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Abstract

The Cunene Province (Southern Angola) is facing recurrent and pluriannual droughts. Surface water supply could be rein-
forced using the groundwater resources of the multilayered aquifer systems (MAS) hosted in the siliciclastic sediments of the
Kalahari Group. The MAS were first identified in the early 2000s in Northern Namibia and recently in the Cunene Province,
by studies of the PLANAGEO project based on modern processing and reinterpretation of legacy data from the 1960s and
1970s (electrical resistivity data and deep boreholes). This article presents the results of a time domain electromagnetic
(TDEM) survey conducted in the Cunene Province to: (i) contribute to the design of the hydrogeological conceptual model
of the transboundary MAS, namely their geometry and extension; (ii) validate the reprocessing of the legacy data; and (iii)
guide the future location of boreholes. Results depict the geometry of the sedimentary basin and the characterization of the
MAS, with particular emphasis on the intermediate and deep aquifers. The borehole siting, based on the interpretation of
the new TDEM data and the legacy data (clay markers in borehole logs), was successful, with a good agreement between
estimated and observed horizons of the deep aquifers. However, the presence of clayey layers, a clay-rich matrix in the
detrital deposits and saline/brackish groundwater led to uncertainties in the interpretation of the electrical transects. As such,
recommendations are made to improve future data collection and mapping of the MAS.
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The Cunene Province (ca. 87 000 km?), located in South-
ern Angola, is characterized by an arid and hot climate,
with low and irregular rainfall and high potential evapo-
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not only drastically limits economic development but
also causes frequent humanitarian crises, as ca. 800,000
people of the total population of ca. 990,000 inhabit-
ants are scarcely dispersed throughout the province,
living in small family units and farms, called quimbos
(INE 2016). Traditionally, water supply was satisfied by
the Cunene River or through chimpacas (large shallow
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ponds that collect rainwater and runoff coming from
small catchments) and cacimbas (hand-dug wells 4-5 m
deep, excavated in riverbeds or other loose sediments).
However, with the increase in frequency and duration of
droughts, access to surface water is no longer reliable
and so groundwater potential should be further explored,
especially the presence of deep groundwater resources
(Serrat-Capdevila et al. 2022).

In Southern Angola and Northern Namibia, the Owambo
Basin (Miller et al. 2010) hosts transboundary, multilay-
ered aquifer systems that are currently under characteri-
zation. In the decade of 2000, the Kalahari-Ohangwena
(KOH) and the Kalahari-Oshana (KOS) aquifer systems
were identified (Margane et al. 2005; Schildknecht 2012).
However, while the KOS lacks sedimentary, stratigraphic
and hydrogeological information either in Angola or in
Namibia, the KOH was subject to extensive studies in the
Northern Namibian sector of the Cuvelai-Etosha Basin
(Dill et al. 2013; Himmelsbach et al. 2018; Houben et al.
2020; Lindenmaier and Christelis 2011; Lindenmaier et al.
2012, 2014; Schildknecht 2012; Wallner et al. 2017). These
authors carried out extensive time domain electromagnetic
(TDEM) surveys along transects (ca. 50-300 km long)
transversal and longitudinal to the Cubango Megafan, drill-
ing campaigns with cutting and core sampling, geophysical
borehole logs, pumping tests and hydrochemical, isotopic
and clay mineral analysis to define the hydrostratigraphy
of the KOH. These authors identified and characterized a
deep aquifer that contains fresh water in some zones that
may have an important role in water supply.

In Angola, during the decades of 1960-1970, the pro-
ject “Plano de Coordenagdo para o Abastecimento de Agua
as Regides Pastoricias do Sul de Angola — PCAARPSA”
(Coordination Plan for Water Supply to Pastoral Regions
of Southern Angola, 1966 in Gomes (1972)) was launched
and developed to evaluate the groundwater potential of the
Kalahari sediments deeper than 100 m with the aim of
providing water supply to population and livestock (Gomes
1972; Motta Marques 1967; Neves Ferrao 1961; Neves Fer-
rao 1966; Pacheco 1976). These works were interrupted
for more than 40 years, due to the colonial and civil wars.
Recently, studies based on modern processing and rein-
terpretation of legacy data (Ramalho et al. 2023b), vali-
dated with boreholes (Gomes 1972) and TDEM (Schild-
knecht 2012) data, pointed out the extension of the KOS
and KOH in the Cunene Province, in Southern Angola.
The present work intends to confirm this hypothesis by
conducting a TDEM survey, within the framework of the
“Plano Nacional de Geologia” (PLANAGEO) project, that
will contribute to the definition of the conceptual model of
the transboundary aquifer systems, namely their geometry
and extension.
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Materials and methods
Geomorphology and hydrology

The hydrological Cuvelai-Etosha basin (CEB) forms
a large endorheic basin that extends from the base of
the Angolan Highlands towards north-central Namibia
(Fig. 1). Between the Cunene and the Cubango Rivers,
the landscape is characterized by a flat terrain of areno-
sols covered by open woodland composed of sparsely
distributed trees, typical of savannah environments. The
topography is gentle and monotonous, with a very small
topographical gradient towards south (the slope gradient
in the N-S direction of Fig. 1 is ca. 0.04%). The terrain is
cut by ephemeral and paleodrainage channels, which are
dry most of the time. In the center of the province lies the
Chana drainage area, characterized by a dense network
of channels, showing an alternance of chanas and ecan-
gos, which correspond to paleostreams with clayey soil,
separated by mufitos, which are slightly elevated zones
covered by a bushy vegetation and grass (Feio 1966; Men-
delsohn and Mendelsohn 2018). This micromorphology
results from the dynamic of the paleo-Cunene fluvial sys-
tem, which was flowing towards the Etosha Lake in an
endoreic basin. The capture of the Cunene River towards
the Atlantic Ocean, 4 My ago during the Pliocene (Feio
1966, 1970; Gumiel et al. 2018; Miller et al. 2010), deac-
tivated the paleo-Cunene fluvial system. Since then, cha-
nas and ecangos are only fed by direct rainfall and by the
modern Cuvelai drainage system, acting as surface water
reservoirs that are widely used for human and livestock
water supply and fishing.

Geology

The CEB is contained by the Owambo Basin, which is
bounded to the north and west by the Precambrian rocks
of the Angolan Highlands, and in the South by the Damara
Belt and in the east by the Cubango River. The Owambo
Basin formed during the Late Proterozoic distension
related to the fragmentation of the Rodinia supercontinent
(Miller et al. 2010). On top of the sediments of the Damara
Sequence and Karoo Supergroups, the CEB accommodates
ca. 600 m thick succession of siliciclastic sediments of
the Kalahari Group, from the Upper Cretaceous to Plio-
cene (Miller et al. 2010). In Namibia, the following units
were recognized, from the base to the top (Houben et al.
2020; Lindenmaier et al. 2014): the red Ombalantu Forma-
tion, the conglomeratic Beiseb Formation, the Olukonda
Formation and the white Andoni Formation. The Olu-
konda Formation (Paleocene-late Eocene) is composed of
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Fig. 1 Geological sketch map of Cunene Province with the location
of the TDEM soundings and associated transects that were used for
quasi-2D inverse modelling. The boreholes F1 to F6 were drilled in
the framework of the project PLANAGEO (Ramalho et al. 2023a)
and the vertical electrical soundings (VES) of Ramalho et al. (2023b)
are also represented. The dark green labels (32, 56 and 133) corre-
spond to the ID of the TDEM referred to in Fig. 4. The light green
labels (C330, C410, C490, C600, Transects C and F) correspond to

