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independent aquifers.
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¢ Alkaline groundwater inside island displaying REE patterns exhibiting enrichment from LREE to

HREE.
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Abstract

The Okavango Delta in northern Botswana is an endorheic ecosystem formed by 150,000 islands
surrounded by a flood plain. The vegetation of these islands displays an external tree ring enclosing a
barren interior domain with evaporitic deposits. We sampled the groundwater into piezometers across
an island at the southwest of the Delta, and drilled sediments. The geochemical analysis of the water
exhibits two different compositions: a fresh water in the floodplain and a saline water in the interior part.
These inner samples display enrichments in heavy metals, metalloids and critical metals such as, Rare
Earth Elements (REE). The latest show a continuous enrichment from LREE to HREE and positive Ce and
Eu anomalies, associated to alkaline pH. Overall, the two types of displayed REE patterns fingerprint two
different water sources. The geochemistry of sediments indicates the same composition whatever the
sample location and no traces of evaporitic deposits was found. The variations in the water table depth in
the piezometers shows different hydrological behaviors in between the floodplain and the barren zone
which does not follow the flood cycle. Thus, we document two different aquifers with independent
hydrological behaviors: a surface fresh-water aquifer in the floodplain connected to the channels, and a
salty confined aquifer below the islands. The contrasted geochemical composition of the waters explains
the distribution of the vegetation which survives through access to fresh water. The hydrological
architecture of this island in the southwestern Delta differs from other islands, highlighting the

hydrological complexity of the Okavango Delta.

Plain Language Summary

Endorheic basins are hot-spots for biodiversity and human activities. The Okavango Delta in
northern Botswana is one of the largest wetlands in Africa, and forms a huge oasis in the arid Kalahari
Desert. The water flowing from Angola reaches the mega-alluvial fan confined in between two fault zones,
before being absorbed by evaporation and evapotranspiration. The 150,000 islands scattering the wetland
are surrounded by an annually flooded alluvial plain. The depth of the water table in the floodplain follows
the water level variations in the channels; whereas it remains deeper and nearly constant in the interior
part of the island. The chemical analysis of the water samples recovered in piezometers reveals that the
deep saline water contains high concentrations of trace elements, whereas the water sampled in the
floodplain is fresh with low trace element concentrations. The chemical quality of the waters and the non-
correlated variations in the water tables through time indicate the occurrence of two independent

aquifers: one on the surface with fresh water and a second one at a table depth of 2-3 m with more salty
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water. This model proposed for the southwestern part of the Delta differs from the hydrochemical system
established for islands in the eastern region, highlighting the hydrological complexity of the endoreic

ecosystem of Okavango.

1 Introduction

Endorheic fluvial megafans constitute major hotspots for biodiversity and are of major economic
interest, especially since endorheic basins are mainly located in arid to semi-arid regions (Yapiyev et al.,
2017). The large-scale dynamics of these megafans is driven both by authigenic processes (precipitation,
temperature, solid and dissolved element transport, tectonic deformation, mantle dynamics) and
authigenic ones (channel dynamics, biological processes). The most important parameter is the water that
sustains these fragile geo-ecosystems, especially in an arid to semi-arid climate context: a slight climatic
change modifying the water supply and/or the evaporation rates will unbalance the system leading to
deep geological and ecological modifications (Habeck-Fardy & Nanson, 2014). In addition to these natural
causes of changes, the anthropic activities can drastically modify this fragile equilibrium (Markofsky et al.,
2017), by changing the amount of inflow (pumping, dams), and/or changing its chemical composition
(agriculture, industry, city). Inside these megafans, biological activity and evaporation are the most
important process that controls on water chemistry in such a confined context (Hammer, 1986; Bauer et
al., 2004; Ramberg & Wolski, 2008; Tweed et al., 2011; Atekwana et al., 2016; Wang et al., 2018; Frondini
etal., 2019; Mahamat Nour et al., 2020). The Okavango Delta in Botswana is poorly disturbed by anthropic
activities both in the wide watershed and inland: also, it offers a good opportunity to constrain the natural

process driving the water quality within an endorheic megafan.

