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Abstract

Solute cycling models for rivers in arid environments must consider water and solute sources,
river connectivity to solute sources, and solute transformation across watersheds to better constrain
the processes that control the solute behavior in these rivers. Here, we employ water source
partitioning techniques using solutes (e.g., total dissolved ions (TDI), silica and major ions) and
stable water isotopes (8D and §!80), and high frequency time series hydrochemical (TDI, water
levels and water temperatures) data to decipher the fundamental processes that govern the spatial
and temporal variability in the behavior of solutes in the Okavango River flowing through the
Okavango Delta (Delta) in the middle Kalahari Desert, Botswana. We measured solute
concentrations and stable water isotopes at sub-weekly and daily intervals for 5 years in the
Okavango River at the outlet of the Delta. The high frequency time series hydrochemical data were
collected at hourly intervals over a 2-year period at four stations distributed longitudinally along
the Okavango River. The combined results from our studies reveal anomalously high solute
concentrations in the river during the beginning of seasonal rains and flooding in the Delta. The
anomalous increases in the solute concentrations are due to evapoconcentration during the hot
rainy season, the transfer of dissolved salt precipitates stored in the floodplains and on hundreds
of thousands of tree islands scattered across the Delta wetlands, and ‘flushing’ of remnant
evaporated flood water of higher salinity trapped in isolated wetland pools. Overland flow
generated by seasonal rains and flooding connect the river to the solute stores in the watershed.
The temporally activated overland flow transfer solutes to the river that then flushes them out of
the Delta. We note that this mass transfer of solutes from the watershed into the river become
enhanced following a drought due to the interception and mobilization of solutes that accumulated

during the drought period. The transfer of solutes from the watershed to the river and solute export

Vi



from the Delta during pulse flooding and the rainy season are important mechanisms that keep the
Delta’s surface water resources fresh. Spatially, we observed progressive downriver enrichment in
the solute concentrations associated with evapotranspiration of river water as the river transits
across the Delta over a 5-month period. Our findings highlight the importance of hydrologically
driven river connectivity to solute stores in the local watershed and evapotranspiration in
controlling the solute behavior at variable spatial and temporal scales in rivers in arid watersheds.
We anticipate that our findings will inform solute transport and solute cycling models for rivers in

arid watersheds.
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Dissertation Introduction

Rivers act as conduits for water and solutes (dissolved ions in water) out of the basin in
exorheic basins typically found in humid environments, and to the terminus of endorheic (closed)
basins in arid environments. The transport of solutes and solute transformation in rivers constitute
an important component of the global solute cycle. Hydrology plays an important role in
facilitating the transport of solutes in rivers by establishing flow pathways (e.g., overland flow,
shallow subsurface flow and groundwater flow) that connect rivers to source(s) of solutes in the
watershed (Gooseff et al., 2008; Liu et al., 2008; Covino, 2017; Geeraert et al., 2017; Fovet et al.,
2018; Duvert et al., 2020; Ramatlapeng et al., 2021; 2023; Oromeng et al., 2021). This hydrologic
connectivity of rivers to solute source(s) in watersheds determines the timing and magnitude of
solutes delivered from watersheds to rivers (Gooseff et al., 2008; Covino, 2017; Geeraert et al.,
2017; Fovet et al., 2018; Duvert et al., 2020; Ramatlapeng et al., 2021; 2023; Oromeng et al.,
2021). Solute transfer from watersheds to rivers in exorheic basins in humid environments has
been investigated extensively (e.g., Fovet et al., 2018; Herndon et al., 2018; Rose et al., 2018;
Wymore et al., 2020; Liu et al., 2020) because these rivers contribute solutes to oceans and are
therefore considered important in the global solute cycle. Although studies in rivers in humid
environments have advanced our knowledge and understanding of river connectivity to watershed-
derived solutes, solute transfer to rivers and solute export from watersheds, similar studies in rivers
in arid watersheds, particularly in endorheic basins, still lag behind, perhaps because endorheic
basins are disconnected from the ocean, are therefore regarded as unimportant in the global cycling
of solutes. Nevertheless, endorheic basins occupy 20-23% of the Earth’s surface (Nichols, 2007),
which we use as the basis for the inference that substantial amounts of solutes transferred from the

upper watershed are transformed in the rivers and stored at the terminus of endorheic basins (Li,



2014). The solute transport and cycling within endorheic basins have implications for the salinity
status and sustainability of wetland ecosystems often found near or at the terminus of endorheic
basins in arid environments. Yet, the processes that control solute transformation and cycling of
solutes in endorheic basins in arid environments are not well understood due to limited studies
(Oromeng et al., 2021; Letshele et al., 2021). Knowledge on the controls of the behavior of solutes
in rivers in endorheic basins is essential for quantifying solute load and solute export from the

basins, and for developing representative solute cycling models.

Unlike rivers in exorheic basins in humid environments, the hydrology of rivers in endorheic
basins arid environments is characterized by highly variable river flow and downriver decrease in
river discharge from water transmission losses to groundwater and the high evapotranspiration
rates (Parsons et al., 1999; Tooth, 2000; Costa et al., 2012; Nanson et al., 2002). The highly
variable flow and downriver decrease in the river discharge enhance the spatial and temporal
heterogeneity in the river connectivity to solute source(s) and solute transport in arid watersheds.
Yet, little is known on how the variable flow and downriver modifications in the flow modulate
solute transfer to rivers and solute behavior at various temporal scales across arid river basins.
Understanding the processes controlling the spatial and temporal variability in river solute
behavior requires assessments of temporal water sources and flow pathways for solute transfer into
rivers, and variations in the river solute concentrations across basins. Long-term hydrochemical
studies utilizing multispecies chemical constituents allow for water and solute source
apportionment and provide insights on specific biogeochemical processes and solute
transformation in rivers (Koeniger et al., 2009; Ala-Aho et al., 2018; Horgby et al., 2019; Duvert
et al., 2020). However, the highly variable river hydrology in arid environments necessitates high

frequency time series hydrochemical data collection using automated sensors in addition to the



long-term multispecies studies to adequately characterize the controls on the river solute behavior.
Yet, the application of both multispecies chemical tracers and high frequency hydrochemical data
in understanding water source partitioning to rivers and tracing solute exchange between rivers

and their watersheds in arid settings is not common.

