time efficient for future practical application elsewhere and, hence, in-
creased prospects of uptake. The component steps of the methodology developed are
summarized below, with further details provided by Leborgne [51].
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2.3. Geophysical Survey Methods
2.3.1. Survey Configuration and Equipment Preparation

A GF Instruments ARES I resistivity unit [78] (with 50 stainless-steel peg electrodes)
owned by the University of Strathclyde was used for the study. Although it is an ERT unit
with VES capabilities, it was used only in the study in VES mode. As it was not certain
that the minimum requirement of three operators for conventional VES system implemen-
tation would always be met in Malawi, a multi-cable system was built, to allow acquisition
of multiple individual resistivity measurements in a single electrode/cable layout by a
single operator. Total cable length and, hence, component cost and equipment weight and
volume were minimized by acquisition of two (rather than one) series of measurements
per sounding.

A collinear 18-electrode array layout was used with a symmetrical cable arrangement
of 9 single-conductor cables on either side of the sounding mid-point (electrodes and con-
ductors numbered 1 to 9 and 1’ to 9" on opposing sides). Two slightly different electrode
layouts were used successively to acquire a “red series” and “green series” of individual
resistivity measurements subsequently combined to give one sounding. A maximum elec-
trode distance from the mid-point of 200 m was selected to provide a depth of investiga-
tion (DOI) of around 80 m with a Wenner, Schlumberger or Wenner-Schlumberger array
[37]. Electrode distance from the mid-point was set to increase (quasi) exponentially, away
from the mid-point, to allow for exponential decrease in resolution with depth: 0.78, 1.57,
3.13, 6.25, 12.5, 25, 50, 100 and 200 m for the red layout; 0.39, 1.18, 2.35, 4.69, 9.38, 18.75,
37.5, 75 and 150 m for the green layout (Figure 4). The cable system was built by the lead
author, with the assistance of an electronics technician. Component cost for the cable sys-
tem amounted to (GBP) £350, using average-quality components. Survey equipment pho-
tographs are provided in Figure 5, with further practical construction details of the cable
system in the Supplementary Materials Box S1.
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Figure 4. Electrode/cable layout designed for the individual vertical electrical soundings (VESs).
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Figure 5. Photographs of the survey equipment.

2.3.2. Measurement Acquisition

Initially, measurements were to be acquired by using a single Wenner-Schlumberger
array with n = 3.5, and 12 individual resistivity measurements acquired per sounding (6
red and 6 green measurements) (where # is the dipole separation factor). However, after
the second survey, it was decided to acquire measurements by using two Wenner—
Schlumberger arrays, one with n = 1.5 and one with n = 3.5, thereby doubling the number
of individual resistivity measurements per sounding to 24 (12 red and 12 green measure-
ments). To prevent adverse effects of electrode charge-up on data quality [79], the indi-
vidual resistivity measurements were acquired in decreasing number of current elec-
trodes. The sequence of electrode combinations designed for the acquisition of a red or
green series of measurements with both Wenner-Schlumberger arrays is presented in
Supplementary Materials Table S1.
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Each 2-D survey was acquired as a series of 6 to 12 fully collinear soundings (elec-
trodes on a same straight survey line at all times) with a 50 m spacing between the sound-
ing mid-points (Supplementary materials Figure S2). This spacing allowed soundings to
largely overlap each other, and this enable good lateral resolution in the true cross-sec-
tions to be obtained. Each individual resistivity measurement was acquired by using al-
ternating positive/negative current pulses of 0.5 s duration each, with a targeted minimum
voltage of 20 mV, and with 4 to 16 current pulses stacked to achieve a standard deviation
of resistance (noted SD) below 1% (the resistance is noted as R and is calculated from the
sent current, [, and the induced voltage, U, as R = U/I). The general sequence of acquisition
and the measurement parameter settings designed for the 2-D VES surveys are summa-
rised in Supplementary Materials Figure S3.

2.3.3. Survey Site Selection and Survey Preparation

The survey sites were selected in varied geological and hydrogeological settings en-
abling method performance testing across a range of representative settings common in
Malawi. Survey lines had to be perpendicular to lineaments and 2-D structures, such as
lithological changes and hills. The sites had to be accessible by car and provide a line clear
enough, sufficiently straight, long enough and that would not be crossed by traffic in or-
der to install electrodes and cables. For a survey of n soundings, the required line length
is equal to [50 x (n—1) + 400] m. Such lines could only be found in roadsides; however,
roads had to be located outside villages, in order to avoid high road activity, to be suffi-
ciently wide to allow a truck passing next to the cables and avoid crossroads. The rural
location meant there were no buried pipes or cables to avoid. Moreover, water boreholes
cased with PVC in the study area (now common across Malawi) meant surveys could be
acquired adjacent to them.