2 Study site background

The Okavango Delta (Fig. 1), one of the three well-known megafans in Africa (McCarthy, 1993), is a
170 km-long and 190 km-wide endorheic alluvial fan, inscribed in the UNESCO world heritage list. Water
inflow is provided through the annual flooding of the Okavango River draining the Angola mountains
watersheds, and complemented by approximately 450 mm yr?! of local rainfall (Kenabatho et al., 2012;
Wolski et al., 2012). The water flow is landlocked by a set of NE-SW faults forming a graben in response
to the Plio-Pleistocene southwestward propagation of the East African Rift System (Moore & Larkin, 2001;
Kinabo et al., 2007; Pastier et al., 2017). The late Neogene to Quaternary regional geomorphic evolution

is characterized by two main periods (Moore et al., 2012): the Middle to Late Pleistocene corresponding
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to a succession of mega-paleolakes, the size of which decreased through time consecutive to climate
changes and the geodynamic modification of the drainage system. The Late Pleistocene to Holocene
characterized by the formation of a wide alluvial fan supporting the present-day Okavango Delta and the
near complete drying of the remaining lakes. The Late Quaternary dynamics of this endorheic system
located in a semi-arid context is controlled by: (i) the tectonic extension in the Okavango graben, (ii) the

supply of fluvial, lacustrine and aeolian clastic material, and (iii) the water budget (Fig. 1).

The water budget of the Delta is balanced through the flood inflow, local rainfall, evaporation,
transpiration, possible storage in aquifers (Ahmed et al.,, 2014; Ramillien et al.,, 2008), and outflow
(Andersson et al., 2003; Bauer et al., 2004; McCarthy, 2013). Evaporation and transpiration consume up
to 98% of the water supply, and the remaining 2% are mainly discharged outside of the fan system, solely
via the Boteti River. The Delta is a swamp in which over 150,000 islands emerge, surrounded by floodplains
that are inundated every year during 4 to 5 months (Gumbricht et al., 2004; Wolski et al., 2006; Wolski &
Murray-Hudson, 2008). Some of these islands display a singular topographic and vegetation pattern (Fig.
3): a flat, nearly barren inner domain is surrounded by a more or less continuous ring of trees generally
growing on a ridge 2 to 3 m higher than the inner domain and the surrounding floodplain covered by thick
grass (Bauer-Gottwein et al., 2007; Milzow et al., 2009). The tree ring is mainly composed of acacias, lead-
wood, and ivory palm trees; some of these species grow in alkaline and sandy soils (Ringrose et al., 2007,
Tsheboeng et al., 2014; Barboni et al., 2019). The lack of vegetation in the inner domain is generally
attributed to the precipitation of salt onto the surface and to the chemical composition of the
groundwater characterized by high pH (> 8) and high concentrations of dissolved anions, cations and toxic
metal elements (Huntsman-Mapila, Mapila, et al., 2006; Bauer-Gottwein et al., 2007; Mmualefe & Torto,
2011; Natalie Mladenov et al., 2014). These studies also pointed out that the high salinity of the
groundwater below the islands is in sharp contrast with the composition of the fresh water flowing in the

channels.