a succession of red-bed sands with layers on the meter
scale, consolidated and semi-consolidated with white cal-
cretes and dolocretes, with intercalations of clays. The
sediments originate from the weathering of the Cunene
Intrusive Complex, in Angola, and were transported and
deposited by the paleo-Cunene River, flowing southeast
and east, forming a large fluvial fan 360 km long, 260 km
wide and 275-400 m thick, between the Paleoecene and
late Eocene (Girtner et al. 2023; Houben et al. 2020).
A new erosion—deposition cycle led to the deposition of
the Andoni Formation during the Late Eocene-Pliocene

the ID of the TDEM of Schildknecht (2012) referred in Fig. 7. a:
PS-1 Mongua (Gomes 1972); b: 101,047 (Lindenmaier et al. 2014);
c¢: Namacunde (Gomes 1972); d: Mucuiula (Gomes 1972); e: Non-
apa (Gomes 1972); f: Noema (Gomes 1972); g: CFRL-2 (CFRL,
Angola). KOH: Kalahari-Ohangwena aquifer systems. KOS: Kala-
hari-Oshana aquifer systems. CEB: Cuvelai-Etosha Basin. COD:
Democratic Republic of the Congo. BWA: Botswana. ZMD: Zambia

(Labaredas and Oliveira 2021a). This unit is characterized
by white fine sands, clayey sands and clay with some inter-
calations of limestones and calcretes (Houben et al. 2020;
Lindenmaier et al. 2014). It is associated with the Cubango
Megafan, which transported, between the Eocene and the
Pliocene, sediments originating from the Paleoproterozoic
to Damaran/Pan-African felsic metamorphic and granitoid
rocks from the Angolan Highlands, located to the N and
NE, up to the NE of the Etosha Pan (Girtner et al. 2023;
Houben et al. 2020). The base of the Andoni Formation is
composed of red sandy silts and clayey silts that mark the
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transition with the underlying Olukonda Formation (Hou-
ben et al. 2020). These latter authors associated the upper
part of the Olukonda Formation, as defined by Linden-
maier et al. (2014), to the base of the Andoni Formation.
They justified such statement by hypothesizing that the
Cunene River deviated towards the Ocean Atlantic during
the Eocene and that a Cunene Megafan concomitant of the
Cubango Megafan (Lindenmaier et al. 2014; Miller et al.
2010) did not exist. Instead, the deposits in the western
part of the Owambo Basin correspond to an overbank fan
of the Cunene River, more clayey than the sediments of
the Cubango Megafan. On the other hand, the distal west-
ern facies of the Cubango Megafan are also characterized
by a dominant clay content. These two hypotheses have
important hydrogeological consequences, as discussed in
the next section.

In Southern Angola, the geology of the northern part of
the Owambo Basin (Fig. 1), as well as its transition towards
the main planation surface of central Angola (Planalto Prin-
cipal, sensu Feio 1981), was established some decades ago
(e.g. Carvalho et al. 1973a, 1973b, Carvalho 1982; Pacheco
1976) and was recently completed within the framework of
the PLANAGEO project, which aimed to cover Angola with
continuous and complete geological cartography (Escuder-
Viruete et al. 2018; Feria et al. 2021; Gumiel et al. 2018;
Labaredas and Oliveira 2021a, b, c; Martin-Banda et al.
2020; Oliveira and Sousa 2021; Sousa et al. 2021a, b). In
Angola, the full sequence of the Cenozoic intracratonic
deposits are outcropping, which facilitated the analysis and
the definition of the litostratigraphic units of the Kalahari
Group, although its lower part is only exposed in small
areas generally in valleys. Moreover, the transition towards
the plateau allows relating the internal sequences with the
pediplanation surfaces which give insights to elaborate a
model of the morphotectonic and sedimentary evolution of
the region (Rodrigues and Marques 2021). On other hand, in
Namibia the sequence was characterized through the analy-
sis of deep borehole cores, as only the top of the sequence is
outcropping (Miller 1992; Houben et al. 2020).

The Lower Kalahari Subgroup (Eocene—Oligocene) is the
basal unit that was deposited on the African surface, i.e. the
early Cenozoic regional peneplanation surface that is well
preserved in several places across Southern-Africa (Lab-
aredas and Oliveira 2021a). It is composed by silcretized
and calcretized sandstones, conglomerates, limestones and
red clays, and are well-known in Angola under the designa-
tion “Grés Polimorfos” Formation. Its equivalent defined in
the Namibian sector of the Owambo Basin is the Olukonda
Formation (Labaredas and Oliveira 2021a). The top of this
unit is characterized by a hardpan made of ferricrete and
ferritic conglomerates that is overlaid by the Upper Kalahari
Subgroup (Miocene-Pliocene), composed by ca. 100 m of
unconsolidated sands, known in Angola as “Areias Ocres”

@ Springer

Formation. The Lower Kalahari Subgroup outcrops sparsely
in the north of the Cunene Province along the incised valley
of the main streams, whereas the Upper Kalahari Subgroup
is more widespread in this region (Fig. 1). This latter unit
was overlain by prograding sandy and clayey layers, also
characterized by the presence of calcretes (hardpans and
nodules), of the Cubango, Cunene and Cuvelai fluviodel-
taic paleosystems. These paleosystems formed the deposits
of the Cuanhama-Etosha Subgroup (Pliocene—Pleistocene),
which occupy most of the area of the Cunene Province
(Fig. 1). The equivalent unit of this Subgroup in Namibia is
the Andoni Formation. Around 4 Ma, an extreme arid event
promoted the drying of the Etosha Lake and the fluvial sys-
tem was replaced by an eolian system that gave origin to the
paleodunes deposits of the N’Guanguela Formation, from
the Late Pleistocene-Holocene, which partially overlie the
Kalahari Group. They correspond to beige and sometimes
red unconsolidated fine to medium eolian sands. Finally,
around 1 Ma, a more humid climate promoted the develop-
ment of the present hydrographic network, largely due to the
deviation of the Cubango River towards the Okavango Delta
in the southeast and the deepening of the Cunene River Val-
ley (Houben et al. 2020).

Hydrogeology

A key hydrogeological characteristic of the multilayered
aquifer systems of the Owambo Basin is their pronounced
heterogeneity, due to the fluvio-deltaic origin of the geo-
logical units. The alternation of hydrogeologically favorable
sandy layers with unfavorable clays and duricrusts (Had-
don 2005), frequent lateral facies changes and the lack of
outcrops provide challenges to groundwater exploration and
therefore reduce the success rate of productive boreholes
(Christelis and Struckmeier 2011). Moreover, groundwater
from most of the aquifers feature high salinities that prohib-
its their use for livestock and human consumption and even
for crop irrigation.