Survey site preparation comprised a desk study and field reconnaissance characteri-
sation, and setting up a specific acquisition plan that defined the survey layout (line loca-
tion and orientation, number of soundings and sounding mid-point position). Site selec-
tion and survey preparation were interdependent and iterative processes, with site selec-
tion being guided and updated by the findings of the desk studies and field reconnais-
sance.

Desk studies and site selection were based on the analysis of 30 m SRTM DEM (Shut-
tle Radar Topography Mission Digital Elevation Model) NASA data [65] and of true col-
our satellite imagery [80] under free GIS software QGIS 3.4.4 [81], as well as on geomor-
phological, geological and hydrogeological findings made during an initial two-week pe-
riod of forensic surveying of community water point boreholes. Unfortunately, no bore-
hole logs were available in the particular study area, as available boreholes were relatively
old and drilled when record keeping was poor (recognising data availability is variable
throughout Malawi but improving). Detailed national geological mapping and reporting
in maps and memoirs by the Geological Survey of Malawi published in the 1960s-1970s
remain a vital resource and were available for the study area and surroundings and con-
sulted [63,66,67]. The only aquifer pumping test results available at a site accessible for
resistivity surveying were from the Malaza well (again, availability of this data type is
variable throughout Malawi). Field reconnaissance consisted of walkover surveys, geo-
morphological observations, quick outcrop analyses and asking village communities
about the performance of their water points.

Although the above represents less than the ideal to “ground-truth” the geophysical
profiles obtained, the information sourced is representative of the baseline of information
often found throughout Malawi.

2.3.4. Survey Acquisition

The surveys were acquired by the lead author, with field crews generally of three or
four. Prior to acquiring any survey, village representatives were consulted for approval.
The main hazards during survey acquisition consisted in electrocution by sent current,
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tripping on cables, hand injury when hammering pegs and back injury when lifting the
heavy car battery. These hazards were addressed by using specific risk-assessment and
control measures. Such measures included performing toolbox talks prior to acquisition,
asking the villagers nearby to stay away from, and to not cross, the cables, and installing
flags of safety tape on the cables for improved visibility.

Surveys were acquired by following the general sequence of acquisition and meas-
urement parameter settings designed for all surveys, as well as the acquisition plans set
up for each survey specifically. A laptop was used in the field to record, pre-process, dis-
play and quality-check, in real time, the acquired resistivity measurements. The values of
sent current, induced voltage and resistance standard deviation were entered into a pre-
pared Excel spreadsheet where apparent resistivities were automatically calculated and
displayed for visual examination.

2.3.5. Survey Processing

The soundings for each survey were inverted together in 2-D to obtain a true cross-
section of subsurface resistivity. Resistivity inversion was performed by using freeware
R2 (v3.3), a forward/inverse solution for 2-D resistivity surveys developed by Binley [82].
R2 provides the option to use either a regular quadrilateral or a triangular mesh of finite
elements (grid cells) to compute an inverted resistivity model. A quadrilateral mesh was
used for which R2 only required the two following input text files to perform an inversion:

e  Main input file R2.in, containing, inter alia, a definition of the quadrilateral mesh, a
list of the electrodes with their positions, a surface-elevation profile to account for the
topography; a definition of parameter blocks (i.e., zones of same inverted resistivity
over neighbouring cells) and settings of inversion parameters (to calculate a sensitiv-
ity matrix);

e  File protocol.dat listing all resistances recorded in the survey and their respective
pairs of current electrodes and potential electrodes.

The contents of the R2 input files (e.g., definition of the quadrilateral mesh used, etc.)
are provided in Supplementary Materials Table S2, together with Supplementary Materi-
als Figure S4, which shows an example quadrilateral mesh used for the resistivity inver-
sions. It took R2 between 10 and 20 min to complete an inversion and deliver output file
f001_res.vkt containing both the inverted resistivity model and the sensitivity model.

2.3.6. Survey Interpretation

Freeware ParaView [83] was used to visualise the inversion results. In order to disre-
gard regions of the subsurface that were poorly covered or sensed by the soundings, (i)
the inverted resistivity models were displayed only up to 25 m beyond both outer sound-
ing mid-axes, and (ii) the sensitivity model was displayed on top of the inverted resistivity
model as a white shading increasing in opacity as sensitivities decrease. Progressive, con-
tinuous colour scales (linear or logarithmic (the latter shown)) were used for the resistivi-
ties, in order to avoid visualising sharp resistivity contrasts that may not exist.