The chemical composition of the salty water is commonly explained through an
evapotranspiration-based model (Ellery & McCarthy, 1994; Bauer et al., 2004; Ramberg & Wolski, 2008;
Milzow et al., 2009; Akoko et al., 2013; McCarthy, 2013). During high flood periods, the water migrates
underground from the channels and floodplain towards the central part of the islands, crossing the tree
ring where it is largely taken up by the tree roots. Evapotranspiration in the tree ring and capillary
evaporation in the barren zone concentrate the dissolved solids in the residual water forming high-density

sinking saline water ((McCarthy, 2006)Bauer-Gottwein et al., 2007, McCarthy, 2013). The progressive
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increase in the water salinity reaches the solubility limit of some precipitating minerals (carbonates and
silica). These mineral precipitations generate swelling in the soil and slightly increase the elevation of the
island topography (McCarthy et al., 1986; Ellery & McCarthy, 1994; McCarthy, 2006; McCarthy et al., 1998;
Milzow et al., 2009). This horizontal flow associated to a downward flow suggests a convective water
circulation driven by density and chemical gradients from the channel to the inner part of the island (Fig.
3). However, a convective cell should impose a horizontal flow at depth and possibly an upward flow
outside the island to compensate for the downward flow, which is not observed until now. If this upward
flow does not exist, a deep storage of saline water must happen. The initial model describing the
formation of a saline water drop in the center of the Okavango islands was established based on the
description of islands along the Ngoga and Maunachira rivers that flow into permanent swamps in the
eastern part of the Delta (Thata Island, along the Ngoga River has become the key reference) (Fig. 1). This
model has then been applied to all of the other islands with salty underground water and the typical
concentric vegetation pattern. In this study we present an integrative analysis of hydrological
measurements and geochemical analyses from surface water, groundwater and sediments sampled in the

Nxaraga Island located at the southwestern part of the Delta.

3 Materials and Methods

3.1 Naxarga island: an observatory site

Nxaraga Island is located south-west of Chiefs Island, which forms a major geomorphic feature in
the central part of the Delta (Figs. 2). The island is monitored as a natural observatory managed by the
Okavango Research Institute in Maun city, and hosts several equipments that allow for the long-term
monitoring of environmental parameters. This island displays all of the typical features of the so-called
‘tree-ring island’ (Gumbricht et al., 2001; Milzow et al., 2009; McCarthy, 2013) (Fig. 2). It is 210-m-wide
and 1050-m-long, bordered by a ring of evergreen trees spanning up to 60-m-wide. The elongated inner
domain (450-m-long and 60-m- to 110-m-wide) is nearly devoid of vegetation except for patches of short
grass and a few succulent plants (hereafter referred to as the barren domain). The transition area between
the inner domain and the tree ring is characterized by a zone covered with dry bushes. Outward from the
tree ring, the floodplain is characterized by dense high grass, and reeds cover the banks of the Boro River
channel. The sediment in both the floodplain and the island is composed of fine to medium grained,
rounded to sub-rounded quartz-rich sand of mixed fluvial and aeolian origin (Huntsman-Mapila, et al.,

2006a; Huntsman-Mapila et al., 2006b; McCarthy et al., 2012). A series of piezometers set on a line
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crossing the island from the channel to the middle of the barren zone were used to collect water samples

and measure the water table depth (Fig. 2).

3.2 Hydrological data

The level of the water table was recorded in the piezometers from 1 October 2017 to 14 January
2019, i.e., longer than one complete annual hydrological cycle. The time variations in each piezometer
were reported relative to one year. Then, a simple daily average was estimated and the minimum and
maximum values are indicated as a range. The data was irregularly recorded, depending on the visits of

the site only driven by the accessibility.

3.3 Water chemical analyses

The water samples were collected in the Boro channel close to Nxaraga Island, and in the
piezometers (Fig. 2). The design of the piezometers allows a sampling of the water at depth up to 4 m
below the surface. This sampling was done during the dry season in October 2018. The pH, conductivity
and temperature were measured in situ prior to sampling (Table S1). A large set of chemical analyses was
performed including major cation and anion, dissolved organic and inorganic carbon, and trace element
concentrations (Table S2 and S3). The data are available in OpenScienceFramework site. Each collected
water sample was divided into two fractions: (i) a first one of filtered sample (by using 0.2Bm cut-off
acetate cellulose filters) was kept for dissolved organic and inorganic carbon as well as anion concentration
measurements whereas (ii) a second aliquot of filtered and acidified sample was recovered for major and

trace cation concentration measurements. The different analytical methods used are described as follows.
3.3.1. Dissolved organic and inorganic carbon (DOC and DIC) concentration analysis

Dissolved Organic Carbon (DOC) and DIC concentrations were determined using a Total Carbon
Analyzer (Shimadzu TOC-VCSH) with a standard solution of potassium hydrogen phthalate (Sigma Aldrich).