Groundwater exploration in Southern Angola throughout
the decades of 1960-70 (Gomes 1972; Motta Marques 1967;
Neves Ferrdo 1961, 1966; Pacheco 1976) comprised: (i) an
extensive geoelectrical survey with 482 vertical electrical
soundings (VES) using the Schlumberger array with maxi-
mum current electrode spacings varying between 700 and
2400 m, carried out in the Cunene Province with the aim
of resolving the thickness of the sedimentary basin (Nasci-
mento and Farinha 1967; Nascimento et al. 1966, 1967); and
(ii) a drilling survey of 37 deep (> 100 m) boreholes (Gomes
1972) in the region west of Ondjiva up to North of Xan-
gongo (Fig. 1). These legacy datasets were recently repro-
cessed and reinterpreted to create a 3D geoelectrical model
for the Cunene area (Ramalho et al. 2023b). The establish-
ment of a connection with the aquifer systems recognized
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in Northern Namibia (Lindenmaier et al. 2014; Margane
et al. 2005; Schildknecht 2012) is ongoing, using the 3D
geoelectrical model together with the new geological survey
carried out within the framework of the PLANAGEO project
(Escuder-Viruete et al. 2018; Feria et al. 2021; Gumiel et al.
2018; Labaredas and Oliveira 2021a; Martin-Banda et al.
2020), the present work and the drilling of five boreholes
with geophysical logging (Ramalho et al. 2023a).

Since the early 2000, Northern Namibia has been inten-
sively investigated to prospect and map the aquifer systems
(Christelis and Struckmeier 2011; Bittner Water Consult
2006; Lindenmaier and Christelis 2011; Lindenmaier et al.
2012; Margane et al. 2005; Schildknecht 2012). These
studies identified the Olukonda and Andoni Formation as
hosts of multilayered aquifer systems with hydrogeologi-
cal and hydrochemical characteristics that differ either in
productivity or quality (Houben et al. 2020; Lindenmaier
et al. 2014; Margane et al. 2005; Schildknecht 2012). Two
separate aquifer systems that have extension in Angola, in
the Cunene Province, were recognized: (i) the Kalahari-
Ohangwena (KOH, hosted in the deposits of the Cubango
Megafan); and (ii) the Kalahari-Oshana (KOS, hosted in
the deposits of the Cunene River). The KOH is composed
of three main aquifers (Lindenmaier et al. 2014): (i) the
shallow aquifer (KOH-0), which supports perched aquifers
(<40 m) with local interest for water supply of quimbos;
(i1) the intermediate, continuous aquifer (KOH-1), located
at depth between 60 and 120 m and characterized by high
salinity; (iii) the deep (> 200 m), semi-fossil aquifer (KOH-
2), which has shown to have extensive and continuous layers
of drinking water and thus presents a regional interest for
groundwater supply. The aquifers of the KOH are separated
by clayey aquitards. While the KOH-0 and the KOH-1 are
hosted in the Andoni Formation, the KOH-2 is hosted in the
Olukonda Formation (Lindenmaier et al. 2014). However,
recently, Houben et al. (2020), complemented by Girtner
et al. (2023), analyzed a 400 m long cored borehole and
found evidence that the KOH-2 is hosted in the base of the
Andoni Formation. These authors stated that the Olukonda
Formation, which corresponds to the Cunene Megafan with
sediment source in the Cunene Mafic Complex, has poor
aquifer properties due to its thin, calcrete-cemented layers
and the presence of interbedding expansive clay beds. The
overlying deposits, concomitant with the Andoni Forma-
tion, would correspond to the overbank fan of the Cunene
River, deposited during major flooding events. Moreover,
clayey units found in the area of the cored borehole would
correspond to the distal western facies of the Cubango
Megafan. The limit between the deposits of the overbank
fan of the Cunene River and the distal facies of the Cubango
Megafan is nowadays undefined. Indeed, the KOS aquifer
system is lacking information and studies and, so far, only
a shallow aquifer, the KOS-0, hosted in the upper 80 m of

the Andoni Formation, was identified (Schildknecht 2012).
The 3D geoelectrical model of the 1966—67 survey does not
clearly mark the boundaries of both KOH and KOS aqui-
fer systems (Ramalho et al. 2023b). In Angola, the drilling
campaign reported by Gomes (1972), mainly carried out
in the region of Mucope (NW of Xangongo, see Fig. 1),
indicated very low to inexistent groundwater potential,
based on low productivity or high salinity of productive
boreholes. In the Mucope region, a regional, saline aquifer
was detected between 70 and 100 m, characterized by the
presence of palygorskite, sepiolite and zeolite clinoptilo-
lite (Gomes 1972). This author verified the same charac-
teristics in the boreholes drilled on the South bank of the
Cunene River, with a deepening of the aquifers towards
the southeast. Moreover, the top of the “Grés polimorfos”
Formation (Lower Kalahari Subgroup) was associated with
the presence of palygorskite and sepiolite (Plg/Sep). These
minerals, associated with magnesium carbonates, would
have been formed by chemical precipitation in depres-
sions, equivalent to the actual ecangos, spread on the ero-
sion surface separating the Lower and the Upper Kalahari/
Cuanhama-Etosha Subgroups. As such, the thickness of this
aquifer is quite variable, depending not only on the paleo-
topography and the depth of the depressions but also on
vertical movements of local blocks due to regional tectonic
framework. The clinoptilolite occurs in fine to medium
sands, with low clay content and calcite carbonate cement,
and is stratigraphically located above the one characterized
by the presence of Plg/Sep. These clay minerals are relevant
as they constitute stratigraphic and hydrogeological mark-
ers, being of assistance to map the extension and continuity
of aquifers at the basin scale.

Hydrogeophysics

The geological units of the basin are characterized by a
significant proportion of clay and the presence of brack-
ish and saline groundwater, which lead to low to very low
electrical resistivity of the bulk formations. Since both situ-
ations occur either in the KOH or the KOS, a more accu-
rate analysis comprising both the 3D geoelectrical model
based on legacy data (Ramalho et al. 2023b) and present-
to-day data was required. Considering the hydrogeological
environments that could be found in the area, Schildknecht
(2012) and Lindenmaier et al. (2014) attributed the three
electrical resistivity ranges presented in Table 1, while in
this paper four ranges were used based on the results of
reprocessed VES data (Ramalho et al. 2023b).

Data acquisition

The TDEM method was selected due to its sensitivity to high
electrical conductivity, its high-speed acquisition rate and
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Table1 Ranges of electrical resistivities of the hydrogeological
domains

Hydrogeological domains Electrical resistivity range

(ohm.m)
Schildknecht Ramalho et al.
(2012) (2023b) and this
Lindenmaier paper
et al. (2014)

Sands containing saline water or  0-3 0-5

clay sediment

Sands containing brackish water 3-20 5-20

Sands containing freshwater >20 20-100

Basement Not defined > 100

the inexistence of ambient noise in most of the study area.
Moreover, this method can reach depths of the same order
of magnitude as the depth of the KOH deep aquifer (up to
ca. 400 m). Data acquisition was therefore conducted with
an ABEM WalkTEM 2 device, with a TX-60 transmitter
connected to a square 200 x 200 m loop and a RX receiver
connected to a RC-200 antenna with a square shape of 10 m
side and two turns (Fig. S1 of the electronic supplementary
material (ESM)). Electrical power was provided by eight
12V batteries of 75 A/h, reaching an electric current of 96 A.

