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ABSTRACT

An electrical resistivity survey was carried out on Thata Island, one of the numerous circular
islands in the Okavango Delta, to investigate the mechanism governing interactions between
surface water, vegetation and groundwater. Seven data profiles were collected across the island
and modelling results indicated that the centre of the island had low resistivity values (less than
10 ohm-m), while resistivity values increased laterally outside the island. Such lateral resistivity
zoning responded to variation in shallow groundwater chemistry below the islands having a high
concentration of solutes inside and the presence of fresh water outside the islands. Borehole
to surface resistivity imaging results for the island indicated a plume of saline water sinking to
depths of 60 m. Groundwater salinity below the island ranged from 11.7 g/l from the margin
of the island to 122 g/l at the centre of the island. Beyond the 60m depth, groundwater salinity
dropped to about 0.33 g/l at the centre of the island. Lateral and down-hole imaging results, as
well as water salinity values, showed a migrating plume of high salinity groundwater from the
surface of the island invading a relatively deeper low-density fresh groundwater environment.
Combining geochemical, isotopic and electrical resistivity data indicated that capillary evapo-
ration may have been the most important mechanism in creating high saline water under the
centre of the island; however, high transpiration rates along the edges of the island may have been
important in producing salts which could migrate toward the island’s centre. The results of this
study showed how high salinity levels may have formed in near surface aquifers in natural inland
delta environments in semi-arid areas.

RESUMEN

Este estudio sobre la resistividad eléctrica fue llevado a cabo en Thata, una de las numerosas islas
circulares en el Delta del Okavango, para analizar los mecanismos que gobiernan las interacciones
entre la superficie acudtica, la vegetacién y las aguas subterrdneas. Siete perfiles de datos fueron
recolectados y los resultados modelados indicaron que el centro de la isla tiene bajos valores de
resistividad (menos de 10 ohm-m), mientras que estos niveles se aumentan lateralmente fuera de la
isla. Esta zonificacién lateral de resistividad responde a la quimica de las aguas subterrdneas poco
profundas debajo de la isla que tienen una gran concentracién de disoluciones al interior y presencia
de agua fresca fuera del territorio. Perforaciones para medir los resultados de la resistividad en la isla
mostraron una columna de agua salina que se hunde hasta 60 metros de profundidad. La salinidad
de las aguas subterrdneas en la isla oscila entre 11.7 g/l en el margen y 122 g/l en el centro. Debajo
de los 60 metros de profundidad, la salinidad de las aguas profundas cae hasta el 0.33 g/l en el cen-
tro de la isla. Los resultados del sondeo lateral y debajo de las perforaciones, ademds de los valores de
salinidad en el agua, mostraron una columna de alta salinidad en aguas subterrdneas que se desplaza
desde la superficie de la isla y que invade un ambiente de aguas subterrdneas medianamente profun-
do de baja densidad. La combinacién de datos geoquimicos, isotépicos y de resistividad eléctrica
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indican que la evaporacién capilar podria ser el mecanismo mds importante en la creacién de la

alta salinidad en el centro de la isla; sin embargo, la alta tasa de transpiracién en los extremos de la  Record

isla podria ser importante en la produccién de sal que se desplazaria hacia el centro. Los resultados

de este estudio muestran cémo los niveles de alta salinidad podrian haberse formado en acuiferos  Manuscript received: 08/10/2012
superficiales de ambientes naturales al interior del delta, en dreas semidridas. Accepted for publication: 20/06/2013

Introduction cially in semi-arid regions. Water quality issues in Botswana’s Okavango Del-
ta, specifically high salinity and nutrients and arsenic pollution, have limited