The uncertainty of the measurement was below 5% and checked for each analysis.
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3.3.2. Major and trace anion concentration analysis

Cl, F, NOs, NO7, SO4* and PO,* concentrations were analyzed by ion chromatography (Dionex,

model ICS-5000+ EG), with a precision of + 4%.
3.3.3. Major and trace cation concentration analysis

Field-filtered samples were directly acidified (in laboratory distilled nitric acid-pre-cleaned bottles)
with distilled nitric acid (HNO3; 14.6 N) at 2% v/v prior to ICP-MS analysis. The major and trace element —
including REE — concentrations, were determined by Quadruple ICP-MS using an Agilent Technologies
7700x. The analyses were performed using a conventional external calibration procedure with seven
external standard multi-element solutions (from Inorganic Venture, USA). A mixed solution of rhodium-
rhenium was used as an internal standard to correct the instrumental drift and potential matrix effects.
Calibration curves and accuracy controls were performed using the international river water geostandard
(SLR-6, National Research Council of Canada) as a reference material for trace elements with a large

compositional range. The instrumental error on the REE and other cations analysis was below 5%.

3.4 Sediment analyses

The surface of the barren zone in Nxagara island (top picture on Fig. 2) does not display evaporitic
deposits as on Thata island. To confirm this observation, four boreholes (Fig. 2) were drilled with an auger
up to a depth of 4 m: two in the barren zone (Troul, Trou6), one in the tree ring (Trou3), and one flood
plain (Trou5). There are located close the piezometers, except for the Trou6 located at southeast of the
barren zone. The geochemistry of the sediments sampled in the first meter of each boreholes were
determined by the SARM center in Nancy. Cations, anions, trace elements, REE were determined: but we
present only cation results in this study to evaluate the presence of evaporitic phases in the sediments

(Table S4). Data are available on OpenScienceFramework site.

4 Results

4.1 Water table dynamics
The evolution in the water table depth (Fig. 3) provides pertinent information about the
hydrological connection in between the different domains of the island. In the floodplain, the water table
ranges from the surface during the flooding periods (from June to September), down to 1.5 m below the

ground surface during the dry seasons (from December to March). This evolution is similar to the water
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level in the channel. The amplitude of the water table variations is the same in all the piezometers located
in the flood plain without any significant offset in time, indicating a good hydrological connectivity in
between the channel and the flood plain. This result is consistent with a relatively high permeability of
the sand in the flood plain. The water table in the barren zone ranges from 2 to 3.5 m below the ground
surface depending on the piezometer; each one displaying a limited range of annual variations up to 0.5
m. The water table below the tree ring displays very irregular variations of less than 4.5 m with a lot of
gaps in the records due to a lack of water inside the piezometers, indicating that the water table is lower
than the bottom of the piezometers, i.e., deeper than 4 m relative the ground surface.

In the Delta, the water supply comes from the local rainfall and the flood. Figure 3 displays the
climatic parameters: temperatures, precipitations and water level in the Boro channel near Nxaraga, as a
proxy of the flooding. None of the three domains shows a correlation in between the water level and the
rainfall which is maximum from February to April, indicating that the rainfall does not significantly
contribute to the amount of the groundwater. The rainfall period happens during the hot period of the
year that increases the evaporation and favors the vegetation growth. Thus, the water is quickly removed
from the geosystem during this period and cannot contribute significantly to the groundwater. The water
table in the flood plain follows the flooding variation, while the tree ring and the barren zone do not seem
to be very sensitive to the climate variations, indicating that another process contributes to the

groundwater.