We investigated the processes controlling the spatial and temporal solute behavior in the
Okavango River in northwestern Botswana (Fig. 1). The Okavango River flows through the
Okavango Delta (hereafter referred to as the Delta; Fig. 1) in Botswana which is the largest
freshwater wetland in southern Africa (McCarthy and Ellery, 1998) and is a Ramsar World
Heritage site (Secretariat of the Convention on Wetlands, 2017). The Okavango Delta lies in the
middle Kalahari Desert near the terminus of the endorheic Okavango River Basin (ORB). The
ORB is a transboundary basin covering Angola in its headwaters to the north, and Namibia and
Botswana in its lower drainage area to the south. The ORB transcends climatic gradients from a
higher rainfall temperate climate in Angola to a semi-arid climate in Botswana (Peel et al., 2007).
Near the terminus of the ORB in Botswana where the Okavango Delta is located, the Okavango
River meanders extensively through a narrow valley of the Panhandle region of the Delta before
it spreads into numerous distributary channels on a large alluvial fan forming the lower delta region
(Fig. 1). In the lower delta region, the Okavango River is mostly characterized by braided flow
through the Okavango Delta wetlands. The hydrology of the Delta is highly intermittent and
primarily controlled by annual flood pulses initiated by rains from the upper ORB in Angola and
by local rains (Wolski et al., 2005). The Delta is also characterized by high evapotranspiration
(ET) rates which cause salt precipitation on floodplains and on the numerous tree islands in the
Delta wetlands (e.g., McCarthy et al., 1991, 1998; Gumbricht and McCarthy, 2003; Gumbricht et

al., 2004). Evapotranspiration also causes enrichment of solutes in isolated wetland pools scattered



across the Delta (e.g., Dincer et al., 1979). The role that these solute stores (i.e., floodplains, salt
islands and isolated wetland pools) which are distributed differentially across the Delta have on
the Okavango River solute behavior and solute cycling needs to be investigated and constrained.
A study of the behavior of solutes in the Okavango River in the Delta conducted at the inlet to the
Delta in Mohembo and outlet from the Delta in Maun (Oromeng et al., 2021) suggested that
hydrologic connectivity between the Okavango River and solute stores in the local Delta watershed
and ET control the spatial and temporal variability in the river solute behavior. However, there
was still lack of understanding of the how the highly intermittent flow in the Delta modulates the
temporal river connectivity to solute stores in the local watershed. In addition, the processes
driving changes in the solute concentrations in the Okavango River across the ~450 km river
distance between the Delta inlet and outlet were not well understood. The Delta serves as an
important source of potable water for drinking and domestic use, and food (fish, water lily) to the
riparian communities (Mosepele et al., 2006, 2009; Kgathi et al., 2006) and thus, understating the
processes that may affect the solute behavior in the Delta is crucial for water quality monitoring

and ecological sustainability.

In this dissertation, | utilize water source partitioning techniques using solutes (e.g., total
dissolved solids, major ions, silica) and stable water isotopes (8D and 5'80), as well as high
frequency (hourly) investigation of river solutes, water levels and water temperatures to investigate
the role of hydrology in facilitating solute transfer from the watershed to the river, and to decipher
the processes driving the spatial and temporal variability in the river solute concentrations across

the Delta.

In chapter 1, I investigate the processes controlling the temporal variability of the solute

concentrations in the Okavango River. | use solute (total dissolved ions (TDI), dissolved silica,



major cations) concentrations and the stable water isotopes (5D and §'80) measured at sub-weekly
intervals for one year to trace temporal water and solute sources and quantify solute export in the
Okavango River at the outlet of the Delta. | conducted this temporal investigation at the outlet of
the Delta in order to capture the integration of the processes controlling solute behavior that affect
the Okavango Delta and its wetlands. The primary finding of this chapter is that temporally
activated overland flow from seasonal rains and flooding connect the Okavango River to the salt
precipitates on the floodplains and on hundreds of thousands of islands scattered across the Delta
wetlands, as well as remnant evaporated flood water of higher salinity trapped in isolated wetland
pools in the Delta. This river connectivity to solutes in the watershed by overland flow facilitates
the transfer of solutes from the watershed into the river that then flushes the solutes out of the
Delta. | estimated that 17,838 Mg/y of dissolved solutes were exported from the Delta during this
study, with 67% of the solutes removed during flooding (6 months) and 30% during the rainy
season (4 months). Solute transfer from the watershed to the river during pulse flooding and the
rainy season, and the subsequent export of the solutes from the Delta is an important mechanism
that keeps the Delta’s surface water resources fresh. Our findings underscore the importance of
hydrologic perturbations in controlling solute behavior and solute cycling in this and other arid

watersheds.

In chapter 2, | employ a high frequency time series investigation of the processes that control
the spatial and temporal solute behavior in the Okavango River. | collected hourly time series of
total dissolved ions (TDI) concentrations, water levels, water temperatures and air temperatures at
four stations distributed longitudinally along the Okavango River. | also proposed and adapted a
novel approach that utilizes normalized water levels (NWL) instead of river discharge to constrain

hydrologic controls on the river solute behavior in ungauged and braided river systems where



measuring river discharge is challenging due to difficulties in defining river channel cross-
sectional area and measuring flow velocity. The high resolution hydrochemical data and the
concentration-normalized water levels (C-NWL) relationships reveal spatial and temporal
heterogeneity in the behavior of solutes controlled by seasonal climate driven evapotranspiration
(ET) and hydrologically driven differential solute transfer from the local wetlands into the
Okavango River. Spatially, ET causes progressive downriver enrichment in TDI concentrations at
0.1 mg/L per km of river flow. Temporally, the TDI concentrations are enriched from
evapoconcentration during the hot rainy season and decrease from addition of “fresh” floodwaters
during flooding. In addition, superimposed on the seasonal solute behavior are sub-seasonal solute
transfer from the floodplains, salt islands and isolated evaporated wetland pools initiated by the
flood front during rising flood and wetland drainage into the river during flood recession. These
findings indicate that intermittent hydrology, river connectivity to solute stores in the local
watershed and evapotranspiration jointly control the solute behavior at variable spatial and

temporal scales in rivers in arid watersheds.

In chapter 3, I investigate the role of flow intermittency driven by intermittent and variable
seasonal rains, annual pulse flooding (rising and receding flood), and drought in controlling the
long-term (5-years) behavior of solutes in the Okavango River. | measured solutes (total dissolved
ions (TDI), dissolved silica, major cations and anions), and the stable water isotopes (3D and §'80)
at sub-weekly to daily intervals for 5 years (Nov 2017-July 2022) in the Okavango River at the
outlet of the Delta. This investigation was conducted at the outlet of the Delta near the terminus of
the Okavango River Basin to allow for the assessment of catchment-wide processes affecting the
hydrochemical behavior of the river and to capture the response of the river chemistry to seasonal

and drought-driven flow intermittency. This long-term study reveals that at the seasonal scale, the



TDI and major ion concentrations in the river were enriched during the beginning of the hot rainy
season and during the start of flooding due to the transfer of dissolved salts stored in the local Delta
watershed, as well as from the ‘flushing’ of solute enriched evaporated water in isolated wetland
pools into the river. Local rains in the Delta and the annual flood pulse connect the river to the
solute stores in the watershed and facilitate solute transfer into the river. The 2019-2020 drought
punctuated the annual flood pulse and rain induced overland transport of solutes to the river which
allowed for solute accumulation in the Delta watershed. Post drought rewetting re-established river
connectivity to solute stores in the watershed which resulted in higher magnitude of solute transfer
into the river, particularly during the 2021-2022 flood post drought. Of the total estimated solute
load (143,565 tons) exported during this study, ~64% was exported during the 2021-2022 flood.
The 2021-22 flood is the largest flood during this study, and it appears to have been sufficiently
high to access more solutes including salt precipitates stored on the elevated tree islands in the
Delta watershed. The interception of salts on the tree islands might not have occurred if the flood
magnitude had been lower due to the higher elevation of tree islands as most of the islands are
formed around and on termite mounts. Our findings demonstrate that intermittent and variable
flow from rains and flooding drives river connectivity to watershed-derived solutes, and that
drought plays a crucial role in ceasing this river connectivity to solutes in the watershed, and
thereby allowing for solute accumulation in the watershed. The solutes are then accessed and
transferred into the river during flooding post drought and the amount of solutes transferred into
the river depends on the flood magnitude. These findings highlight the significance of both
seasonal and drought-driven flow intermittency in controlling solute transport in the Okavango

Delta and other rivers in arid watersheds.