Surface and groundwater salinisation presents a formidable threat to  water being used for rural water supply. Solutes can enter the delta system
water supply and remains a major problem for the global environment, espe-  through several pathways. Solutes resulting from dust and ash fires (Garstang
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Figurel: Location of and main hydro-morphological features regarding the Okavango Delta, Botswana. Also shown are Botswana and the Okavango Delta in
Africa and southern Africa. The Kalahari Basin is outlined in southern Africa inset
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et al., 1998) and chemical weathering reactions are typically derived from
atmospheric deposition in the headwater region in Angola. During transit
both natural (saline groundwater encroachment, hydrothermal springs and
evaporite deposit dissolution) and anthropogenic (agricultural return flow
and domestic/industrial effluent waste water) sources may add solutes to
the river system. These increases are magnified by evapotranspiration from
open water, agriculture involving irrigation or natural riparian areas, thus in-
fluencing the chemistry of ground and surface waters in stream ecosystems.
Nutrient concentration often alters when subsurface water flows through ri-
parian areas. Therefore, groundwater-surface water interaction dynamics can
affect riparian vegetation ecology (Hughes, 1990) and can influence wetland
hydrology through transpiration and uptake of groundwater (Doss, 1993;
Sacks et al., 1992; Winter and Rosenberry, 1995). The sensitive links bet-
ween water quality, sediment, flora and channel hydraulics have already been
established for the Okavango Delta (McCarthy and Ellery, 1994; Gieske,
1996, 1997; Ellery et al., 2003; Wolski and Murray-Hudson, 2000).
A growing population, along with associated activities and shifts in con-
sumption patterns contributing to water quality deterioration, and pres-
sure being exerted on the Okavango’s water resource, makes it become
necessary to understand the delta’s ecology in terms of solute sources and
recycling element and nutrient pathways within the delta and associated
environments on a local and basin scale. Within this framework lies the
answer to sustainable wetland management and maintenance of ecosystem
integrity while undertaking economic activities such as the thriving tou-
rism industry, agriculture and drinking water supply without causing dire
consequences regarding the needs of the ecosystem, people, and wildlife.
The present study was therefore aimed at applying electrical and bo-
rehole resistivity to surface electrical resistivity imaging (ERI) techniques
for providing accurate areal information regarding the subsurface of the
Thata island area, in terms of subsurface electrical conductivity within Tha-
ta island and the surrounding area. The study was also aimed at mapping
and delineating the lateral and vertical distribution of low electrical resis-
tivity zones which might be linked to areas where high salinity occurs and
becomes accumulated, as well as investigating the pattern and associated
processes concerning salt accumulation within the island.

1.1 The Okavango Delta

‘The Okavango Delta (Figure 1) is southern Africa’s largest inland wetland
(i.e. ~12,000 km?, McCarthy ez al, 2003) and is located on the northern fringes
of the Kalahari desert (Figure 1). The delta is part of the Okavango River Basin
(ORB), which spans the three riparian states of Angola, Namibia and Botswana.
The Okavango Delta receives the annual arrival of a flood wave from the An-
golan highlands bringing large volumes of water (Gieske, 1996, 1997; Wolski
and Murray-Hudson, 2006) with lesser input coming from local rainfall. Both
rainfall and flood pulse are temporally out of phase with rainfall occurring bet-
ween November and March while the flood-cycle arrives in April, reaching its
peak during August/September. Runoff from the catchment in Angola, some
600 km to the north, brings an estimated 11 cubic kilometres of water into the
Okavango Delta (16 billion m*/yr of flood and rainfall; Gieske, 1996), carrying
at least 300,000 tons (Bauer, 2004) of dissolved salts every year.

Within this flood-pulsed wetland with a mean surface gradient of approxi-
mately 1:3700, water is normally spread across through a complex system of
meandering distributary branches, swamps and floodplains (McCarthy, 1992).

The surface water flowing out of the delta has a dissolved solid con-
centration (TDS) of about 90mg/L, only three times more concentrated
(30mg/L) than the flows entering the delta (Bauer, 2004). The electrical
conductivity of the groundwater beneath the centre of the islands may reach
40 mS/cm while that in the floodplain water ranges from 35.9 to 75.2 pS/
cm, this being more than 500 times higher (Bauer, 2004). Total nitrogen in
the surface water is less than 1mg/L while it may be around 5.2mg/L in the
groundwater at the island’s centre. Total phosphorus concentration in surfa-
ce water is around 0.05 mg/L and about 22mg/L in the island’s groundwater.

The Okavango Delta has been described as a mosaic of flat broad floo-
dplains and round to shapeless islands (Figure 2); such islands vary in shape
and size from several square metres to more than 500 km? (Gieske, 1996;
Wolski and Savenije, 2006). Irrespective of these morphological characteris-
tics, all islands are usually fringed by a zone of broad leafed evergreen trees
(phreatophytic) giving way to deciduous trees and eventually palms and
open grassland. Such zoning results from a concentration gradient in the

groundwater beneath the islands, due to evaporative uptake and reflects fau-

nal species’ differing degrees of salt tolerance (McCarthy and Ellery, 1994).

Figure2: Typical islands within the Okavango Delta showing characteristic
hummocky topography along one of the distributary channels
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Figure 3: Cross-section through an island in the Okavango Delta at the interface
between permanent and seasonal wetlands, (a) showing the distribution of
vegetation, (b) island topography, (c) groundwater electrical conductivity and
variation in water table depth over a flood-cycle (McCarthy and Ellery, 1994)
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The depressed interior of the islands consists of bare soil having crusts
of trona at the centre, precipitating from island groundwater because of
evapotranspiration enrichment (McCarthy et 4/, 1991; McCarthy and
Ellery, 1994) and may thus support only high salinity tolerant grasses.