The true cross-sections of subsurface resistivity thus obtained were interpreted in
terms of subsurface configuration within the geological, hydrogeological and geomorpho-
logical context defined for the study area in general obtained from available geological
maps or memoirs and for the survey sites specifically from local field inspection. Case
studies from the literature of resistivity surveys of hydrogeological analogues were used
for guidance, as deemed appropriate. Aquifer pumping test results only from the Malaza
borehole —and, unfortunately, no borehole logs—were available at these particular sur-
vey sites, to support the geo-electric interpretations.
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2.4. Evaluation of Aquifer Potential

Based on the subsurface configurations determined on the subsurface resistivity
cross-sections, hydrogeological systems were defined, and their performance was pre-
dicted, to evaluate the aquifer potential of the surveyed sites, but also to highlight any
uncertainties in the evaluation.

2.5. Demonstration of Site Application

Field resistivity surveys and other data acquisition were undertaken in Malawi over
a seven-week period, from May to July in 2019. Surveys were conducted at four different
sites of anticipated contrasting geological/geomorphological environments located in the
TA Mazengara study area (Figure 2). The four sites approximately oriented along a SNW-—
NSE line cross-cutting and sampling different geological outcrops preferentially elon-
gated along a SSW-NNE direction. The contextual detail for each site is presented within
their respective result sections and site conceptual models developed. Geophysical survey
datasets are provided in the Supplementary Materials (file: Geophysical survey - field re-
sults).

3. Results
3.1. Malaza Survey
3.1.1. Site and Survey Layout

The Malaza survey site is located in a zone of the Basement Complex, where augen
gneiss is the dominant lithology [66]. A major SW-NE-oriented road divides the site. To-
pography is flat, with a large dambo covering the area to the east of the road. No outcrop
was observed. The Malaza borehole is located next to the road; it was drilled in 1961, and
its yield was estimated at only 0.2 L/s in the 1960s [63] (Figure 6a).

The survey line was laid along the east side of the road oriented SW-NE, i.e., roughly,
but unfortunately parallel to most of the lineaments and 2-D structures (strikes, foliations
and elongated gneiss domes)—this disadvantage was realised only after the survey had
been acquired. Eight soundings were acquired, using only the Wenner-Schlumberger ar-
ray with nn =3.5. The Malaza borehole, only a few tens of meters away from the southern-
most sounding mid-points, was rehabilitated and tested. However, testing failed due to a
very low yield.

3.1.2. Cross-Section

The interpreted Malaza subsurface resistivity cross-section (Figure 6b) had a mini-
mum sensitivity threshold of -3 applied corresponding to a DOI of c. 80 m. Interpretation
was simplified by a water level known to be very close to surface, 4.2 m below ground
level (BGL), recorded at the Malaza borehole.

High resistivities up to 3 kOhm.m were observed below c. 30 m BGL, above which
resistivity progressive decreased from a few kOhm.m to 10s of Ohm.m up to surface. The
high resistivity zone was interpreted as a fresh basement and the overlying zone as a frac-
turing/weathering profile consisting of a succession upwards of fractured basement, sap-
rock, saprolite, laterite and clayey dambo soil (Figure 3). Resolution was deemed insuffi-
cient to distinguish all the different units making up the fracturing/weathering profile.
However, a distinction between clay-poor units (fractured basement, saprock and grav-
elly-sandy saprolite) and clay-rich units (clayey saprolite, laterite and dambo soil) was
proposed, with a resistivity threshold of 100 Ohm.m separating both groups of units. Both
the clay-poor and clay-rich units were found uninterrupted laterally and softly undulat-
ing. No deformation structures were identified on the cross-section.
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a Google Earth satellite image (July 2020 download) of the area with accompanying landscape photograph; and, (b) inter-
preted subsurface resistivity cross-section obtain for section line AB marked on (a).
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3.1.3. Aquifer Potential

Aquifer potential on the Malaza cross-section (Figure 6b) lies within the fractured
basement, saprock and gravelly-sandy saprolite. Together, these have a total thickness
varying between 10 and 30 m, a value considered moderate for this type of aquifer. Bore-
hole water-level occurrence within the clay-rich units of clayey saprolite, laterite and
dambo soil indicates that groundwater is (semi-)confined. Undulations of the base of the
fracturing/weathering profile, together with a drop of the water level, may cause geolog-
ically isolated, discontinuous groundwater bodies during the dry season. However, the
presence of a dambo may allow some continued dry-season recharge. The very low yield
recorded at Malaza may be explained by its unfavourable location close to where the fresh
basement is highest and where the fractured basement, saprock and gravelly-sandy sap-
rolite are thinnest.

3.2. Msako Survey
3.2.1. Site and Survey Layout

The Msako survey site west of Msako village is also located in a zone of the Basement
Complex where augen gneiss is the dominant lithology [66] (Figure 7a). The landscape
comprises a softly undulating plain interrupted in the East by small, soft, bare gneiss hills
and many smaller gneiss outcrops. All gneiss outcrops are preferentially elongated along
a SSW-NNE direction. Both of the two village boreholes have been abandoned due to
very low yields. Village supply is now solely via a piping system importing groundwater
abstracted several kilometres away.