Overall, the studies presented in this dissertation represent a significant advancement in our
understanding of the processes that control the spatial and temporal variability in the solute
behavior of rivers in arid watersheds. The new knowledge and insights generated in the studies
presented in this dissertation will open new frontiers to investigate solute behavior of rivers in
other arid watersheds which will further our scientific understanding of solute cycling in these

rivers.
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Chapter 1: Intermittent hydrologic perturbations control solute cycling and export in the
Okavango Delta

This chapter is reproduced from the original publication: Ramatlapeng, G.J., Atekwana, E.A.,
Molwalefhe, L. and Oromeng, K.V., 2021. Intermittent hydrologic perturbations control solute

cycling and export in the Okavango Delta. Journal of Hydrology, 594, p.125968.

Abstract

We measured the concentrations of the total dissolved ions (TDI), dissolved silica, major
cations and the 6D and 5180 at sub-weekly intervals for one year in the Okavango River at the
outlet of the Okavango Delta (Delta). Our objectives were to (1) document the temporal variations
in the concentrations of solutes in the Okavango River, (2) determine the processes controlling the
transfer of solutes to the river and (3) assess the temporal solute load and outflux from the Delta.
We found that the TDI and major cation concentrations in the river were anomalously high during
the rainy season and before the arrival of the annual flood pulse. The anomalous increases in the
solute concentrations are due to dissolution and mobilization of precipitated salts stored in the
floodplains and on hundreds of thousands of islands scattered across the Delta wetlands, as well
as from ‘flushing” of remnant evaporated flood water of higher salinity trapped in isolated wetland
pools. Overland flow generated by local rains and flooding connect the river to the solute stores in
the watershed. The temporally activated hydrologic flow pathways transfer solutes to the river that
flushes them out of the Delta. The solute load in the river was higher during the rainy season and
during pulse flooding, and mimicked the discharge hydrograph. We estimate that 17,838 Mg/y of
dissolved solutes was flushed out of the Delta, with 67% removed during pulse flooding (6 months)
and 30% during the rainy season (4 months). The transfer of solutes from the watershed to the

river during pulse flooding and the rainy season, and solute export from the Delta is an important
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mechanism that keeps the Delta’s surface water resources fresh, which is critical for supporting a
freshwater wetland ecosystem. Our results highlight the importance of intermittent activation of

hydrologic flow pathways in controlling solute cycling in this and other arid watersheds.

1. Introduction

Hydrologic connectivity between rivers and solute stores in water- sheds is established by
hydrologic flow pathways (e.g., overland flow, shallow subsurface flow and groundwater) through
which solutes can be transported to rivers. The intermittent hydrologic connectivity between rivers
and solute stores in watersheds is a major determinant of the types and amount of solutes delivered
to rivers, and controls the timing of when solutes from different solute stores are delivered to rivers
(Boyer et al., 1997; Dalzell et al., 2007; Gooseff et al., 2008; Liu et al., 2008; Covino, 2017,
Geeraert et al., 2017; Fovet et al., 2018; Duvert et al., 2020). Solute transfer to rivers and their
transport in rivers in humid regions have been investigated extensively (e.g., Fovet et al., 2018;
Herndon et al., 2018; Rose et al., 2018; Wymore et al., 2020; Liu et al., 2020) because these rivers
contribute to the ocean solute budget, and are therefore considered important in the global cycling
of solutes (Hope et al., 1994; Kandu“c et al., 2007). For instance, a study by Liu et al. (2020) in
the Beipan River (SW China) revealed that during high discharge, carbonate weathering becomes
one of the dominant processes controlling river dissolved inorganic carbon (DIC) concentrations
and this provided insights into the role of hydrological variability on solute sources and river DIC
dynamics in a wet monsoonal climate. Although studies in humid regions have advanced our
knowledge and under- standing of solute sources, solute mobilization and their transfer to rivers,
as well as solute export from watersheds, similar studies in watersheds in arid environments,

particularly in endorheic basins (Seely et al., 2003) still lag behind.
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Endorheic basins constitute 20-23% of the Earth’s surface (Nyberg et al., 2018) and are
characterized by solute cycling occurring entirely within the terrestrial system (Yapiyev et al.,
2017). Despite the decoupling of solute cycling processes in endorheic basins from global oceanic
solute cycle (Yapiyev et al., 2017), the percentage of the land surface occupied by endorheic basins
is the basis for the inference that significant amounts of solutes are transferred to and processed at
the terminus of endorheic basins (Li, 2014; Sheng, 2014). The solutes cycled within endorheic
basins are a major determinant of the salinity status and ecological sustainability of wetland
ecosystems often found at or near the terminus of endorheic basins (Sheng, 2014). Yet, little is
known about the delivery of solutes to rivers, transportation of solutes and their storage at or near
the basin terminus, hence, solute cycling in endorheic basins remains enigmatic. Knowledge on
solute cycling in endorheic basins is pivotal for informing water management decision making in

these basins where water scarcity is a major challenge.

Understanding the role of rivers in solute cycling requires the assessments of the hydrologic
transience controlled by water sources and the hydrologic flow pathways traveled by water to the
river. Water source partitioning techniques using solutes (e.g., total dissolved solids, cations,
silica) and stable water isotopes (8D and §'%0) have proven useful in deciphering the role of
different hydrological flow pathways in delivering solutes to rivers (Koeniger et al., 2009; Ala-
Aho et al., 2018; Horgby et al., 2019; Duvert et al., 2020). The use of tracers to determine the
origin of solutes and the timing of solute delivery to rivers is critical in refining our understanding
of the processes controlling solute transport in rivers (e.g., Runkel and Bencala, 1995; Oromeng
et al., 2020) and provides insights on catchment-scale solute cycling (e.g., Darracq et al., 2010,

Liu et al., 2020). Yet the application of solutes and isotopic tracers in understanding water source
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partitioning to rivers and tracing how solutes are exchanged between rivers and their watersheds

in arid settings is not common (Oromeng et al., 2020).