The water table below the islands (Figure 3) in the delta generally
ranges from 0.5 m (Gieske, 1996) to almost 4 m below ground surface
(Wolski and Savenije, 2006), depending on the time of the year and floo-
dplain flood levels. Water table elevation usually decreases during the sum-
mer due to low rainfall and high evapotranspiration and increases rapidly
early in the winter in response to the incoming floods. Groundwater level
fluctuations are larger in the riparian belt (2 m) while being more stable
at the centre of an island (0.5 m) where the groundwater table is norma-
lly depressed, so that groundwater continues to flow from the floodplains
towards the islands throughout the year, i.e., no groundwater gradient re-
versal occurs during the flood subsidence phase (Gieske, 1996; Wolski and
Savenije, 2000).

Groundwater salinity (determined by electrical conductivity) beneath
islands in the downstream swamps is 50-100 times more concentrated
than the surface water in the surrounding floodplains (Gieske, 1996; Bauer
et al., 2006; Wolski et al., 2006). It also contains up to 400 times more
phosphorus and five times more nitrogen inside the islands than in the
floodplains, as Wolski has shown that nutrients and other inorganic ions
accumulate underneath the islands (Wolski ez /., 20006).

The preceding statements show that the existence and occurrence of
shallow saline groundwater systems in the Okavango Delta’s infill sediment
provinces will indisputably be controlled by the delta’s riparian structure
and the history of flooding. However, more information is needed on this
topic and this study was aimed at collecting additional electrical resistivity
data regarding Thata Island (Figure 4: aerial photo) and our interpretation
was aimed at supplementing Bauer ez al.,’s electrical resistivity investigation
(Bauer ez al., 2006); they collected a series of 2-D electrical resistivity profi-
les across islands within the Okavango Delta, including Thata Island. They
emphasised how near surface saline waters interact with deeper aquifers.
3-D inversion of surface resistivity data indicated that instability (called
density fingers) brought the saline water to the deeper fresh water aquifers.

Thata Island is remotely located within one of the Okavango Delta’s
more extensive floodplains. This remote location makes it unaffected by all
major anthropogenic sources of salt and nutrients which could interfere
with its natural environment. The additional data collected by this study
assisted in understanding the dynamic relationships between surface water,
groundwater and vegetation regarding discrete salt build-up in a deltaic
environment’s water resources and conceptualising aquifer systems.
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Figure 4: Thata Island, showing the characteristic rim of vegetation around the

fringes found in the other islands in the Okavango Delta

2.0 Data acquisition, processing and interpretation

The present study used ERI for studying surface and subsurface water
interactions within islands in the Okavango Delta. ERI (also known as
DC resistivity imaging or electrical resistivity tomography (ERT)) has be-
come an increasingly popular method over the last decade for mapping
subsurface electrical conductivity (Griffiths and Barker, 1993). It allows
imaging groundwater salinity with relatively high spatial resolution, since
formation resistivity as determined ERT strongly depends on groundwater
salinity. ERT has been applied to mapping salt tracer movements in the
subsurface (White, 1988; Bevc and Morrison, 1991; Kemna ez al., 2002),
as well as monitoring seawater intrusion (Gondwe, 1991; Kruse e al,
1998; Nowroozi et al., 1999).

In addition to the geophysical experiment, groundwater sampling deter-
mined salinity and stable oxygen isotope content and depth to the water table.

2.1 Groundwater level measurement

The depth to the groundwater table was determined through a net-
work of deep boreholes and shallow piezometers located around Thata is-
land. Piezometer depth varied from 3-73 meters and the deepest borchole
was 96 meters. The bottom part of the pipes was slotted, covered with 3 m
long filter pack and sealed using bentonite (Figure 5). All boreholes were
cased in steel, depth depending on the desired aquifer level for monitoring.
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Figure 5: Diagram showing the different borehole designs used to discretise sec-
tions of the aquifer for groundwater level monitoring on Thata Island

2.2 Electrical resistivity imaging (ERI)

ERI in two-dimensional (2-D) profile mode was used for studying
vertical and horizontal variation in electrical conductivity (resistivity)
within and outside the Thata Island area. Seven data profiles were collected
across the island in an east-west direction.