The design of the acquisition scheme was implemented
to fulfil the following requirements: (i) to cover the whole
study area; (ii) to give insights on the longitudinal and lat-
eral hydrostratigraphy of the basin; (iii) to be logistically
feasible, in a time-limited survey with difficult conditions
constraining the loop location (mostly related to accessibility
and the possible existence of land and tank mines); (iv) to
be possible to correlate with the previous geophysical and
hydrogeological surveys carried out in the Cunene province
and in Namibia. Their precise location was made over high-
resolution satellite photos (Google services, ESRI, Bing) to
select quimbos and ploughed fields to minimize the risks of
land or tank mines. Moreover, a previous demining survey
was made prior to each loop before its field setup and data
acquisition.

The survey was carried out between 28/05/2021 and
15/07/2021 (38 days of data acquisition for a journey of
48 days), at the beginning of the dry season. The field data
acquisition rate was remarkably high under such adverse
conditions (long daily travelling on sandy, dirt roads), with
an average of three loops/day (ca. two hours for each site).
From the 197 potential locations, TDEM data (soundings)
were acquired in 112 locations (Fig. 1) due to the above-
mentioned constraints. The selection of the survey sites was
based on the results of the previously conducted TDEM
surveys and on the groundwater potential of some areas,
which was indicated by previous studies. The loops were
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located 2—4 km apart from each other and distributed along
6 transects (Fig. 1) that were transversal (transects T1 and
T2) and longitudinal (T3 to T6) to the basin. Data quality
was very good due to the lack of anthropic electromagnetic
fields in the area, except near the urban areas (Xangongo and
Ondjiva), where data acquisition was not possible (high level
of electromagnetic noise).

1D and quasi-2D data processing

The 1D inversion of the TDEM data was conducted using
SPIA (Aarhus Geosoftware 2022, based on Auken et al.
2005; Auken et al. 2009; Foged et al. 2013; Kirkegaard
and Auken 2014), following the workflow presented in
Fig. 2. Both smooth and layered inversions are available
within the software. The smooth inversion presents a large
number of layers (9-30 layers) with fixed thicknesses,
while vertical constraints are applied on the resistivity of
adjacent layers. The layered inversion uses a few layers
with no constraint on thickness and resistivity. First the
data were inverted with the smooth method, using default
parameters, to ensure that the data yielded reasonable and
interpretable results, as well as to check the consistency
with adjacent TDEM soundings. Next, a layered inver-
sion was performed using starting models based on the
information of the borehole data of Gomes (1972), other
boreholes with lithological logs or other valuable informa-
tion such as well-logging and local expert knowledge of
the regional and local hydrogeology. The results of the 1D
layered inversion were subsequently used for the hydrogeo-
physical interpretation, as it provided a more satisfactory
representation of the regional hydrostratigraphy relative to
the smooth inversion.

Data residual (DR) for the inversion model results is com-
puted in the SPIA software, both for smooth and layered
inversions, as following:

2

n do i d%imi

DR=q[2+ Y (s — i) (1)
n =l (O-i : dobs,i)

where d; is the measured value, d;,, is the simulated value,

o is the data uncertainty stated as a standard deviation e.g.
0.05 (i.e. 5% uncertainty), and »n is the number of data points.
A DR of 1 corresponds to a fit to the data standard deviation
for the sounding, while a residual below 1 means that the
model fits the data within the standard deviation (Aarhus
Geosoftware 2022).

Quasi-2D inversion of the TDEM data was also conducted
along the six transects (Fig. 1). The nonlinear inversion tech-
nique (de Groot-Hedlin and ConsTable 1990; Tikhonov and
Arsenin 1977) was applied to each one of the transects. This
algorithm is based on the 1D laterally constrained (LCI)
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Fig.2 Flowchart of the 1D smooth and layered inversion conducted using SPIA (Aarhus Geosoftware 2022) and related actions to the Cunene

TDEM survey

presented by Monteiro Santos (2004), creating a 2D mesh of
blocks according to the TDEM location along each transect
(Fig. 3). The constraints are related to the structure of the
model. It is imposed a smooth variation of the model around
the initial resistivity value. The initial model is an uniform
model with a resistivity equal to the average value of the
data apparent resistivity, not being possible to impose user-
defined constraints, defined from borehole data for instance.
The inverse problem requires an iterative procedure as it
involves a nonlinear relationship between model response
and model parameters. The logarithm of the block resistivity
and apparent resistivity were used as model parameters and
data, respectively. The minimization of an objective function
allows calculating the correction of the model parameters for
each iteration. The objective function used in this work is:

TDEM1 TDEM2 TDEM3 TDEM4
v v v v
ij-1
c, | c C,
-1,J L i+1)
Lj+1

Fig.3 2D mesh of blocks built according to the TDEM location
along each transect. The C;; values represent the elements of the
roughness matrix C

2

= - - =2
0 = W,l|(8d- 385 )| + 22CIIp =B, @)
where|| ... || represents the L, norm, W, is a diagonal matrix,
consisting of the reciprocal of data standard deviations, 5p
is the vector containing the corrections to the model Saram—

eters and p, is the a priori defined model. 5d = ln< o) is the

c

vector containing the differences between the observed and
calculated apparent resistivity in the logarithmic domain. J
is the Jacobian matrix containing the derivatives of the
apparent resistivity to the model parameters, also in loga-
rithmic domain. The quantity A is the damping factor con-
trolling the amplitude of the parameter corrections, whereby
the optimum value is empirically determined. The elements
of the matrix C are the coefficients of the values of the
roughness in each parameter, which is defined in terms of
the neighbors (Fig. 3).

The minimization of Q yields the following normal
equation:

[(Wad) "Wl + £CTC| 35 = —(W,J) 'W,od + £C"C(5 - 5,)
3)
Equation (3) is solved using a conjugate gradient method
(CT denotes transposition of matrix C). Once this system of
equations is solved, the model parameters are updated and
the iteration process finishes when the misfit is reduced to
an acceptable value or the number maximum the iterations
is reached.
The error between the simulated and measured values
is computed for each TDEM sounding using the root mean
square error (RMSE), expressed in percent, as following:

= (dobs,i)2

1
RMSE =100e [ =
>

“
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where d; is the measured value, d;,, is the simulated value

and n is the number of data points.

sim

Results and interpretation

Results were approached in two different ways. For the
1D inversion results, it was important to have a local over-
view for each site, to test the existence of local anomalies
and to evaluate the possibility in the near future of using
single loop inverted data in groundwater resources man-
agement at the basin scale. In sectors considered relevant
to understand the aquifer system geometry, boreholes data
were used to constrain the 1D TDEM inversions. This
calibration is important as in some areas, the 1D TDEM
data provide the only information available to support
borehole sitting decisions. On the other hand, the quasi-
2D inversions gave an overview of the basin geoelectrical
characteristics that allowed a more detailed assessment of
the basin geometry.

@ Springer

Presence of
Plg/Sep

investigation

(Lindenmaier &
Christelis, 2011)

Nat. Gamma Rad.: Natural Gamma Radiation log. SPR: Single Point
Resistance log. Fluid Cond.: Fluid Conductivity log. FEL: Focused
Electrical Resistivity of the rock host

1D inversion

All 112 TDEM soundings acquired in this study were
inverted, obtaining DR (Eq. 1) of the inversion model
varying from 0.12 to 2.54 using the smooth inversions
and 0.05 to 1.51 using the layered inversions. Globally,
results were considered satisfactorily, since 72 and 81%
were below 1 for the smooth and layered inversions,
respectively.