4.2 Water chemistry

The water chemistry evidences two contrasted domains: the flood plain and the barren zone
separated by the tree ring (Fig. 6). The chemical composition of the water in the channel and floodplain
corresponds to a fresh water, with lower circumneutral pH values, low conductivities (some tens of uS)
and temperature around 22°C. The Dissolved Organic Carbon (DOC), Dissolved Inorganic Carbon (DIC),
major and trace elements display very low contents. In the barren zone, the chemical landscape of the
water is completely different: the pH reaches high values, up to 9.2, the conductivity is three orders of
magnitude higher, reaching some tens of mS, and all the chemical elements show much higher contents.
In particular, these samples display enrichments in heavy metals, critical metals and metalloids: e.g. Cr:
x60, Pb: x10, V: x750, U: x40, Th: x6, and As: x3000, relative to the fresh water recovered in the channel.

The water samples with the highest conductivities and pH also display the highest DOC and DIC
concentrations. The strong relationship linking high DIC values and high pH in the island samples is

characteristic of alkaline COs* and HCOs-rich waters resulting from interactions in between water and
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carbonate-rocks. The marked DOC enrichment is mostly related to the microbial degradation of plant-
derived organic matter and/or hydrological condition variations favoring DOC release (N. Mladenov et al.,
2007; Cawley et al., 2012). Significant enrichments in ClI', SO4> and NOs™ as well as major cations are also
evidenced in the same group of samples taken in the inner area of the island suggesting that biological
processes occur.

However, the most unexpected results are found in the fingerprints of the trace elements found in
the deep water of the barren zone (Fig. 4). Upper Continental Crust (UCC)-normalized REE patterns display
two markedly contrasting shapes (Table S2, Fig. 5). Circumneutral pH waters exhibit relatively flat patterns
with slight middle-REE (MREE) enrichment, commonly observed in rivers draining metamorphic and
igneous terranes (Bayon et al., 2015; Nance & Taylor, 1976). By contrast, alkaline waters display the
highest total REE concentrations, a continuous enrichment throughout the whole series from LREE to
HREE and positive Ce and Eu anomalies (Fig. 5). These two contrasted patterns represent two end-
members of water composition, in coherence with the other chemical data.

The chemical analyses highlight two aquifers with highly contrasted compositions. The transition in
between them occurs at the tree ring, over a distance wide of 50 m approximately. No intermediate values
were observed that could indicate a progressive transition in between the two domains, whichever the

chemical analysis regarded. Thus, the transition in between the two types of water is very sharp.

4.3 Sediment chemistry

Simple field observations do not show evaporitic deposits at the surface (Fig.2). To check it, we
analyzed the anions (CaO, K,0, Na,O, P,0Os) of sediments sampled in 4 boreholes (Fig. 6). For each
borehole, the contents in Ca0, K;0, NayO is less than 0.5% of total content of the sediment, up to 1 min
depth. No main differences appear between the different boreholes, except for the phosphates. The
boreholes Trou6, Trou4 and Trou5 display higher percent in P,Os (until 5.2 % in Trou6), while the prevent
in Troul is less than 0.5%. These boreholes have more connection with the fresh water than the Troul
located in the middle part of the barren zone: the Trou5 is in the flood plain, the Trou3 in the tree ring
and the Trou6 in the border of barren zone, in a part inundated during the highest floods. Thus, there is

no abnormal contents in geochemical content that can be attributed to an evaporitic process.
5 Towards a new hydrological model