We investigated the processes controlling solute transfer and transport of solutes in the
Okavango Delta near the terminus of the endorheic Okavango River Basin (ORB). The ORB spans
530,000 km2 and overlaps climatic gradients from a higher rainfall temperate region in Angola to
the steppe middle Kalahari Desert in Botswana (e.g., Ellery et al., 2003; Peel et al., 2007). Near
the terminus of the ORB in the middle Kalahari Desert, the Okavango River divides into several
distributaries forming the Okavango Delta (Delta). The Delta is the largest freshwater wetland in
southern Africa (McCarthy and Ellery, 1998) and is a Ramsar world heritage site (Secretariat of
the Convention on Wetlands, 2017). The Delta is unique because it is pristine and its hydrology is
controlled by annual pulse flooding initiated by rains from the upper watershed in Angola and by
local rains (e.g., Wolski et al., 2005). The Delta is also characterized by high evapotranspiration
rates (McCarthy and Ellery, 1998; Bauer, 2004; Bauer et al., 2006; Bauer-Gottwein et al., 2007)
which induce precipitation of salts on floodplains and on the numerous tree islands in the Delta
wetlands and concentrates solutes in isolated wetland pools scattered across the Delta (Dincer et
al., 1979; McCarthy et al., 1991, 1998; Gumbricht and McCarthy, 2003; Gumbricht et al., 2004).
Yet, the Okavango River and the surface water in the Delta wetlands remain fresh. Currently, there
is a lack of understanding of how and when the Okavango River is connected to solute stores in
the local Delta watershed, and how the river connectivity to the solute stores affects solute cycling
and solute export from the Delta. As a freshwater riverine-wetland ecosystem serving as an
important source of potable water to the nearby communities (Mosepele et al., 2006, 2009; Kgathi

etal., 2006), documenting the processes that may affect the solute behavior and consequently water
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quality in the Delta is crucial. Additionally, assessing the Delta’s temporal solute outflux provides

insights on the processes that regulate the salinity of the Delta surface water resources.

In this study, we made sub-weekly measurements of discharge, total dissolved ions (TDI),
major cations (Ca2+, Mg2+, Na+, K+), dissolved silica and 6D and 6180 in the Okavango River
at the outlet of the Okavango Delta. Our objectives were to (1) document the temporal variations
in the concentrations of solutes in the Okavango River, (2) determine the processes controlling the
transfer of solutes to the river and (3) assess the temporal solute load and outflux from the Delta.
We conducted our temporal investigation at the outlet of the Delta in order to capture the
integration of the processes controlling solute dynamics that affect the Okavango Delta and its
wetlands. Our findings provide a baseline from which to monitor future temporal solute dynamics

in the Okavango Delta and insights on solute cycling near the terminus of endorheic basins.

2. The Okavango Delta

2.1. Location

The study site is located at the outlet of the Okavango Delta near the terminus of the ORB. The
Okavango Delta consists of a panhandle region and a delta region (Fig. 1). The Panhandle is a
narrow valley with a gradient of 1:5500 through which the Okavango River meanders extensively
(MccCarthy et al., 1997). When the Okavango River crosses the Gumare Fault at the end of the
Panhandle, the river divides into distributary channels that form the delta region. The delta region
is a gently sloping (1:3400) alluvial fan with a surface area of more than 22,000 km2 (McCarthy
et al., 1992) formed within the half-graben of the Okavango Rift Zone (McCarthy et al., 1993,
1997; Modisi et al., 2000; Kinabo et al., 2007, 2008; Bufford et al., 2012; Leseane et al., 2015).

The topography of the Okavango Delta has been shaped by neotectonics, river sedimentation,
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channel formation and avulsion (McCarthy and Ellery, 1994; McCarthy et al., 1998). Tectonism
in the delta region caused overall regional tilting, evidenced by varying elevations from 1025 m
where Okavango River flows into the Delta at Mohembo to 920 m in the Mababe Depression
(Gumbricht et al., 2001). The delta region is characterized by relatively flat topography (McCarthy
et al., 1998; McCarthy, 2006) with gentle undulations where the local relief rarely exceeds 2 m,
except for areas with termite mounds (McCarthy et al., 1998; Gumbricht et al., 2001; McCarthy,

2006).

2.2. Geology

The upper ORB watershed (Cuito and Cubango basins) in Angola lies on the Precambrian
Congo Craton. The metamorphic rocks of the upper watershed formed during the Precambrian
include gneisses, quartzites and migmatite (Bereslawski, 1997; Steudel et al., 2013). Large parts
of the Cuito basin and southern parts of the Cubango basin are covered by sedimentary rocks of
the Karoo Supergroup, and overlain by thick layers of unconsolidated sands, clays, lime rock and
lateritic layers of the Kalahari Superior Formation (Bereslawski, 1997; Catuneanu et al., 2005;
Jones, 2010). The headwater region of the Cubango River is characterized by crystalline bedrock

comprising granite, dolerite and porphyrite (Bereslawski, 1997).

In the region surrounding the Okavango Delta, the bedrock geology consists of Precambrian
crystalline rocks of the Damara and Ghanzi-Chobe orogenic belt (Modie, 2000; Milzow et al.,
2009). The superficial geology consists of Quaternary Kalahari alluvium and recent swamp
sediments (Ringrose et al., 2009) overlying ~40 m of sands and 105-175 m of lacustrine and
fluvio-deltaic sediments (Kalscheuer et al., 2015). The lacustrine and deltaic sediments are
remnants of the Paleo Lake Makgadikgadi and Paleo Okavango Megafan sedimentary units

(Podgorski et al., 2013, 2015; Kalscheuer et al., 2015).
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2.3. Climate and hydrology

The ORB‘s climatic regimes transition from a temperate climate in the Angolan highlands to
the steppe arid middle Kalahari Desert in Botswana (Peel et al., 2007). The climate of the upper
watershed in Angola and lower watershed in the Delta is characterized by wet and dry seasons
(McCarthy and Ellery, 1994; Milzow et al., 2009; Steudel et al., 2013). The wet season spans from
November to March and the dry season lasts from April to October. The mean annual rainfall in
the upper watershed is ~1100 mm (Pombo et al., 2015). The maximum daily temperatures vary
between 22 and 24 °C during the rainy season and decrease to 15-17 °C during the dry season
(Steudel et al., 2013). The Delta receives an average annual rainfall of 450 mm (Milzow et al.,
2009). The highest mean monthly maximum temperatures during the rainy season range between
32 and 35 °C and the lowest mean monthly minimum temperatures during the dry season range
between 2 and 7 °C (Moses and Gondwe, 2019). The estimated potential evapotranspiration is
2172 mml/y, which is 4 times greater than the rainfall received in the Delta (Wilson and Dincer,

1976).

The hydrology of the Delta is driven by an annual flood pulse derived from the upper watershed
in Angola and by local rains. The precipitation that falls around October in the Angolan highlands
flows through the Cubango River and Cuito Rivers and reach the northern part of Botswana via
the Okavango River around February-May (McCarthy and Ellery, 1998; McCarthy et al., 2003;
Wolski et al., 2008; Mackay et al., 2011). After reaching the Delta, the flood pulse takes
approximately 4-6 months to travel a river distance of ~400 km from the proximal portion in

Mohembo to the distal portion at Maun (McCarthy and Ellery, 1998).