The survey line was laid to the west of, and away from, the gneiss outcrops, along
the south side of a WNW-ESE-oriented dirt road. The line was oriented perpendicular to
the elongated gneiss outcrops, considered surface manifestations of 2-D structures at
depth. Seven soundings were acquired by using only the Wenner-Schlumberger array
with n = 3.5. Two rivers are present at the site and were flowing when the survey was
acquired (Figure 7a).

3.2.2. Cross-Section

The interpreted Msako subsurface resistivity cross-section (Figure 7b) had a mini-
mum sensitivity threshold of -3 applied, corresponding to a DOI of 120 m. A lowest pos-
sible water level was derived for the cross-section by interpolating the elevation profiles
of the nearby flowing rivers, that were assumed to be gaining. This level was estimated at
10 m BGL for the whole cross-section.

A fracturing-weathering profile was identified with resistivities decreasing progres-
sively upwards from a few kOhm.m to a few 10s of Ohm.m. Within this profile, it is pro-
posed clay-poor units (fractured basement, saprock and gravelly—sandy saprolite) were
distinguished from clay-rich units (clayey saprolite, laterite and topsoil) using a threshold
of 100 Ohm.m. The fracturing-weathering profile was observed to have a fairly uneven
base and to vary greatly in thickness from 30 m in the west to 5 m in the east. The clay-
poor units were uninterrupted laterally but thinning out from 20 m in the west to a few
metres in the east. The clay-rich units were laterally discontinuous, with a maximum
thickness of 20 m in the West. Within the deeper basement, three conductive anomalies
were observed elongated and dipping at c. 45° (anomalies at 500 Ohm.m; rest of the
deeper basement at 1-3 kOhm.m, hence fresh basement). These conductive anomalies
were interpreted as well-developed fault zones, rich in open, water-filled fractures, fault
gouge or authigenic clays. Two uplifted basement blocks were identified between the
faults interpreted as being inverse faults and indicative of a compressive tectonic regime.
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Figure 7. Msako survey: (a) site survey line location (with individual sounding mid points marked as crosses) shown on
a Google Earth satellite image (July 2020 download) of the area with accompanying landscape photograph; and, (b) inter-
preted subsurface resistivity cross-section obtain for section line AB marked on (a).

3.2.3. Aquifer Potential

Aquifer potential on the Msako cross-section lies in two places: (i) the fractured base-
ment, saprock and gravelly—sandy saprolite of the fracturing/weathering profile; and (ii)
the fault zones (Figure 7b). Aquifer potential of the clay-poor units of the fracturing-
weathering profile appears rather limited, though, because of the generally modest thick-
ness of these units. Both abandoned boreholes in Msako village were drilled among small
outcrops of gneiss, illustrating the incapacity for a thin regolith to provide sufficient
yields. Aquifer potential of the fault zones ranges from high to absent, depending on the
material filling the open fractures. If the fractures are water-filled and well-connected, as
may be typical, then the fault zones are likely to be transmissive with storage dependent
on fracture density and aperture. Fractures filled with fault gouge or authigenic clays
would present fault zones of negligible flow and storage capacity. The Msako cross-sec-
tion is an example of how brittle deformation structures may provide additional aquifer
potential to a basement.

3.3. Dete Survey
3.3.1. Site and Survey Layout

The Dete survey site is located in a zone of the Basement Complex, where charnock-
itic gneiss and granulite are the dominant lithologies [66] (Figure 8a). The site borders the
southwest of Chilenje Hill and generally slopes westwards, decreasing in gradient from
the foot of Chilenje Hill in the east to a plain in the west. This slope is interrupted by bare,
soft, SSW-NNE-elongated gneiss and granulite hills that display exfoliation joints. Many
boulders of gneiss and granulite can be observed at surface. Dete village lies in the east
and Kabawo village in the west. Three boreholes are present in Dete: Dete 4 and Dete 6,
which have been abandoned due to very low yields, and Dete 5, which is being used but
also has a very low yield.

The survey line was laid along the north side of an E-W-oriented dirt road linking
both villages of Dete and Kabawo, on a narrow roadside covered by dirt and grass. The
survey line was, therefore, oriented roughly perpendicular to the elongated gneiss hills,
considered surface manifestations of 2-D structures at depth. Eleven soundings were ac-
quired by using both Wenner-Schlumberger arrays with n = 1.5 and n = 3.5 (Figure 8a).
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3.3.2. Cross-Section

The interpreted Dete subsurface resistivity cross-section had a minimum sensitivity
threshold of -4 applied, corresponding to a DOI of 120 m —the minimum sensitivity was
lowered, as compared to the previous cross-sections, in order to image the subsurface
deeper (Figure 8b). In the absence of indications on the water level, the Dete cross-section
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was interpreted by assuming a water level a few meters below surface—this was the situ-
ation generally observed for the water levels in the study area surroundings during the
water-point surveys.