The chemical analysis on groundwater in the barren zone and in the floodplain are very different: a

fresh water in the floodplain and a salty water in the barren zone. The REE patterns indicate that the salty
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water can be derived from fresh water by evapotranspiration. The sediment composition is similar in the
flood plain and in the barren zone: therefore, the chemical composition of water cannot result in an
equilibrium with sediments. Furthermore, the dynamics of the groundwater table inside the island is
decorrelated to the flood cycle and rainfall supply: this strongly suggests the presence of two different,
poorly connected to unconnected aquifers: a superficial one in the channel-floodplain system and a
deeper one, possibly captive within the island. At least, the geochemical analysis of sediments reveals
similar chemical composition both in the flood plain and in the barren zone, not consistent with the
presence of evaporitic deposits in the barren zone, as previously described in other islands with percent

in Ca0 higher than 5% (McCarthy, 2006; McCarthy et al., 2012; McCarthy, 2013).

The compositional transition in between salty water in the barren zone and fresh water in the
floodplain is abrupt: it occurs over a maximum distance of 20 m separating two piezometers, and at the
boundary in between the tree ring and the barren zone, within the area covered by bushes. This abrupt
horizontal stair-shape-like concentration gradient is poorly compatible with a diffusion model in between
two such different compartments. A diffusion process should indeed generate a transitional composition
over a longer distance. Simple evaporation of water coming from the river or floodplain cannot generate
the REE pattern observed in the underground water of the barren zone: evaporation could indeed increase
the total REE content but would not generate a differential fractioning throughout the REE series. The
chemical quality of the water prevents any deep-rooted vegetation from growing and only short grasses

can live on the surface, relying on the seasonal rainfall to ensure their metabolic activity.

5.1 Hydrological structure

The local hydrological dynamics and the highly contrasted geochemistry signature of the waters
clearly demonstrate that two different and disconnected aquifers occur in and around Nxaraga Island (Fig.
7). This new result is inconsistent with the previously suggested model involving lateral water infiltration
from the floodplain towards the island aquifer, driven by the pressure gradient during flooding and by
evapotranspiration and evaporation during the dry season (Wolski et al., 2006). The geometry and spatial
extend of the subsurface salty aquifer remain poorly defined mainly due to the lack of deep logging in the
floodplain. Two hypotheses can be put forward: (i) a restricted aquifer localized in the middle part of the
island, as previously suggested by other researchers (McCarthy, 2006, Bauer-Gottwein et al., 2007;
Ramberg & Wolski, 2008; Milzow et al., 2009; McCarthy et al., 2012; McCarthy, 2013), or (ii) a wide aquifer

spreading outside the island and roofing 2-3 m from the surface, slightly below the bottom of the Boro
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River channel. However, this first hypothesis is contradicted by the here above presented geochemical
data and by the hydrological dynamics. Geophysical studies (Bauer et al., 2006) suggest the occurrence of
a saline aquifer at shallow depth below the inner domain of the island, while Meier et al. (2014) advocate
for a wider, but deeper zone, linked to ancient paleo-megalake sediments. The late deposits of the
paleolake correspond to either carbonate deposits or shales covering a vast zone that forms a non-
permeable layer at a regional scale thereby enabling the confinement of water at depth and isolating it
from the surface.

We therefore propose that the hydrological structure of the Nxaraga Island region includes a wide,
confined, subsurface, salty aquifer that is overlain in the floodplain by a free aquifer containing fresh water
(Fig. 7). This new hydrological setup differs from the previously proposed one that was initially developed
in a different hydrological context: Thata Island, among other islands located to the east of Chiefs Island,
is surrounded by permanent swamps and supports a saline lake in its central part, evaporite deposits at
the surface, and a deep salty aquifer revealing horizontally and vertically connected aquifers (Ellery &
McCarthy, 1998; McCarthy, 2006; McCarthy et al., 2012). By contrast, Nxagara Island is submitted to an
annual cycle of dry and wet seasons, and the interior part of the island is never flooded. It also displays
two juxtaposed aquifers with their own hydrodynamics and water sources. This suggests that more than
one type of hydrological structure exists in the Delta (Fig. 8), and thereby revealing a spatial variability in
the hydrochemistry dynamics of the Delta that remains to be better constrained by a complete survey

and mapping.