As the flood advances across the Delta, the area inundated gradually increases from an annual

low of 4500-6000 km2 to an annual high of 9000-12,000 km2 depending on the flood magnitude
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(Ramberg and Wolski, 2008). Due to the relatively high hydraulic conductivity (10-30 m/day) and
porosity (30%) of the sandy soils in the Delta (Obakeng and Gieske, 1997), as well as the slow
propagation of the flood wave across the Delta, the flood inundation is accompanied by recharge
of the shallow unconfined aquifer (McCarthy, 2006). Thus, the Okavango River is influent, as
evidenced by the deepening of the groundwater table away from the Delta wetlands (McCarthy et

al., 1997; Ellery et al., 2003; McCarthy, 2006; Milzow et al., 2009; Akondi et al., 2019).

There are ~150,000 islands complexes scattered across the Delta. These islands vary in shape
and size from a few square meters to ~700,000 m? and cover 5% of the area of the permanent
swamp, 25% of the seasonal swamp and 50% of the occasionally flooded swamps (McCarthy and
Metcalfe, 1990; Gumbricht et al., 2004; Humphries et al., 2014). The trees and halophytic grasses
which dominate the islands facilitate evapotranspiration-driven flow of water from Okavango
River towards the islands (Gumbricht and McCarthy, 2003; Ramberg and Wolski, 2008). This
evaporation, as well as transpiration by vegetation on island fringes enhances the accumulation of
salts in island fringes and centers (Gumbricht and McCarthy, 2003; Ramberg and Wolski, 2008).
The island complexes are inundated by the annual flood pulse and periodically trap water which

is then subjected to ET and precipitate salts in the island centers.

During the rainy season when there is no flooding, the seasonally and occasionally inundated
wetland ecotones of the Okavango Delta are dominated by isolated surface water pools (McCarthy
etal., 1998) caused by the accumulation of summer rains and previous year’s floods. These isolated
wetland pools show enriched 50 (0.1-7.5%0) induced by evaporation (Dincer et al., 1979;

McCarthy et al., 1991, 1998).
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3. Methodology

3.1. Sample collection and analyses

This study was conducted between November 2017 and December 2018, during which we
sampled the Okavango River (23°28' 48.99" E, 19°57' 16.77" S) and rain (23°27" 7.07" E, 19°57’
19.49" S) in Maun. We collected 98 river samples and 51 rain samples. The river samples were
collected by the grab technique into 20 ml glass scintillation vials at sub- weekly intervals. Rain
samples were collected in a static collector and aliquots were transferred into 20 ml glass

scintillation vials as soon as the rain event was over.

All the samples were protected from sunlight and kept in a cool storage. The samples were
transported to the University of Delaware (USA), where they were filtered through 0.45 um nylon
syringe filters and refrigerated until analyses. Aliquots of the river samples were acidified with
trace metal grade nitric acid and analyzed for cations by Inductively Coupled Plasma Mass
Spectrometer (Agilent Tech. ICP- MS:7500cX series). Total dissolved ions (TDI) was measured
using an Orion Star A212 benchtop conductivity/TDS meter calibrated according to the
manufacturer’s instructions. Silica concentrations were measured by spectrophotometry on a
CHEMetrics (V-3000 series) photometer. The &80 and 8D of river and rain samples were
measured using a Los Gatos Research (LGR) Liquid Water Isotope Analyzer (LWIA). The LGR
LWIA performed 6 injections per sample and the last 4 injections were averaged for the sample’s
isotope value. Each batch run was calibrated with Standard Light Antarctic Precipitation (SLAP2)
and Vienna Standard Mean Ocean Water (VSMOW) standards and machine drift was verified by
running a test sample and a select standard every 5th sample. The isotope ratios are reported in

delta notation () in per mil (%o):

21



) (%0) = ((Rsample - Rstandard) / Rstandard) x 1000

where R is the ratio of D/H, or 80/*%0 in the sample and standard. The 8D and §20 are
reported relative to VSMOW. The precision (1o standard deviation) of the LGR LWIA isotopic

measurement is better than + 0.3%o for 8D and + 0.07% for 5*°0.

3.2. River discharge and solute load estimates

River discharge (Q) and water level measured at the Maun (Thamalakane) station
(23°25'35.09"E, 20°0'17.04"S) were obtained from the Botswana Department of Water and
Sanitation. We developed a discharge rating curve from Log water level (m) vs. Log discharge

(m3/s) and obtained the least squares regression equation (R2 =0.74; n =17):
Log Q (m®/s) = 3.9Log water level (m) - 0.11 (1)

where Q and the water level are the instantaneous measured discharge and water levels,
respectively. The least squares regression equation was used to estimate instantaneous discharge
during each sampling episode. The total dissolved solids (TDS) (in mg/L) used in determining the
solute load was obtained by adding the total dissolved ions (TDI) (mg/L) and dissolved silica
(mg/L) (e.g., Gondwe et al., 2017). We determined the instantaneous solute load (ISLi) by
multiplying the instantaneous TDS concentration (Ci) in mg/L with the corresponding
instantaneous discharge (Qi) in I/s (e.g., Aulenbach et al., 2016) and assumed that the TDS

concentrations represent all the dissolved solutes in the river (e.g., Hem, 1985).

ISLi=Ci x Qi 2
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We estimated the daily solute loads (DSL) by summing the instantaneous solute load for each
day. The monthly solute loads (MSL) were estimated by summing the instantaneous solute load

for each month:
(DSLi) or (MSLi) = YISLi x At (3)

In making the daily and monthly solute load estimates, we assumed constant C; and Qi between
our temporal measurements. Our assumption will be less valid if the TDS concentrations or river

discharge change at frequencies higher than our sampling interval.
3.3. Rainfall and air temperature

Daily rainfall data measured at the Sexaxa weather station (23°31'42.05"E, 19°54'7.89"'S) were
obtained from the archives of the Okavango Research Institute
(http://www.okavangodata.ub.bw/ori/monitoring/rainfall/). The mean monthly air temperature
values for Maun were downloaded from the World Weather Online website (https

:IlImww.worldweatheronline.com; accessed January 1, 2020).

4. Results

The descriptive statistics (mean, minimum, maximum and the standard deviations) of the
solute concentrations (TDI, silica, TDS and cations), mean monthly air temperature, river
discharge, 8D of river water, 80 of river water, rainfall, 8D of rain, 520 of rainfall, the
instantaneous solute load and monthly solute load are shown in Table 1. The temporal 5D, 520,
TDI, silica, Na*, K*, Mg?*, Ca?* and daily solute load measured in the Okavango River is presented
in Table 2. The temporal 5D and 580 composition of Maun rain is presented in Table 3. The
temporal river discharge and water level measured in the Okavango River in Maun is presented in

Table 4.
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4.1. Temporal variations in solute concentrations (TDI, cations and silica)

On a temporal basis, the concentrations of TDI (Fig. 2a) showed similar temporal behavior to
that of Na* (Fig. 2b), Mg?*, Ca?*, K* and silica (Fig. 2c). The solute concentrations (TDI, Na* and
silica) increased from November 2017 to February 2018 (Fig. 2a—). In February 2018, the solute
concentrations decreased precipitously and stayed low until the end of the rainy season in mid-
April 2018. Near the start of the dry season in mid-April, there was a rapid increase in the solute
concentrations which remained high until June 2018, after which the solute concentrations
decreased to low values and fluctuated within a narrow range past the end of the dry season and

into the rainy season in December 2018.