Similar to the Malaza and Msako cross-sections, a fracturing/weathering profile (Fig-
ure 3) was also identified on the Dete cross-section. This profile appeared laterally contin-
uous, with a thickness of 10 to 30 m, but fairly disturbed. This disturbance was ascribed
to the presence of boulders of gneiss and granulite at depth. Because of this heterogeneity,
it was not possible to perform a valid distinction between the clay-poor and clay-rich units
of the fracturing/weathering profile. While the deeper basement appears with resistivities
of up to 3 kOhm.m on the Malaza and Msako cross-sections, it appears with resistivities
of up to 30 kOhm.m on the Dete cross-section. Resistivities in excess of 3 kOhm.m on the
Dete cross-section clearly define two shapes that are separated by a zone of lower resis-
tivities from 500 Ohm.m to 3 kOhm.m: The two higher-resistivity shapes were identified
as the cores of two gneiss domes, while the intermediate zone of lower resistivity was
identified as the mantles of the gneiss domes. The base of the cores appeared constricted.
The presence of higher resistivities in the core than in the mantle of the gneiss domes was
explained by lithological differences between both regions of the domes, resulting, inter
alia, from migmatisation that took place in the core when the domes were formed [[84]].
The upper half of both domes appeared to be missing, potentially as a result of erosion
and weathering. The high-to-very-high resistivities recorded throughout the deeper base-
ment were assumed to indicate an absence of open fractures in this zone. No deformation
structures were identified on the cross-section.

3.3.3. Aquifer Potential

Agquifer potential on the Dete cross-section lies within the clay-poor units of the frac-
turing/weathering profile (Figure 8b). These units could not be clearly identified, due to
the disturbance caused on the resistivity image by boulders. However, the very low yield
of borehole Dete 4, located on the cross-section, suggests a very low aquifer potential for
these units and accords with the clay-rich lithologies observed.

3.4. Muzongo Survey
3.4.1. Site and Survey Layout

The Muzongo survey site is located in a zone indicated as Tertiary-to-Quaternary
colluvium by Hughes and Matumbi [66] (Figure 9a). The site surface gently slopes to-
wards the east, and outcrops are absent. The Muzongo village lies in the east. The survey
line was laid along the north side of a WSW-ENE-oriented dirt road west of Muzongo, on
a narrow roadside covered by dirt and grass. Twelve soundings were acquired by using
both Wenner-Schlumberger arrays with n =1.5 and n =3.5.
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Figure 9. Muzongo survey: (a) site survey line location (with individual sounding mid points marked as crosses) shown
on a Google Earth satellite image (July 2020 download) of the area; and, (b) interpreted subsurface resistivity cross-section
obtain for section line AB marked on (a) (interpretation includes consideration of outcrop analysis (Figure 10)).

3.4.2. Cross-Section

The interpreted Muzongo subsurface resistivity cross-section had a minimum sensi-
tivity threshold of -3 applied, corresponding to a maximum DOI of 100 m (Figure S5 (pre-
liminary interpretation); Figure 9b (final interpretation)). A lowest-possible water level
was derived for the cross-section by interpolating the elevation profiles of the nearby
flowing rivers that were assumed to be gaining. This level was estimated between 30 and
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15 m BGL. However, the water level was most likely significantly closer to surface, since
the site surface is tens of meters higher than the nearby rivers.

The following elements were distinguished on the cross-section (Supplementary ma-
terials Figure S5): a 10 m thick superficial zone of high resistivities (150 to 300 Ohm.m)
and, deeper, five laterally elongated resistive bodies (100 to 250 Ohm.m) surrounded by a
conductive background (30 to 50 Ohm.m). The shapes of the deep resistive bodies were
clearly identified as those of channel-fill bodies intersected transversally by the cross-sec-
tion. Lateral amalgamation was noticed between the channel-fill bodies, which, together,
appeared to form a broad channel-fill complex. This geometry was interpreted as being
the result of lateral migration or switching of the active channel(s) through time. The high
resistivities of the channel-fill bodies were interpreted as being those of coarse clay-poor
deposits, likely made of sand or sandstone. The conductive background was interpreted
as clay-rich sedimentary deposits, likely made of mudstone. The resistive superficial zone
was interpreted as dry colluvium and topsoil. It is likely that the water level of the chan-
nel-fill bodies lies in the upper part of the clay-rich sedimentary deposits, but that the
latter retain significant levels of moisture above the water level due to strong capillary
forces, and that, therefore, the lower limit of the resistive superficial zone corresponds to
both a change in lithology and moisture level.