ABEM Lund Imaging System equipment was used for the survey
as well as an IRIS SYSCAL R2 instrument having automatically-selected
electrodes (Dahlin, 1996). The Wenner-Schlumberger array technique was
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used, current electrode spacing varying between 5 and 7.5 m. The profi-
les were arranged in such a way that the centre of each spread coincided
with the centre of the island (Figure 6). One profile was situated outside
the island in the swamps. Surface-to-borehole ERI was also carried out
to increase surface imaging resolution using one of the boreholes drilled
at the centre of the island. One current-potential pair of electrodes was
positioned in the borehole and one pair on the surface for surface-borehole
imaging (pure hole-surface configurations). The potential electrode in the
hole was kept in a constant position to minimise the number of possible
configurations. A radial electrode spread was used, such spread consisting
of four profiles crossing each other at the centre of the salt accumulation
zone (Figure 6) where the borehole was located. Each profile was then
separated into two sections, incorporating 56 surface electrodes using 2m
spacing and 24 borehole electrodes spaced at 4 m. After measurements for
each section had been completed, the borehole cable was shifted 1 m and
the measurements repeated. After completing two shifts and the second
part of the profile measured in the same way, the combined data set was
equal to a borehole-to-surface section having 112 surface and 96 borehole
electrodes with the borehole in the centre. A typical data set for a profile
consisted of around 6,000 single measurements.
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Figure 6: Locations of the 2-D resistivity surface and borehole to surface profiles
and the location of the monitoring borehole within the island

2.3 Inverting 2-D ERI data

Resistivity data were inverted using a 2D smoothness-constrained
inversion software (RES2DINV version 3.54) using a quasi-Newton tech-
nique to reduce calculations (Loke and Barker 1996). The inversion pro-
gramme is a forward modelling method consisting of a number of rectan-
gular blocks, block arrangement being loosely tied to data distribution in
the pseudosection. The forward modelling subroutine calculated apparent
resistivity values and a non-linear least-squares optimisation technique was
used for the inversion routine (deGroot-Hedlin and Constable 1990; Loke
and Barker 1996). Surface-borehole resistivity data were inverted as indi-
vidual 2D vertical cross-sections.

3.0 Results and Discussions
3.1 Groundwater level measurement

Groundwater levels beneath Thata Island varied between 2.79-2.82
m below the ground surface outside the riparian rim (Figure 7) and in

the central parts of the island. Hydraulic pressure in each borehole for the
deeper sections of the aquifer was higher than that measured in the shallow
piezometers (i.e. 3 m depth). The foregoing may have indicated that the
aquifer system had different hydraulic layers at depth and may have been
(semi)confined at higher hydraulic pressure.

3.2 Groundwater salinity and 8'30

Groundwater salinity was measured for shallow piezometers and deep
boreholes (Figure 7). Electrical conductivity was also much higher for areas
lying directly beneath the centre of the island and was low in areas occu-
pied by the swamp around the island (Figure 8). This showed that ions
were being accumulated at the island centre and closer to the surface than
at depth, because the groundwater became less saline with depth. Isotope
measurements of groundwater 6O were spatially out of phase with high
salinity areas and showed enriched values of about +0.6 %o at the island’s
margin directly beneath the vegetation rim, indicating intense transpira-
tion activity in that area (Figure 9) compared to -3.17 %o in the surroun-
ding swamps. The fact that this area did not coincide exactly with areas
of highest salinity indicated that transpiration was not the only process
responsible for inorganic salt enrichment in the subsurface. Capillary eva-
poration was also important and was more prominent at the centre of the
island; however, isotope results did not reveal which was more important.
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Figure 7: Groundwater levels and salinity measurements (g/l) in the boreholes and pie-

zometers around Thata Island (blue dashed-lines indicate water table; red dashed-lines
indicate peizeometric levels from deep borehole. Values in blue represent salinity for
shallow water table and values in red indicate salinity for deeper sections of the aquifer)

3.3 Interpreting 2-D surface and surface-to-borehole resistivity sections

2-D resistivity profile inversion results are shown in Figure 10. As seen
from the images in Figure 10, the central part of the profile consisted of low
resistivity materials (about 10 Qm) having increasing resistivity values (up
to 150 Qm) towards the edge of the profiles. The low resistivity seen in the
central part of the island clearly suggested that the area was more conductive
than other areas. Moving away from the centre of the island (towards the
vegetation), imaged section resistivity values were seen be higher (about 50
Qm). Resistivity values increased across the vegetation and into the swamps
(up to 150 Qm) being indicative of low ground conductance.