The order of cation abundance measured in the Okavango River in Maun is: Na*> K*> Mg?*
> Ca®*. The temporal behavior of the ratio of Na*/Ca?* show higher ratios between late February
2018 and late April 2018, increasing from 7 to 19 (Fig. 2d). During other times, the Na*/Ca?* ratio

remained low, fluctuating between 5 and 10.

4.2. Temporal variations in river discharge and rainfall

The hydrograph constructed from the least squares regression equation developed from
discharge and water level data (Table 4) is shown in Fig. 2e. On an annual basis, the hydrograph
shows two main peaks. The hydrograph is asymmetric with steep rising limbs and more gentle
falling limbs. During the beginning of the rainy season, the hydrograph was receding as river
discharge decreased from 13 m%/s to 0.8 m®/s between November 2017 and early February 2018.
A smaller discharge rise in February 2018, peaked at 3.5 m®/s in early March 2018, before slowly

receding to 0.2 m%/s in June 2018. The discharge began to rise in June 2018 and peaked at 12.6

24



mq/s in August 2018 (Fig. 2e). The peak discharge was followed by a gradual recession from late

August through December 2018.

Temporal rainfall distribution in the distal portion of the Okavango Delta in Maun shows that
between the 2017 and 2018 rainy season, more rain fell during the second half of the rainy season
between late- January to April 2018, with about 80% of the season’s rain falling during January to

March (Fig. 2f).
4.3. Temporal variations in air temperature

During the rainy season between November 2017 and March 2018, the mean monthly air
temperature fluctuated around 29 + 3 °C (Fig. 2g). During the dry season in 2018, the mean
monthly air temperature decreased from 24 °C in April to the lowest temperature of 18 °C in July.
After July 2018, the average monthly air temperature increased from near the end of the dry season

continuously to a high of 34 °C in December 2018 during the rainy season.

4.4. Temporal variations in the stable isotopic composition of river water and rain

The 8D and 880 of river water co-vary and we show the temporal 8D variations in river water
in Fig. 2h. The 6D was enriched during the first half of the rainy season from November 2017 to
February 2018, with the highest value of 23%o0 observed in December 2017. The 8D decreased
precipitously in mid-February to about 43%o and stayed low at 18 + 5%o to the end of the rainy
season in April 2018. The start of the dry season was marked by a sudden increase in the oD to a
high of 4%o., which lasted from April to late May 2018. From June through December 2018, the

oD increased continuously to a high of 26%e..

The temporal variations of 6D of rain shown in Fig. 2i indicates enrichment during the

beginning of the rainy season in December 2017, with the highest 6D value of 37%o. Between
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January and March 2018, the 8D varied around -60 + 30%o. The wide ranges in the isotopic
composition of rain measured in this study have been reported in previous studies (e.g., Akondi et

al., 2019; Verhagen, 1992; Mazor et al., 1977; Foster et al., 1982).

5. Discussion

5.1. Temporal shifts in solute concentrations in the Okavango River

Our temporal assessment of the solute chemistry of the Okavango River at the outlet of the
Okavango Delta documents seasonal and sub-seasonal variations in the concentrations of TDI,
cations and silica (Fig. 2a—c). Generally, the concentrations of the different solutes increased
continuously from the early rainy season in November 2017 to peak concentrations in the mid-
rainy season in February 2018, before decreasing markedly and staying nearly constant through
the end of the rainy season in March 2018. The solute concentrations increased sharply in April
2018 and stayed nearly constant at higher concentrations until June 2018, after which the
concentrations decreased sharply and then remained nearly constant through December 2018. The
temporal variations in solute concentrations in the Okavango River can be driven by (1) water
column processes that enrich solutes (e.g., ET and weathering) or reactions which remove solutes
(precipitation), (2) addition of water with higher (enrichment) or lower (dilution) solute
concentrations during river recharge, and/or (3) episodic transfer of solutes from solute stores in

the watershed to the river.

5.2. Water column addition or removal of solutes in the Okavango River

5.2.1. Evapotranspiration (ET)
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Previous studies of the solute chemistry in the Okavango River in the Delta have suggested
that ET is the major process controlling the spatio-temporal evolution of solutes (e.g., Sawula and
Martins, 1991; McCarthy et al., 1993; Cronberg et al., 1996; Mladenov et al., 2005; Mackay et al.,
2011; Akoko et al., 2013; Atekwana et al., 2016; Gondwe and Masamba, 2016). Potential ET in
the Delta exceeds precipitation by a factor of ~4 (Wilson and Dincer, 1976; Dincer et al., 1979)
and ET is responsible for downriver enrichment in solutes from the proximal portion of the Delta
in Mohembo to the distal portion in Maun (e.g., Akoko et al., 2013; Gondwe et al., 2017). Increases
in the TDI or ionic concentrations induced by ET at a fixed river station should correspond to
seasons, such that high rates of ET and higher solute concentrations are observed during the rainy
season when temperatures are high and lower rates of ET and lower solute concentrations are
observed during the dry season when temperatures are cooler. The anomalously higher TDI,
cations and silica concentrations during the mid-rainy season (Fig. 2a—c) occur when the air
temperatures are high (Fig. 2g). However, the high TDI, cations and silica concentration anomalies
at the beginning of the dry season in May 2018 (Fig. 2a—c) occur when the air temperatures are

lower (Fig. 2g), and are therefore inconsistent with evapoconcentration of solutes.

To determine the effect of evaporation in increasing the solute concentrations in the Okavango
River, we first demonstrate evidence of its occurrence in river water. During the evaporation of
surface water, isotopic fractionation causes enrichment in the 5D and &0 (Craig, 1961; Ehhalt et
al., 1963; Dansgaard, 1964; Clark and Fritz, 1997; Govender et al., 2013; Good et al., 2014). The
3D and 80 composition of Okavango River samples co-vary (Fig. 3). Also shown in Fig. 3 is the
global meteoric water line (GMWL, Craig, 1961) and the local meteoric water line (LMWL). The
LMWL is constructed from the data published by Akondi et al. (2019) and data collected for rain

in this study. The 8D and §'®0 of samples from the Okavango River lie below the GMWL and
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LMWL, and along the Okavango Delta Evaporation Line (ODEL), consistent with previous
studies which suggest that the Okavango River undergoes evaporation during transit through the

Delta (Dincer et al., 1979; Atekwana et al., 2016; Akondi et al., 2019).