The results from three key sectors with relevant data such
as borehole logs and/or well logging are presented in Fig. 4
and discussed.

Mongua sector

The layered inversion of TDEM 32 (Fig. 1) comprised six
layers and its DR was 0.94. The inversion was constrained
using the information of the borehole PS-1 (Gomes 1972),
located near the Mongua village (Fig. 1). This borehole is
250 m deep with four productive layers located at 128—170,
192-201, 215-225 and 228-235 m (Fig. 4a). The single
point resistance (SPR) log detected the presence of these
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aquifer layers and indicated that the shallowest layer has
higher salinity, since the measured resistance is considerably
lower than in the three deepest aquifer layers (Fig. 4a). The
clinoptilolite-rich layer (marker of the intermediate, saline
aquifer) is located between 130 and 172 m deep, in fine to
medium sands, while the Plg/Sep clays-rich layer (indicator
of the deep aquifer) is located between 190 and 230 m, in
consolidated sandy dolomites (Gomes 1972). Total dissolved
solids (TDS) of the water of the four productive layers mixed
together is relatively high (3,541 mg/L), as well as the elec-
trical conductivity (4,500 uS/cm), while its pH is alkaline
(7.9). The hydrochemical facies is sodium-sulfate, with a
high chlorides level.

The intermediate, saline aquifer is identified in the TDEM
layered inversion between 100 and 170 m depth, with an
electrical resistivity of 14 Q.m, while it was recognized
between 128 and 170 m in the borehole. The deeper layers
were also identified in the 1D TDEM inversion between 190
and 240 m, with an electrical resistivity of about 40 Q.m,
although the inversion at this depth is quite uncertain, i.e.
just below the depth of investigation (DOI). However, this
seems plausible, since a passive seismic station located 4 km
away indicates a basement depth of about 330 m (Carvalho
et al. 2024). This specific site was also studied by Ramalho
et al. (2023b), where the electrical resistivity obtained from
the 3D geoelectrical model matches perfectly either with the
SPR and clay content logs or the 1D TDEM layered inver-
sion depicted in Fig. 4a.

Namacunde sector

The layered inversion of TDEM 56 comprised five layers
with a DR of 0.75. It was conducted near three boreholes
drilled by the private company CFRL, Angola. These bore-
holes (Fig. 1) are located a few meters away from each other
and are representative of the hydrogeological scenarios in
Cunene: i) CFRL-1 is very shallow with depth <60 m and
unproductive; ii) CFRL-2 is 210 m deep, with groundwater
electrical conductivity ca. 4,500 uS/cm and not exploited
due low productivity and high clay content, particularly
below 150 m, as evidenced by the natural gamma ray log
(Fig. 4b., next to fluid electrical conductivity); and iii)
CFRL-3 has a total depth of ca. 300 m and screens at pos-
sible depths between 220 and 280 m; groundwater has an
electrical conductivity of ca. 5,000 uS/cm, being currently
under exploitation to produce cement, which requires arti-
ficial desalination. As such, in this low electrical resistivity
environment, the 1D inversion is quite uncertain. Although
the existence of a saline, intermediate aquifer was recog-
nized, its thickness is overestimated and there is high uncer-
tainty in the distinction between saline aquifers from clayey
layers without the assistance of a natural gamma ray log.
The Plg/Sep layer was identified at a depth between 227 and

243 m (Gomes 1972), which agrees with the screen depth
of borehole CFRL-3.

Eastern sector

The layered inversion of TDEM sounding 133 comprised
six layers with a DR of 0.07. It was carried out near bore-
hole 201047 (Lindenmaier & Christelis 2011), located in
Namibia (Fig. 1). This borehole is 380 m deep and features
well logging data (natural gamma ray and short/long range
electrical conductivity). There was a very good correspond-
ence between the hydrogeophysical interpretation of the
1D layered inversion of the TDEM 133 and the data of the
borehole 201047 depicted in Fig. 4 c. Two aquifer layers
of fresh water were recognized, between 60 and 88 m and
between 216 and 350 m, with electrical resistivity of 84 and
50 Q.m, respectively. Note that in this more resistive envi-
ronment, the DOI is much deeper (497 m) than the one of
the inversions of TDEM soundings 32 and 56 (DOI of 194
and 197 m respectively), indicating a better resolution of
the inversion at depth. The passive seismic station located
near this TDEM indicates a basement depth of about 375 m
(Carvalho et al. 2024).

Quasi-2D inversion

The results of the quasi-2D inversions are presented for
each transect in Fig. 5, using the electrical resistivity
ranges defined in Table 1. All transects share the same
vertical and horizontal scales, as well as the same electrical
resistivity color scale, for direct comparison. In comple-
ment, the transects were also symbolized using a classi-
cal representation with a logarithmic detailed color ramp.
Their georeferencing allowed a 3D visualization that evi-
dences the geometry of the geological basin (Fig. S2 of
the ESM).

The statistical distribution of the RMSE of the quasi-2D
inversions (Eq. 4) is shown in Fig. S3 of the ESM while
individual values are listed in Table S1 of the ESM and
the fitting of the observed and simulated signal curves is
shown in Figs. S4 to S9 of the ESM. As the distribution is
positively skewed (min: 2.5%, median: 6.8% and maximum:
33.8%), the RMSE was classified into four classes using the
geometric interval method (see explanations in the caption
of Fig. S3 of the ESM). To quickly visualize the reliability
of the TDEM inversion, the label of each TDEM sounding
in Fig. 5 was represented with a color that represents the
RMSE class: dark green < (g, =4.8%) < green<(g,=9.2%
) <orange < (g;=17.7%) <red, where g,, g, and g, are the
geometric interval limits. Globally, the RMSE of the inver-
sion is acceptable since 75% of the RMSE is less than 10.7%
(3rd quartile). The RMSE is higher in areas with higher
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«Fig.5 TDEM transects T1 to T6. The horizontal scale corresponds to
the distance between the TDEM soundings (the first TDEM station in
each transect corresponds to the value 0). The colored, vertical label
at the top indicates the ID of the loop, while the circles correspond
to the signal measurement. The color corresponds to the RMSE class
(dark green<(g;=4.8%)< green<(g,=9.2%) <orange<(g;=17.7%
) <red, where g,, g, and g3 are the geometric interval limits). F3*: as
borehole F3 was not drilled, the indicated values of top and bottom
screens and total depth are the ones estimated (Table 2). a.m.s.l.:
above mean sea level. b.g.s.: below ground surface

electrical resistivity contrast, e.g. at the northeast border
of the basin, visible on transect 6 (T6). This behavior was
expected since it is inherent to the inversion method. Indeed,
the transect T6 includes, in the center of the basin, detrital,
pseudo-horizontal and relatively continuous layers from
the Cenozoic that laterally pass to heterogeneous, highly
deformed substratum from the Precambrian at the north-
east border. As the damping factor (Eqgs. 2 and 3), which
controls the degree of lateral constraint in the inversion (in
other words, the importance of adjacent TDEM soundings
in the inversion of the centrally located TDEM sounding),
was the same for all transects (0.3), it cannot accommodate
both geophysical settings.