3.4.3. Outcrop Analysis

In order to obtain more information on the sedimentology of the area, two large out-
crops exposed by the erosion of a meandering river were analysed near Chiluwe village,
in the northeast of the zone that is indicated as Tertiary—Quaternary superficial deposits
by Hughes and Matumbi [66] (Figures 2b and 10a).

Outcrop 1 consists of debris-flow deposits separated by clayey layers (Figure 10b).
The debrites are massive, with continuous thicknesses of up to 10 m, and comprise a ma-
trix-supported structureless breccia of angular, pebble- to boulder-size gneiss clasts in a
coarse to very coarse angular sandstone matrix of the same mineralogical composition as
the gneiss clasts (quartz, felspars and hornblende). The clayey layers are thin (cm scale)
and consist of grey-blue claystones containing stromatolites and accumulations of bivalve
shell clasts. The clayey layers separate successive debris-flow units that display erosive
bases. The deposits were interpreted as being those of alluvial fans that developed at the
foot of gneiss hills and that were, at least partially, immersed in a lake.

Outcrop 2 consists of a succession upwards of thinly bedded deposits, channel-fill
deposits and debris-flow deposits (Figure 10c). The thinly bedded deposits are found at
the base of the outcrop over 5 m and comprise thin (cm scale) alternating beds of medium
sandstones and mudstones. The thinly bedded deposits were found slumped at places
where they display convolutes. The channel-fill deposits were found above the thinly bed-
ded deposits, are over 5 m and are made of medium to very coarse angular sandstones.
The channel-fill deposits are organised as small individual channel-fill units (maximum 1
m thickness) with erosive bases; together, these units form a channel-fill body. The debris-
flow deposits are found on top of the channel-fill deposits, are over 1 m and display the
same textures and mineralogy as the debris-flow deposits observed on Outcrop 1. The
deposits of Outcrop 2 were interpreted as being those of three sedimentary environments:
(i) the thinly bedded deposits being those of lacustrine turbidite fans; (ii) the channel-fill
deposits being those of lacustrine deltas; and (iii) the debris-flow deposits being those of
alluvial fans that developed at the foot of gneiss hills and that were, at least partially,
immersed in a lake.
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An association of sedimentary environments was proposed that explains the obser-
vations made on the Chiluwe outcrops (Supplementary Materials Figure S6). This associ-
ation comprises alluvial fans, deltas, turbidite fans and a basin floor that developed in this
order from gneiss hills (the source of the sediments) into a paleo-lake. Progradation and
retrogradation events are generally quick in lacustrine environments, since lake levels are
usually unstable on sedimentary timescales. The environmental succession turbidite
fan/delta/alluvial fan identified upwards on Outcrop 2 was interpreted as indicating an
evolution with time towards more proximal environments, hence, a progradation.

In the light of these sedimentological findings, the interpretation of the Muzongo
subsurface resistivity cross-section was revised (Figure 9b): (i) The channel-fill deposits
were interpreted as deltaic distributary channel-fill deposits made of sandstones; (ii) the
clay-rich deposits surrounding the channel-fill bodies were divided between inter-distrib-
utary and/or delta-front deposits made of clayey siltstones (more resistive and in contact
with the channel-fill bodies) and prodelta deposits made of silty claystones (more conduc-
tive and further away from the channel-fill bodies); and (iii) the deltaic environment was
assumed to have developed within a lake.

3.4.4. Aquifer Potential

Aquifer potential on the Muzongo cross-section lies within the sandstones of the del-
taic distributary channel-fill deposits and ranges from high to absent, depending on the
extent, petrophysical quality and connectivity of these sandstones (Figure 9b). The sand-
stones are expected to extend perpendicular to the cross-section, along the longitudinal
axis of the channel-fill bodies. The porosity and permeability of sandstones are usually
primarily controlled by diagenetic processes such as cementation and by fracturing. It is
impossible to estimate these properties of the sandstones from the cross-section. However,
the channel-fill sandstones of Outcrop 2 appear well consolidated and insignificantly frac-
tured, suggesting moderate petrophysical quality at best. Connectivity of the sandstones
may be permitted by sandstone amalgamation at two scales: amalgamation of the chan-
nel-fill bodies and amalgamation of the channel-fill units within the channel-fill bodies.
The channel-fill bodies appear well amalgamated on the cross-section, forming a broad
channel-fill complex. The channel-fill units within the channel-fill bodies are not resolved
on the cross-section. However, sand-on-sand contact appears to be prevalent between the
channel-fill units of Outcrop 2.