5.2 Origin of the salty water

The chemical quality of the water was largely investigated in various places of the Okavango
wetland, both in the channels and in the floodplains as well as in boreholes on the islands (McCarthy &
Metcalfe, 1990; McCarthy et al., 1998; Huntsman-Mapila, Mapila, et al., 2006; Bauer-Gottwein et al.,
2007; Ramberg & Wolski, 2008; Akoko et al., 2013; Mackay et al.,, 2011; Mmualefe & Torto, 2011;
McCarthy et al., 2012; Natalie Mladenov et al., 2014). They concluded that the variations in the chemical
contents are driven by the evaporation of the water flowing from the channels (increased content along
the channels and towards the middle part of the island) and by the presence of humic acids in the
floodplain that have varying effects on the chemical element contents. However, these authors did not
perform any analyses on the Rare Earth Elements. Our study is the first to carry out such analyses in the
Delta. The model implying a concentration via the evaporation of flood water is largely questioned as it

does not account for the peculiar observed REE pattern shapes. Assuming the water source is external to
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the system, the REE pattern and abnormal chemical composition in certain elements such as V, Pb, As, Cr,
U correspond to high-pH alkaline CO3? and HCOs™-rich waters i.e., percolating in carbonate-type rocks such
as limestones or dolostones. The basement of the Okavango Delta is made up of Neoproterozoic rocks
that include large amounts of dolostones within the Otavi group and the Ghanzi Ridge. This formation
hosts a large metallogenic province, including the famous Tsumed mine (Namibia), with the mineralization
of Pb, Cu, Zn, Ge, Cd, Ag, V, As, Co, Ge, Ga, Fe, Hg or Mb. HREE-enriched patterns have also been described
in rocks from the Otavi group (Rodler et al., 2016). The oxidation of the poly-metallic deposits began
during the Cretaceous as weathering provided oxygenated meteoric waters. This process continued
during the Cenozoic when large karst caves were filled with red Kalahari sediments and karst breccias and
the carbonated fluids probably helped to form the calcretes that are ubiquitous in northern Namibia and
Botswana (Ringrose et al., 2005). This chemically enriched water may have circulated through the Otavi
karstic dolostones below the Delta and migrated upward into the fan deposits, possibly contributing to
the saline water level imaged by electrical resistance tomography in the Delta (Meier et al., 2014).
However, the peculiar chemical signature of the water in the barren zone of Nxaraga Island could have
also been acquired in situ from biogeochemical processes given that, in wetland soil or shallow
groundwater, REE are often associated with organic matter (Dia et al., 2000). As an example, the reduction
of Fe or Mn oxides (generally enriched in REE) by organic matter may result in the precipitation of new
HREE-enriched Fe-rich phase (Aubert et al., 2001; Davranche et al., 2015). Indeed, the DOC and DIC values
increase in the barren zone, indicating a much higher amount of C there than in the water from the
floodplain and river. Similarly, organic matter may also concentrate other trace elements such as U or V
(Reijonen et al., 2016), especially at high pH values. The origin of the organic matter at depth and its
comparatively low amount in the surficial deposits in the Nxaraga Island region (except for roughly 15 to
20 cm of organic-rich sand at the surface, the sediment seems devoid of organic remnants) is still

unknown.