The main observations that can be made on the transects
are:

1 A shallow layer, i.e. in the first one hundred meters of
the subsurface, with very low resistivity (1 €.m) crosses
the entire length of the transect, with some discontinui-
ties. It likely corresponds to a clay aquitard. Along T1,
a shallow layer north of Xangongo (TDEM soundings 1
to 4) is identified, while at South of Ombala yo Munguo
(TDEM soundings 13 to 22) three overlying layers are
identified up to 200 m deep.

2 Above the low resistivity layer detected in the previous
point, lenticular layers of resistivity ranging between
20 and 100 Q.m may correspond to lenticular, perched
aquifers, which is particularly evident in transects T3,
T4 and T5. These aquifers are recharged by rainwater
during the rainy season and often dry completely in
the dry season (Hamutoko et al. 2019). Some shallow
boreholes producing fresh water are abundant in the
study area, abstracting groundwater from these perched
aquifers. However, the relatively circumscribed three-
dimensionality of these lenticular bodies of reduced
size, corresponding to paleochanas and paleoecangos,
leads to a high number of dry drill-holes in the vicin-
ity, relatively near the productive wells. Moreover, these
perched aquifers may also contain mineralized water,
sometimes unfit for human consumption.

3 The basin shows, in most of its extension, intermedi-
ate resistivity between 5 and 20 Q.m. It corresponds to
interbedded layers that may contain thin aquifers, most

of them with probably high salinity, or clayey sands.
The overlapping of resistivity ranges between the inter-
mediate aquifer of high salinity and clayey sandy layers
makes the interpretation and estimation of the depth of
the intermediate aquifer difficult.

4 The deepest part of the basin shows resistivity higher
than 100 Q.m which corresponds to the basement (pre-
Cenozoic rocks, in this case).

5 Across the basin, a layer ca. 50 to 100 m thick and
resistivity between 20 and 100 Q.m marks the tran-
sition between the layer 5-20 Q.m and the basement
(> 100 Q.m). This layer can be an effect of the inversion
algorithm and/or indicate aquifer layers, containing low
to intermediate mineralized groundwater. 1D inversion
results are in this case of utmost importance.

6 The structure of the basin is highlighted by the evidence
of its lateral borders. The E-NE edge of T3 shows the
shallowing of the basement, while the low resistive
Cenozoic deposits are reduced to a few tens of meters.
Along T4, this is also observed in both edges of the
transect: between TDEM soundings 16, 73 and 74 to
the west and between TDEM soundings 93, 94 and 149
to the east. Along T6, collapsed blocks are observed,
that extend between TDEM soundings 186 and 173, 173
and 169 and 170 to 165, the latter featuring a reduced
Cenozoic basin thickness. This transect clearly indicates
the eastern boundary of the basin, defined by a staircase
structure of collapsed blocks separated by faults, cer-
tainly of normal type (horst and graben structure).

7 It is also possible to detect horsts in the depressed sec-
tions of the basins: the high resistivity (higher than 100
Q.m) section at depth in T1, visible between TDEM
soundings 8 and 11, can correspond to a structural horst,
aligned with a similar structure in T2, observed between
its TDEM soundings 32 to 37, and depressed areas at
south.

The resistivities from the 3D geoelectrical model
(Ramalho et al. 2023b) were extracted along the W-E tran-
sects T4 and T5 (Fig. 6). There is very good agreement
between the VES and TDEM transects, all of them excel-
lently depicting the structure of the geological basin, par-
ticularly the shallow conductive layer and blocks showing
the structure in horst and graben, as well as the edges of the
basin. However, the VES transects show a lower DOI and
the thickness of the low resistivity (<5 ohm.m) layer appears
relatively larger.

The electrical resistivities of the transect C (Lindenmaier
et al. 2014) between TDEM C-330 and C-600 (Fig. 1) are
shown in Fig. 7. It is parallel to transect TS, being located
10-15 km to the south. There are some notable differences
between both transects. In transect C, electrical resistivities
compatible with the basement are not observed, since the
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Fig.7 Electrical resistivity inferred from the TDEM transect C
adapted from Schildknecht (2012). The horizontal scale corresponds
to the relative distance between the TDEM soundings (the first

bedrock is probably located deeper than the DOI in that par-
ticular area, which confirms the deepening of the geological
basin towards the southeast direction. The most important
characteristic of this transect is the presence of a layer with
intermediate resistivity (20—-100 Q.m), in the middle of the
low resistivity range (<5 Q.m). The intermediate resistivity
layer is at a depth between 150 and 200 m in the west, while
it is thickening at its base in the east direction, reaching
a depth of 300 m. This intermediate resistivity layer may
be interpreted as the deep aquifer layer, confined by clayey
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TDEM station in each transect corresponds to the value 0). The ver-
tical label, in bold at the top, indicates the ID of the loop ( Fig. 1).
a.m.s.l.: above mean sea level. b.g.s.: below ground surface

layers of low resistivity. Note that in the east, this layer is
becoming much shallower, as observed by Lindenmaier
et al. (2014) and Schildknecht (2012), corresponding to the
mapped freshwater aquifer.

Boreholes siting
The six transects of Fig. 5 were analyzed, together with the

information provided by Gomes (1972), to prepare a drilling
campaign and to site six boreholes (Ramalho et al. 2023a)
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Total depth EC of the

Aquifer bottom

whereas observed values were obtained during a drilling campaign executed within the scope of PLANAGEO (Ramalho et al. 2023a). The error was computed using the following formula to
Aquifer top

obtain the deviation of the observed value to the estimated value: 100 X (observed-estimated)/estimated. ND: not drilled

Table 2 Estimated and observed top and bottom of the deep aquifer and total depth of the borehole. Estimated values were derived by analysis of electrical resistivity transects shown in Fig. 4

Borehole ID

- B water (uS/
Estimated (m) Observed (m) Error (%) Estimated (m) Observed (m) Error (%) cm)

Error (%)

Observed (m)

Estimated (m)

2370
476

ND

300
294

ND

325
230
250
285
250
350
230

288
281

ND

315

12
72

240
223
ND

215

F1

28

56

180
175
185

130
125
135

F2

F3

11,100
9640
2340
476

45

158
147
258

-18
221

152
143
254
143
254
288

128
125

F4

41

180
300
175

14
24
24
12
72

110

250

F5

-26

-15
21

190
125

F6

45

147
258
300

110
133
250

Min

2370

-26
28
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350
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Fig.8 Error between estimated and observed top and bottom of the
deep aquifer and total depth of the boreholes (see formula of error in
the caption of Table 2)

to be distributed across the basin and to include important
sectors to ascertain the aquifer system geometry.

Boreholes F1 and F2 were positioned on TS5. The bore-
hole located near Namacunde (Gomes 1972) shows the
layer of Plg/Sep at a depth between 227 and 243 m (see
Fig. 4b). It corresponds to a zone of resistivity between
5 and 20 Q.m, close to a structural high with a resistivity
of ca. 30 Q.m, between the TDEM soundings 111 and
114. The borehole F1 was sited between TDEM 112 and
113, with a total depth of 325 m, intersecting an aquifer
between 215 and 315 m (Table 2). F2 was sited further to
the east with a total depth of 294 m, whereas the expected
depth of the basement was 230 m. It was screened to a
zone with a resistivity between 30 and 50 Q.m and shallow
depth (~ 100 m). This area is located within the freshwater
zone defined by Lindenmaier et al. (2014).