Evidence for evapoconcentration in increasing solute concentrations in the river water was
assessed from the relationship between TDI concentrations and d-excess. We use the d-excess to
characterize the effects of evaporation on river solute concentrations because lower d-excess
values indicate greater extent of evaporation (e.g., Dansgaard, 1964; Frohlich et al., 2002; Huang
and Pang, 2012; Krishan et al., 2020). We divided the discharge hydrograph (Fig. 2e) into major
changing discharge regimes (Fig. 4a): flood pulse recession (November 2017-February 2018 and
September 2018-December 2018; Fig. 4b); rainy season—dry season recession (March 2018-June
2018; Fig. 4c); flood pulse rise (June 2018-August 2018; Fig. 4d) and rainy season rise (February
2018-March 2018; Fig. 4e). In Fig. 4b-e, we show the Log TDI concentrations vs. d-excess. The
model line (black solid line: d-excess = 93.2 (Log TDI) + 158.1, R? = 0.99) and the upper and
lower limits of the 95% confidence interval along the model line (pink-shaded region bounded by
dashed lines) were derived from Okavango River water collected in Maun and evaporated over
time (Atekwana et al., 2016). In principle, there should be a negative relationship between Log
TDI concentrations vs. d-excess during evaporation (e.g., Huang and Pang, 2012) as shown by the
model line, with the data falling within 95% confidence interval (pink-shaded region). Data
plotting outside to the right or the left of the 95% confidence interval indicate river water with TDI
concentrations affected by other factors in addition to evapoconcentration. The Log TDI
concentrations-d-excess modelling allows us to determine when additional factors affect the solute
concentrations as the Okavango River changes from one flow regime to another (Fig. 4). During

discharge recession (November 2017-February 2018, September 2018-December 2018; Fig. 4b
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and March-June 2018; Fig. 4c), there are three solute regimes: (1) a baseline solute regime
dominated by evapoconcentration and characterized by data which lie along the model line within
the 95% confidence interval region, (2) a solute regime of highly evaporated water with low TDI
concentrations characterized by data plotting to the left beyond the 95% confidence interval and
(3) a solute regime with higher d-excess where the data plot to the right and parallel to the 95%
confidence interval. For the rising discharge regime during annual flooding (June-August 2018;
Fig. 4d) >90% of the data lie within the 95% confidence interval, indicating river baseline
condition dominated by evaporative enrichment. In contrast, during the rising discharge in the
rainy season (February-March 2018; Fig. 4e), all the data plot in a cluster to the right of the 95%
confidence interval, signifying a different river solute regime. From the model analysis, we deduce
that in addition to the baseline evapoconcentration of river water, there are two other major
processes that affect the solute regime of the Okavango River: one characterized by highly
evaporated water with low TDI concentrations and another characterized by less evaporated water
with low to high TDI concentrations. Since d-excess indicates the extent of evaporation, we posit
that the same extent of evaporation should not result in wide ranges in TDI concentrations, unless

other river solute enrichment processes are at play.

Transpiration, which can change the TDI concentrations of river water, will not affect the 6D
and 80 composition, because unlike evaporation, transpiration does not cause isotopic
fractionation (e.g., Walker and Richardson, 1991). Thus, although transpiration affects the solute
concentrations which we are unable to quantify from our data, we assumed that its effect on the
river solutes is constant over space and time in the Okavango Delta, and does not adversely affect

river water differentially or episodically.
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Although studies of the solute chemistry in the Okavango River in the Delta have suggested
that ET is the major process controlling the spatio-temporal evolution of solutes (e.g., Sawula and
Martins, 1991; McCarthy et al., 1993; Masamba and Muzila, 2005; Mladenov et al., 2005; Akoko
et al., 2013; Mosimane et al., 2017; Mogobe et al., 2018), the results of this study indicate that ET
is not solely responsible for the temporal solute perturbations observed in the Okavango River at
the exit of the Delta. We use the results of this study to suggest that the lower and nearly uniform
solute concentrations observed between February 2018 and April 2018 and between June 2018
and November 2018 (Fig. 2a—c) represent the baseline solute concentrations of the river at Maun.
We make this suggestion because the concentration changes from this baseline occur slowly, while
perturbations from this baseline occur by sharp concentration increases. For example, TDI has a
baseline con centration of 70 £ 5 (mg/L), and is nearly constant between January and mid-April,
and decreases slowly from June through December (Fig. 2a). Additionally, if we assume that the
transit time for river water to travel the ~400 km from the entrance of the Delta in Mohembo to
the exit at Maun is constant, ET acting alone on the river water will result in similar temporary

baseline concentration that will change in a relatively slow manner.

5.2.2. Weathering and precipitation reactions

The addition or removal of solutes in the water column through dissolution or precipitation
reactions can alter TDI, cation and silica concentrations, and depend on the saturation state with
respect to mineral phases (Drever, 1971; Miller and Drever, 1977; Hodson et al., 2010).
Thermodynamic equilibrium models indicate that the Okavango River is undersaturated with
respect to solid mineral phases such as calcite, aragonite and dolomite (Sawula and Martins, 1991).
The undersaturated state of the Okavango River favors mineral dissolution over precipitation, and

therefore we infer that the chemical removal of solutes from the water column through
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precipitation is unlikely to be one of the factors affecting the observed temporal solute behavior.
Although the Okavango River is undersaturated with respect to calcite, aragonite and dolomite,
weathering of these mineral phases is not important because of their low abundance in sediments
of the Delta (McCarthy and Metcalfe, 1990; Huntsman-Mapila et al., 2005). While there is
certainly potential for mineral weathering in the water column because the Delta receives 170,000
Mgly of bed load and 39,000 Mg/y of suspended load (McCarthy and Ellery, 1998), episodic
weathering occurring only during the beginning of the rainy season and before the initiation of
pulse flooding when solute concentrations are high (Fig. 2a—c) is not a viable explanation for the
periodic solute enrichment. For instance, silica is generated from quartz dissolution, which is a
thermodynamically slow process. The quartz solubility at the temperatures and pH of Okavango
River water (25 °C; ~6.3) is about 100 uM (Frings et al., 2014), which is lower than dissolved
silica concentrations measured during this study. Thus, quartz dissolution is unlikely to occur
episodically within the water column. Therefore, we discount chemical weathering or precipitation
in the Okavango River water column to the observed seasonal and sub-seasonal variations in river

solute behavior.

5.3. Hydrologically driven episodic transport of solutes to the Okavango River

Since the solute concentrations in the Okavango River increase markedly during hydrologic
perturbations, we assess the role of hydrologic connectivity between the river and the watershed
solute stores in the mobilization and transfer of solutes to the river. We developed a conceptual
model to illustrate how solutes at the surface can be transferred from the adjacent watershed
consisting of floodplains, wetlands and islands to the river and from groundwater (Fig. 5). This
conceptual model considers the role of the river in the accumulation of solutes in solute stores

beyond the river channel and in groundwater and in the transfer of solutes from the solute stores
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to the river. The solute stores (Fig. 5a) beyond the Okavango River channel consist of (1) salt
precipitates on floodplains and on island fringes and island centers that result from ET (Gumbricht
and McCarthy, 2003; Gumbricht et al., 2004; Ramberg and Wolski, 2008), (2) post flood recession
isolated wetland pools and wetland water subjected to ET (Dincer et al., 1979; McCarthy et al.,
1991, 1998) and (3) saline groundwater (Ramberg and Wolski, 2008; McCarthy et al., 2012). River
access to the solute stores and the transfer of solutes to the river is established by temporal
activation of hydrologic flow pathways connecting the river to the solute stores. Hydrologic
connectivity between the river and the solute stores is via overland flow initiated during the rainy
season (Fig. 5b), by flooding and return flow of flood waters following the annual pulse flooding

and from groundwater influx (Fig. 5c).