4. Discussion
4.1. Method Performance
4.1.1. Imaging Performance

Imaging performance of the resistivity method implemented is comparable to that of
2-D surface ERT. Detailed subsurface resistivity cross-sections were successfully obtained,
on which a wide range of (hydro)geological features were identified with high levels of
certainty: (i) fresh basements; (ii) fracturing-weathering profiles, within which clay-poor
units (fractured basement, saprock and gravelly-sandy saprolite) could be distinguished
from clay-rich units (clayey saprolite, laterite and topsoil); (iii) buried gneiss domes, with
a distinction made between core and mantle; (iv) well-developed fault zones, with a de-
termination of the movements of the fault blocks; (v) colluvium; and (vi) deltaic deposits
(prodelta, delta front, distributary channel-fill and interdistributary deposits). Resolving
this range of features together with general understanding of a specific feature’s expected
hydrogeological significance (i.e., probable groundwater flow and storage capacities) per-
mits a 2-D cross-sectional characterisation of aquifer potential. Knowledge of the sur-
rounding 3-D geological structure expected permits extrapolation of the aquifer potential
into three dimensions, at least locally.

DOI was in the range of 100 m for all cross-sections with fair minimum sensitivity
thresholds for data display. Such DOI is significantly deeper than boreholes equipped
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with Afridev handpumps, often drilled to around 50 m depth in Malawi [62]. Moreover,
it is deeper than most fractured/weathered basement aquifers in tropical environments.
Hence, survey characterization covers the depths of predominant interest for assessing
aquifer potential typically drilled, but also would allow investigation of Malawi’s largely
untapped deeper groundwater resources at >50-100 m depths, especially some of the
thicker alluvial aquifer units in, for instance, the Shire River Basin [14,61].

Although not attempted in this study, both vertical and horizontal resolutions of the
cross-sections may be adapted to the subsurface configuration and imaging objectives by
modifying the spacing of the sounding mid-points and by adding/removing/shifting in-
dividual resistivity measurements. Simulations with synthetic resistivity models may be
run with R2 to predict the response of the acquisition system to expected subsurface con-
figurations; based on this response, the acquisition settings may be optimised. The versa-
tility of the methodology to allow optimal characterization and adaptive investigation of
local aquifer potential is hence high.

4.1.2. Operational Performance

Acquisition of the surveys during the four weeks dedicated to surveying activities
was limited by the availability of vehicles over 10 days in total, during which the four
resistivity surveys were acquired. Soundings were acquired one day by a single operator,
and the rest of the days by a crew of three or four operators. A single experienced operator
could acquire four soundings in 8 h, working at a fast pace. A crew of three or four trained
operators could acquire four soundings in 6 h, working at a moderate pace: Such values
are commensurate with the speed of conventional VES acquisitions, which require at least
three operators to achieve around four soundings per day. Whilst operational efficiency
of the resistivity method implemented is significantly inferior to that of 2-D surface ERT,
it is still perfectly acceptable, especially in developing-world contexts.

4.2. Potential for Technology Deployment
4.2.1. Applications

The resistivity technology implemented may be deployed in Malawi as a stand-alone
operation for fundamental hydrogeological research. For instance, a collaborative pro-
gramme of use by a Malawian university consortium with the Ministry could regionally
better characterise groundwater bodies and their aquifer potential than has hitherto been
possible. The most powerful technology application foreseen though is its integration to
Water and Sanitation Hygiene (WASH) borehole drilling programmes. Technology appli-
cations of significance include the following;:

¢ Integration with drilling: The most important application in Malawi would be assist-
ing improved siting of supply boreholes. It may also help identify lithologies, faults
and fractures, and thereby would help anticipate the mechanical behaviour of for-
mations to be drilled and aid optimal selection of drilling methods.

e Integration with other surface geophysics: Combined deployment with MP may be
beneficial, as, although only qualitative answers are provided by MP about the sub-
surface configuration, it may still enable the identification of lineaments or help dis-
tinguish lithologies with different magnetic signatures that may appear similar on
resistivity cross-sections. There is no benefit associated with combining the resistivity
method implemented with conventional VES or EMP used in Malawi.

¢ Integration with borehole logging: Borehole-scale geological calibration and valida-
tion of the geophysical survey section (not possible in the current study due to a lack
of nearby logged boreholes) will increase confidence in its geological interpretation
and predictive use. Geomechanical parameters of drilled formations (hardness, stiff-
ness, abrasivity, etc.) may be compared to resistivity cross-sections, to check for any
correlations. Drill-cutting analyses and borehole CCTV image may help identify ge-
ological features too small or of insufficient contrast to be identified by resistivity.
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They may help identify unexplained features observed on resistivity cross-sections
and whether transitions are real or artefacts of inversion smoothing. Conversely,
large-scale features on cross-sections may help interpret much smaller-scale drill cut-
ting or CCTV image observations.

e Integration with aquifer testing: Aquifer shape and dimensions, presence and conti-
nuity of confining units and aquifer boundaries, and aquifer heterogeneity and zo-
nation are critical parameters to inform the analysis of aquifer pumping test data and
may all be determined on the resistivity cross-sections. Likewise, pumping test and
borehole rest water-level measurements permit more quantitative hydrogeological
conceptualisation of the resistivity section.