Borehole F3 was sited using T2 and T3 and the PS-1
Mongua borehole (Gomes 1972), which indicates that the
Plg/Sep layer is between 190 and 230 m deep, which cor-
responds to a higher resistivity zone (20-30 Q.m) in T2 and
may indicate an aquifer zone between 125 and 175 m depth,
containing groundwater with relatively low mineralization.

The transect T6, where borehole F4 was sited, benefits
from three borehole logs studied by Gomes (1972) with
Plg/Sep layer depths, from SW to NE, at 258-283 m depth
(Mucuiula), 100-125 m (Nonapa) and 93—106 m (Noema).
While these depths are consistent with the transect regarding
the Mucuiula and Noema boreholes, i.e., the Plg/Sep layer
lies near the basin/basement boundary, in the Nonapa bore-
hole, this layer is at a much greater depth, just below the clay
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aquitard. This incoherence may be due to a borehole geo-
referencing error that, in this zone of abrupt changes, would
explain the elevated position of this layer at this location, as
well as the high RMSE of the inversion, as previously dis-
cussed in the quasi-2D inversion section. F4 was drilled to a
shallow depth (total depth of the borehole ca. 285 m), near
TDEM sounding 169, where a zone of electrical resistivity
between 30 and 50 Q.m was identified and interpreted as the
presence of an aquifer layer containing groundwater with
relatively low mineralization.

Borehole F5 was sited on T1, above the previously identi-
fied horst (structural high with higher resistivity > 100 Q.m),
between TDEM soundings 10 and 11, where a zone of inter-
mediate resistivity (between 20 and 100 Q.m) may indicate
an aquifer zone with lower mineralized water at 110-180 m
depth.

Borehole F6 was sited close to TDEM 77 on T4, expect-
ing that the resistivity zone between 20 and 100 Q.m, at
250-300 depth, could correspond to the deep aquifer.

The estimations based on the TDEM transects analysis
of the total depth of the boreholes and of the top and base
of the deep aquifer are compiled in Table 2. The real depths
observed during drilling are also reported and plotted against
the estimated values in Fig. 8. Note that only 5 boreholes
were drilled, as the F3 site was not accessible due to the
presence of land mines.

Discussion

Contribution of TDEM to the hydrogeological
conceptual model

The geometry of the geological basin is well depicted in the
TDEM transects that clearly show the edges, the deepen-
ing in southeast direction and the overall graben and horst
structure. A complementary study, based on tectonic analy-
sis and passive seismic geophysical method, also confirmed
these observations (Carvalho et al. 2024). The age of the
tectonic features seems to be pre-Upper Kalahari Subgroup,
since only the deposits of the Lower Kalahari Subgroup are
affected by faults. The most important structure detected
has an ENE-SWS direction, passing north of Ondjiva. This
feature, as well as the general geometry of the basin, were
also evidenced in the 3D geoelectrical model (Ramalho et al.
2023b) and from aeromagnetic data (Fig. S10 of the ESM).
This ENE-SWS structure delimitates a collapsed block in the
south of the study area, characterized by very low electrical
resistivity, which may indicate saline/brackish aquifer and/
or high clay mineral content. It is not clearly visible in the
TDEM transects, except in T2, in which the high resistiv-
ity range (> 100 Q.m) related to the basement disappears
towards the south of TDEM sounding 44, indicating that the
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basin is deepening. Moreover, another structure interpreted
as a normal fault (Carvalho et al. 2024), also with a ENE-
SWS direction and passing south of Mongua, is also clearly
detected in T1, between TDEM soundings 11 and 13, and
T2, between TDEM soundings 37 and 38. This structure is
important as it explains the presence of the Lower Kalahari
Subgroup at lower depths in the sector located north of this
tectonic structure (corroborating with outcrops along the
Cunene River and near Cahama on Fig. 1). The difference
in elevation of these two main blocks may also explain the
difference in groundwater salinity between these two blocks,
since the tectonic structure may be ultimately responsible for
different depositional environments.

In addition to the structural control on the N-S direction
of the basin geometry, there is also clear evidence of tec-
tonic controls in the E-W direction, namely in the Cuvelai
region (Carvalho et al. 2024, Represas et al. 2021). This
staircase structure resulted in depressions oriented NW-N
to E-SE and dipping towards SE-S, which may have exerted
a strong influence in the control of the development of the
paleo-fluvial systems and thus the deposition of the Lower
and Upper Kahari Subgroups. This structural control is evi-
dent in the two E-W transects T4 and T5, where a clear
rising of the basement in the east was detected. This zone is
the western limit of the freshwater area defined by Linden-
maier et al. (2014), which is confirmed by the relatively low
groundwater electrical conductivity from boreholes F1 and
F2 (2370 and 476 puS/cm, respectively, as shown in Table 2).
The lenticular body between 100 and 200 m depth visible
in all transects, with an electrical resistivity between 20 and
100 Q.m, may thus correspond to the aquifer layer contain-
ing freshwater. This area could be the transition between the
deposits of the Cubango and Cunene megafans, controlled
by a N-S horst and by the presence of the Onimwandi dyke
swarm (Miller 1992, 2008), as referred in Department of
Water Affairs (1991), although they concluded that “the
effect of the Onimwandi dyke swarm on an apparent ground-
water transition zone could not be evaluated but appears
to be minimal, as the transition zone occurs to the west of
Eenhana [Namibia] which is a further 2 km west of the edge
of the dyke swarm”. This structure is clearly identified on
the aeromagnetic map (Fig. S10 of the ESM) and should be
the target of dedicated structural and geophysical studies,
such as seismic surveys to identify the relationship between
the deposition settings and the dyke swarm.

As seen from the presented analysis and interpretation of
T4 and TS, delimitation of the KOH in Angola using electri-
cal properties and the TDEM results must be treated with
caution; in fact, both T4 and T5 show an increase in elec-
trical resistivity in the east, being more pronounced in the
southern transect (T5). These variations are also visible in
the 3D geoelectrical model (Ramalho et al. 2023b) and may
reflect the basic difference between KOS and KOH related
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Fig.9 (a) Projection of the CFRL-2 borehole in the 3D geoelectrical model (Ramalho et al. 2023b); (b) Natural gamma radiation log of CFRL-2
and electrical resistivity model from a layered inversion of TDEM sounding 56, with the lithological log derived from their joint interpretation

to more favourable groundwater quality, i.e., less mineral-
ized groundwater.

Geophysics to support borehole siting

The deviation of the observed values of aquifer top and bot-
tom depths with the values estimated using the quasi-2D
TDEM inversions is globally low (Table 2 and Fig. 8), with a
particularly good agreement with the top and bottom depths
of the deep aquifer. The largest errors are related to borehole
F2, since the target layer of resistivity 20—100 Q.m at depth
130-180 m featured saline water. The productive layer with
freshwater was reached between 223 and 281 m. Moreover,
F2 was not drilled adjacent to the T5 transect as the drill-
ing rig could not travel over the sandy ground (Fig. 1). In
addition, no data regarding the depth of the Plg/Sep marker
(Gomes 1972) was available for this area (Fig. 1). Indeed,
this clay marker was a valuable indicator, confirming that
natural gamma ray borehole logs were crucial to calibrate
the TDEM data and properly interpret the inversion results.
As referred to in Ramalho et al. (2023b), a decrease of
the natural gamma radiation log values can be a marker
of the Plg/Sep layer due to the absence of K mineralogy,
as opposed to K*-rich clays that compose the lithological
columns either from KOS or KOH, namely clinoptilolite,
montmorillonite and illite.