6. Conclusions

This work points out a new type of hydrodynamic structure for islands in the southwestern region
of the Okavango Delta. This structure is characterized by two disconnected aquifers: a deep saline one
possibly extending beyond the interior part of the islands, and a surface fresh water aquifer that is
seasonally refilled by annual flooding and rainfall. This type of hydrological structure differs from the
single aquifer, density-driven convective cell previously proposed for Thata island. The islands displaying

these two different hydrological structures are distributed on both sides of the large central island (Chiefs
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Island) showing that the hydrodynamics of the Delta is not homogeneous at large scale. A multidisciplinary
study performed at the large scale - including water and sediment geochemical analyses - is thus
imperative to better constrain the driving processes of the dynamics of this fragile environment exposed
to increasing climate and anthropic pressures. At the very least, considering the highly salty nature of this
underground water, it is fundamental to understand its origin as well as the hydrological structure at the
scale of the Delta given that this region constitutes such a sensitive ecosystem where any changes
(climatic, anthropogenic, or tectonic) could modify the water quality, impacting both the biodiversity and

human activities.
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Figure Captions:

Figure 1: Location map of the study area. a) The main inner deltas and alluvial fans in Africa. The red
triangle shows the location of the study area: the Okavango Delta. The light gray color shows the
watershed of the Okavango drainage system in which large amount of water comes from the Angola
mountains. b) Topographic map of the Okavango Delta with the extent of the permanent (dark blue)
and seasonal swamps (light blue). The red star shows the location of Naxaraga Island, the island

investigated in this study.

Figure 2: Satellite image (GoogleEarth) of Nxaraga Island with the location of the ORI camp site. The red
circles are the piezometers and the yellow circles correspond to boreholes used for geochemical
analysis of sediments. Note the different geomorphic domains: inner barren domain, tree ring,
floodplain and channels (see location on Figure 2). On right, pictures of the island: top the barren zone,
middle the floodplain and the tree ring, bottom the channel. The upper section displays the topography
of the island with the vegetation distribution, and the water circulation from the channel to the inner
domain. The evapotranspiration increases the salt concentration and generates a salty drop below the
barren zone (Ellery & McCarthy, 1994; Bauer et al., 2004; Ramberg & Wolski, 2008; Milzow et al., 2009;
Akoko et al., 2013; McCarthy, 2013).

Figure 3: Time variations of water table recorded in the piezometers located in a transect close the channel
(CF1) to the inner barren zone (CF13a). CF1 to CF5 are located in the floodplain (lower middle plot),
whereas CF6 to CF8 are in the tree ring (upper middle plot), and CF9 to CF13a are in the barren zone
(upper plot). Data are recorded from November 2017 to February 2019; each date is converted into
the day number of each year. In the lowest plot, the orange and red lines show the minimum and
maximum temperatures in °C, the dark blue line the water level in Boro channel close to Nxaraga island

in meters, and the light blue area the rainfall in mm/day.

Figure 4: Geochemistry of the water sampled in the piezometers: the upper graph corresponds to the
topographic profile with the piezometer and sample locations, whereas the upper middle graph
displays the pH and conductivity, the middle graph shows the DOC and DIC concentrations, the middle
lower graph gives selected trace element profiles, whereas the lower graph provides the cation and

anion concentrations, respectively.
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Figure 5: REE patterns of the water sampled in the piezometers: a) section of the Nxaraga Island with the
location of the piezometers and the vegetation distribution (the blue color shows the location of the
water table, the orange line indicates the clay level and the dashed green line represents the nodule

level), b) in the floodplain, upstream in the river and channel, and c) in the barren zone.

Figure 6: CaO, K;0, Na,0, and P,Os contents in the sediments sampled in the first meter of four boreholes.
The location of the boreholes is plotted in the figure 3. Note the very low content (< 0.5%) in CaO, K0,

Na,O. The content in P,Osis up to 3% in the boreholes closest to the free water.

Figure 7: Hydrological structure of Nxagara Island showing the two aquifers: the surface aquifer with fresh

water in the floodplain, and the confined aquifer in the barren zone filled with salty water.

Figure 8: The two types of islands with their own hydrodynamics and water sources: the upper left
diagram shows the western island type (Nxaraga) and the upper right diagram shows the easternisland
type (Thata). Chiefs Island seems to be a boundary in between these two domains of the Delta (see

the location on the 3D view generated in Google Earth).
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