In relation to achieving the UN’s SDG Target 6.1 [4], technology application may as-
sist the Government of Malawi’s current ambition is to improve the rural drinking water
service from a basic level of service, currently focused on hand-pumped boreholes albeit
with functionality concerns [5-7], to a safely managed level. Plans for larger groundwater
supply projects involving solar powered submersible pumps from multiple borehole
“well fields” feeding reticulated piped networks will need to be supported by advanced
geophysical subsurface imaging reconnaissance with tools such as that implemented that
are viable in developing country settings.

4.2.2. Hardware and Software Requirements

The resistivity method implemented may be applied using standard VES equipment
(here, an ERT unit was used but only in VES mode (as no VES unit was available) and a
multi-cable system was used but only to allow VES acquisition when less than three op-
erators are available). Using a VES unit in combination with either a standard VES cable
set or a “do it yourself” multi-cable system (as developed herein) is a low-cost alternative
to using expensive ERT equipment for performing true 2-D subsurface resistivity surveys.
The Ministry in Malawi possesses VES units and cables and an ERT unit but without ca-
bles. Adoption of the resistivity method implemented would allow the Ministry to under-
take true 2-D subsurface resistivity surveys without having to acquire expensive ERT ca-
bles. The multi-cable system developed could be enhanced with the addition of a switch-
box (with components costing under (GBP) £100) connected to the resistivity unit directly
or via a VES adapter [51]. This would eliminate the need to disconnect and reconnect ca-
bles between individual resistivity measurement reducing operation time.

For non-commercial activities (e.g., not-for-profit research), resistivity inversion may
be carried out using freeware R2. Otherwise, commercial 2-D inversion software would
have to be used. Cross-section display may be carried out by using freeware ParaView
without restrictions on commercial use.

4.2.3. Capacity Building

The preparation, processing and interpretation of resistivity surveys with the method
implemented in this study require advanced skills: (i) a solid knowledge of the local geol-
ogy and hydrogeology, to perform appropriate survey preparations and valid interpreta-
tions; (ii) a sound understanding of measurement physics, to be able to anticipate and
explain subsurface resistivity responses; and (iii) an ability to write complex command
files for software R2. Any gaps in these skills among the Malawian hydrogeologists or
geophysicists (or other professionals) may be addressed through training, ideally via a
combination of field work, lectures and workshops. Training should cover implementing
technicians to reduce occurrence of common mistakes made in instrument calibration,
method execution, hardware treatment (e.g., cable shortening) and data handling and pro-
cessing. Ideally, too, training would rapidly evolve from international external delivery
to in-house delivery via Malawian user organizations, i.e., trained Malawian university
research users, start-up user companies established in Malawi assisting WASH drilling
programmes and/or users or data decision makers in the Ministry.
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5. Conclusions

The hydrogeophysical survey technology successfully developed and demonstrated
at four contrasting sites in Malawi was designed to be low cost, easy to use, efficient and
accessible to developing countries. The technology uses multiple vertical electrical sound-
ings (VESs) to generate a true 2-D resistivity image of the geological subsurface complex-
ity that successfully distinguishes a wide range of (hydro)geological features having an
imaging performance that appears comparable to that of the much more expensive 2-D
surface ERT. The technology is vastly superior to 1-D hydrogeophysical reconnaissance
tools currently employed in Malawi to aid borehole siting. Its adoption could make valu-
able use of existing VES equipment and knowhow already present, and overcome ERT
affordability issues. There is, hence, significant opportunity for technology deployment in
Malawi. This is under discussion nationally. Widespread application would allow much
improved targeting of local aquifer resource, more optimal and sustainable siting of bore-
holes and hence greater resilience of Malawi’s rural water-supply infrastructure, thereby
underpinning attainment of SDG 6 targets. Technology application to the wider develop-
ing world is perceived useful, especially where current hydrogeophysical reconnaissance
methods are lacking and (hydro)geological complexities are more probable.

Supplementary Materials: The following are available online at www.mdpi.com/2076-
3417/11/3/1162/s1. Figure S1: Geological map of Malawi. Box S1: Practical construction details of the
VES cable system used. Table S1: Sequence of electrode combinations for the acquisition of resistiv-
ity measurements. Figure S2: Series of fully collinear soundings for 2-D surveys. Figure 53: General
sequence of acquisition and measurement parameter settings for surveys. Table S2: Details of input
files for resistivity inversion freeware R. Figure S4: Example quadrilateral mesh used for resistivity
inversions. Figure 55: Muzongo survey: preliminary interpreted subsurface resistivity cross-section
AB (final interpretation is made in Figure 9). Figure S6: Sedimentary environments interpreted from
the Chiluwe outcrop analyses. The geophysical survey data presented are provided in the file: Ge-
ophysical survey - field results.
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