On the other hand, making the best use of the scarce
available information is a challenge for hydrogeological

research in Cunene. A good working basis based on the
electrical properties of the geological formations was pro-
vided by the 3D geoelectrical model based on VES from
the 1960s (Ramalho et al. 2023b) and 1D TDEM results.
Within the framework of a wider research program, this
information should be correlated with natural gamma radi-
ation logs measured in existing deep and cased boreholes
without pumps installed. Although scarce, the information
they supply, jointly interpreted with the 1D TDEM results,
can improve insights and obtain greater information from
the deeper aquifers of both KOS and KOH aquifer systems,
especially in areas that were not covered by the 1966/67
VES survey of Nascimento et al. (1966, 1967). That is
the case for three CFRL boreholes, previously described,
located in Santa Clara, ca. 10 km away from the Namib-
ian border (Fig. 1). Nevertheless, the correspondence of
the electrical resistivities ranges of the hydrogeological
domains from Table 1 and the 1D layered inversion of
TDEM sounding 56, which is distanced ca 200 m from
the CFRL boreholes, can lead to misinterpretations. This
is because sands containing saline water and/or clays can
have similar electrical resistivities (Sharma 1997; Telford
et al. 1990) which can lead to the misidentification of pro-
ductive zones and installation of well screens at unsuit-
able locations. In these cases, the use of natural gamma
radiation logs in cased boreholes can be an effective way
to distinguish the several hydrogeological environments
present in the area. This case is illustrated in the joint
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interpretation of the layered 1D inversion of TDEM 56
and the natural gamma radiation log of the cased borehole
CFRL-2 (Fig. 9). While it can be confirmed that a signifi-
cant part of CFRL-2 intersects thin intercalations of sandy
and clayey formations, the low resistivity values can also
be related either to highly mineralized groundwater and/
or clayey formations with very low to almost negligible
permeabilities (Custodio and Lamas 1996). The layered
inversion of the electrical resistivity of TDEM sounding
56 (Fig. 9b) individualize high electrical resistivity lay-
ers that correlate with low gamma radiation layers, from
0-20, 30-35, 90-100, 65-70 and 122-142 m. However,
most of the screens were located below this depth, leading
to the abandonment of the well and to the drilling of the
deeper CFRL-3 well that is currently in use for ground-
water abstraction.

Recommendations for future studies

There are still two main types of uncertainty present within
the interpretation of geoelectrical and electromagnetic data
that do not allow for the distinction of: (i) low resistivity
zones that may correspond to a clay layer, saline aquifer or
clayey sands containing saline/brackish water at intermediate
depths (100-200 m); and (ii) intermediate resistivity zones
that may correspond to the transition towards the basement
or deep aquifers with low groundwater mineralization. As
such, direct interpretation of the electrical resistivity proper-
ties either from VES or TDEM surveys may be insufficient
to identify the best screen location when drilling deep wells
in Cunene. In most cases, this is the only information avail-
able. Therefore, to improve the interpretation of the TDEM
results, and to successfully break the decades of suspended
hydrogeological progress in Cunene, several procedures
should be implemented:

1 To plan higher resolution TDEM surveys (i.e. shorter
distance between successive TDEM soundings) in areas
of interest (along the TS transect for instance) with com-
plementary parallel transects, to support the develop-
ment of 3D TDEM models in the near future;

2 To use the inventory of boreholes in the Cunene prov-
ince to conduct joint interpretation of natural gamma
radiation logs in drilled wells in the Cunene province
with 1D inversions of TDEM soundings. This procedure
will constrain the calibration mesh and provide a greater
distinction between clayey layers and the small aquifers
at intermediate and deeper depths associated with the
KOS and KOH aquifer systems in each area. This meth-
odology can be applied across the basin, where unused
boreholes are available.

3 To promote the regular use of TDEM surveys to guide
groundwater borehole drilling, with the appropriate loop
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configuration to reach the target depth of investigation
required for aquifer characterization, especially in areas
that have not previously been studied within a hydrogeo-
logical context.

4 To detect the perched aquifer in the shallow layer
(KOH-0 or KOS-0), it is recommended to use adjust
TDEM system settings for shallow depths (40 m side
loop and small RC-5 antenna). Other complementary
methods, such as electrical resistivity tomography (ERT)
or magnetic nuclear sounding (MRS) would also sup-
port interpretations. ERT is suitable for detecting and
mapping the perched aquifers of the KOS-0 and KOS-0
aquifers (Hamutoko et al. 2019), as they are relatively
shallow (< 100 m) and there is a large resistivity contrast
with the surrounding rocks. Within hydrogeophysics, the
MRS is the unique method that is directly and exclu-
sively sensitive to the presence of groundwater since
it measures the signal originating from the hydrogen
protons present in the water molecule (Legchenko et al.
2004; Lubczynski and Roy 2007). The MRS method has
been applied in detrital sedimentary basins with multi-
layer aquifer systems with low electrical resistivity, in
the Delft area of the Netherlands (Lubczynski and Roy
2004) and Waalwijk (Lubczynski and Roy 2003), and
in the Paris Basin, France (Vouillamoz 2003 in Vouil-
lamoz et al. 2007). However, Lubczynski and Roy (2003,
2004) reported difficulty in applying the MRS method
to fractured aquifers in Southern Africa (Botswana) due
to the low values of the Earth's magnetic field and the
presence of natural electromagnetic noise caused by
frequent thunderstorms prevented acquisition of a valid
MRS signal.

Conclusions

TDEM soundings were collected along transects in the Kala-
hari Cenozoic sedimentary basin in the Cunene Province.
Their quasi-2D inversion allowed to elaborate electrical
resistivity 2D transects that showed alternating layers of
low (<20 Q.m) and intermediate resistivity (20-100 Q.m),
overlying a relatively higher resistivity layer (100 Q.m) cor-
responding to the basement. There is a very good agreement
between an existing 3D geoelectrical model (Ramalho et al.
2023b) and, together, these models allowed for the depiction
of the basin geometry and interpretation of its tectonic con-
trol. Moreover, the interpretation of these models allowed
for the identification of the three aquifers of the Kalahari
system, with special emphasis on the intermediate and deep
aquifers. Low resistivities indicated the presence of clayey
layers and clay matrix of the detrital deposits with a mod-
erately mineralized groundwater content. At greater depth,
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the intermediate resistivities are associated with the basin-
basement transition (lower Kalahari) and the presence of
the deeper aquifer, which is consistent with the presence of
the Plg/Sep layer (Gomes 1972). Finally, it is crucial to note
that the water resource provided by the deep aquifer has
a very low to negligible recharge rate (Himmelsbach et al.
2018; Wallner et al. 2017). As such, further studies must be
conducted to accurately map the location of the freshwater
zones and to implement a protection management plan with
a legal framework to explore this valuable and finite resource
for the Cunene Province.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10040-024-02822-x.
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