Low resistivity values for the central part of the island suggested that
there may have been conductive fluids (saline water) associated with the
fine clay-like materials characterising the centre of the island. The high
salinity environment observed on the resistivity images was seen to extend
radially into the relatively fresh environment in the surrounding swamps.
The saline horizon depth beneath the centre of the island (as interpreted
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from the 2-D models) was seen to persist up to 15 m below ground surface

on all models, except 10 (L7).

Figure 10 (L7) shows the 2D inversion model of the profile collec-
ted outside the island. The model indicated that fresh water overlay saline
water within the swamps and that such freshwater area persisted from the

surface up to depths of about 25 m.

Surface to borehole imaging results (Figure 11) indicated that the low
resistivity areas were mainly beneath the island and they existed mainly as
plumes persisting to depths as great as 60 m. Lower conductivity, indica-

ting fresh water was encountered below and next to these plumes.

The aforementioned modelling of electrical resistivity data indicated

Island Outline

tmmm

Figure 8: Map (colour figure superimposed on an aerial photo) of electrical

conductivity (uS/cm) regarding shallow groundwater, indicating concentric salinity

areas around Thata Island
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that Thata Island was underlain by saline water in its centre with less saline
on its outer edges. However, oxygen isotopic data indicated that transpira-
tion was highest along the island’s edge, suggesting that salt accumulation
may have been partially occurring due to some other mechanism, the most
likely mechanism being capillary evaporation strongly occurring in winter
months having little rain, high temperatures and low humidity. The isoto-
pic data could not determine which mechanism was correct in the island’s
centre but low §"0 along its edges did show that capillary evaporation was
important in the islands. The resistivity data did not suggest high salinity

Island Qutline

Figure 9: Map (colour figure superimposed on an aerial photo) of the §**O values
for shallow groundwater at Thata Island
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Figure 10: 2-D inversion models in the Thata Island region. Models a-f run across the island into the adjacent swamps, whilst model g shows the profile collected outside

the island (in the swamps)



Applying DC resistivity imaging to investigating the relationship between water quality and transpiration beneath circular islands in the Okavango Delta, Botswana: a case study of Thata Island

groundwater at the edges, but instead showed high salinity at the centre
resulting in vertical migration due to density contrasts and horizontal mi-
gration away from the centre due to hydrodynamic dispersion. This might
have suggested that capillary evaporation at the centre is more important
than evapotranspirative concentration at the islands’ margins; however
more detailed geochemical studies are needed.

4.0 Conclusions

This study has shown that the riparian areas of islands within the
Okavango Delta were hotspots and warehouses for the discrete concen-
tration of inorganic salts and other elements in the groundwater because
of increased salinity as determined by surface and borehole-surface ERI
data. The islands supported a variety of tree types and trees were potent
transpiration pumps releasing water to the atmosphere at a high rate, as
determined by 8'*O measurements and by the depressed water table below
the islands as this was always below the level of the surrounding swamps.
Water was constantly lost beneath the islands, through evapotranspiration
and groundwater became enriched in dissolved solutes, so that island cen-
tres were the final repositories of dissolved salts. The groundwater table was
heavily depressed in the island’s centre, resistivity values were low and 8'O
values were enriched as salinity (electrical conductivity) gradually became
accumulated.

ERI results revealed that fresh water overlay saline water in the
swamps. This suggested that salinity beneath the islands or the saline water
within the islands migrated below the fresh water in the swamps. The den-
ser groundwater migrated downwards and eventually linked up with saline
water from neighbouring islands displacing the fresh water and forming a
saline layer at the bottom. This was believed to persist throughout the Oka-
vango Delta and was responsible for both discrete salinity buildup below
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Figure 11: 2-D inversion models of borehole-to-surface electrical resistivity profiles
around Thata Island (Figure 6)

the islands and widespread shallow saline aquifers in the delta.

Whether evapotranspiration salt concentration, as indicated by enri-
chment of stable isotopes (Coplen ez al., 2000), was sufficient to account
for the high salinity in groundwater beneath the delta islands or whether
there are other contributions from the terrestrial environment to these
aquatic systems, remains enigmatic and requires further experimentation
and research. The results of this study indicated that none of these methods
(geochemistry, isotope or electrical resistivity) could uniquely determine
the natural processes involved in creating high salinity environments;
however, a unique model could be inferred when interpreted together.
Whether, such model is unique to Thata Island is unknown as similar stu-
dies are needed at other islands within the Okavango Delta region. Our
interpretation of the origin of localised high saline surface can be used as a
first order model for similar regions worldwide.
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