Groundwater discharge to rivers in humid watersheds is an important source of solutes to rivers
(Godsey et al., 2009; Liu et al., 2020; Rose et al., 2018). In arid watersheds, groundwater is an
important source of solutes if groundwater supports rivers (Baskaran et al., 2009; Batlle- Aguilar
etal., 2014; Imes and Wood, 2007). Surface water-groundwater interaction in the Okavango Delta
has not been investigated extensively. However, on a regional basis, the hydraulic gradient of the
groundwater table steepens away from the river and floodplains (McCarthy et al., 1993, 1998;
Ellery et al., 2003; Milzow et al., 2009) making the Okavango River and wetlands a potential
source of groundwater recharge (Fig. 6a). Studies conducted in the Okavango Delta wetlands
indicate river recharge of local groundwater during periods of flooding (Dincer et al., 1979;
Gieske, 1996; McCarthy, 2006). Groundwater recharge by the river appears to be prominent from
an evaluation of the hydro-stratigraphy from the lower Okavango Delta where our sampling station
is located (Fig. 6b). Groundwater levels near the sampling station are 5 m or more below the

ground surface and groundwater flows towards the northeast and away from the middle of the delta
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(Fig. 6b), indicating river recharge of groundwater (Thangarajan et al., 1999; Mangisi, 2004).
Furthermore, the stable hydrogen and oxygen isotopic composition of groundwater shows
enrichment and lie on the trend of the Okavango Delta Evaporation Line (Akondi et al., 2019)
which is consistent with evaporated river recharge of groundwater. Although this notion of the
absence of groundwater influence on the river chemistry is consistent with previous studies
(MccCarthy et al., 1993; Ellery et al., 2003; Milzow et al., 2009; Akondi et al., 2019), it is also
possible to have input of groundwater with similar chemistry and isotopic composition to the river
water spatially across the Delta, which complicates surface water-groundwater interaction
dynamics. Thus, the groundwater behavior in the Delta during hydrologic events and the dry
season still need to be explored and constrained. Our study is unable to constrain the temporal

groundwater response during different hydrologic regimes.

We tested our conceptual model using the relationship between total dissolved solids (TDI +
Silica) in river water and river discharge (C-Q relationship), which provides insights into the
mobilization and transfer of solutes from watersheds to rivers (Godsey et al., 2009; Chorover et
al., 2017; Rose et al., 2018; Wymore et al., 2020). In our evaluation, we use the discharge regimes
described in Section 5.2.1. (Fig. 7a) to model flow regime-based C-Q relationships (Fig. 7b-e).
The C-Q relationship for the Okavango River during the flood pulse recession for November 2017-
February 2018 show solute enrichment with decreasing river discharge, followed by dilution,
while river samples for the September 2018-December 2018 mostly cluster at lower solute
concentrations (Fig. 7b). For the November 2017-February 2018 recession, the continuous solute
enrichment with decrease in the river discharge, evident on the temporal plots of TDI, cations and
silica concentrations (Fig. 2a-c) corresponds to highly enriched 6D in river water (Fig. 2h). We

interpret the concomitant shift to higher solute concentrations with decreasing discharge to mass
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transfer of solute enriched evaporated water from the wetlands into the river (e.g., Diamond and
Cohen, 2018; Herndon et al., 2018), following the pulse flooding and dilution (Fig. 7d). This
mixture of pulse floodwater and wetland water during return flow is characterized by a negative
relationship between Log TDI concentrations and d-excess (Fig. 4b). Previous studies have noted
the existence of isolated saline wetland pools, which are isotopically enriched within the seasonally
and occasionally flooded wetland ecotones of the Okavango Delta (Dincer et al., 1979; McCarthy
et al., 1991, 1998) which serve as locations for solutes transported via return flow. We note that
during the September 2018-December 2018, the peak discharge from the flood pulse was 62%
lower than in 2017, and the solute concentrations (Fig. 2a-c) show only small variations, while the
oD slowly increased (Fig. 2h). The C-Q relationship shows scatter, and low Log C with decreasing
Log Q (Fig. 7b), indicating that the flood pulse was of such a low magnitude that it was likely
confined within the river channels. The floodwater was subjected only to evaporation and was
unmixed with higher solute concentration water from the wetlands as the flood receded, consistent

with the low d-excess and TDI concentrations (Fig. 4b).

The C-Q relationship of the Okavango River during hydrograph recession in the late rainy
season and early dry season (March-June 2018; Fig. 7a) is characterized by a marked increase in
solute concentrations in the middle of the recession, followed by nearly constant so lute
concentrations, and subsequent dilution (Fig. 7¢). During the first half of the recession when the
solute concentrations are low, the Na*/Ca?* ratios indicate a shift in the type of solutes in the river
because river water was getting progressively enriched in Na* relative to Ca®* (Fig. 2d). We suggest
that there is a hydrologic connection between the solute sources in floodplains and islands, and the
Okavango River, which provides solutes enriched in Na*. McCarthy and Metcalfe (1990),

McCarthy et al. (1991) and Gumbricht and McCarthy (2003) indicate that chemical sedimentation
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caused by ET of river and wetland water on the thousands of islands in the Okavango Delta include
sodium carbonate salts (trona, thermonatrite). Thus, although the overall river solute
concentrations decrease from the dilution effect of rain (Fig. 2a—c; Fig. 7¢), rain-induced overland
flow dissolves sodium salts from the floodplains and island, which is then transferred to the river

(Fig. 2d; Fig. 5b).

The C-Q relationship of the Okavango River during increasing discharge from the pulse
flooding in June-August 2018 (Fig. 7a) is characterized by solute enrichment with increasing river
discharge, followed by solute dilution near peak flooding (Fig. 7d). During the period of slow
solute concentration increases, the Log TDI concentrations vs. d-excess show data that cluster
around the model line (Fig. 4d). Additionally, during the discharge increases, Na*/Ca?* was flat
and consistent with the baseline concentrations, indicating the addition of evaporated river water
with a similar proportion of ions to river water, although the solute concentrations were slightly
higher. Such enriched evaporated river water can come from the adjacent isolated wetland pools
hosting isotopically enriched water (Dincer et al., 1979; McCarthy et al., 1991, 1998). The water
from the evaporated wetland pools is delivered to the river by the arriving flood pulse via the
‘Hydrologic Piston model’ (Glover and Johnson, 1974) where “old”, highly evaporated water
enriched in solutes is pushed by the flood front during the arrival of new flood pulse (Fig. 5c).
Near the peak discharge, “fresh” floodwaters arrive in Maun, causing a slight decrease in solute
concentrations (Fig. 7d). We suggest hydrologic connection between the river and adjacent
evaporated water in the wetlands. Since the flood magnitude was low in 2018, floodwaters were

not sufficient to overtop the wetlands to flood the salt islands.

During the rainy season when river discharge increased in February 2018-March 2018, the C-

Q relationship of the Okavango River is characterized by a slight increase in solute concentrations,
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followed by slight dilution near peak discharge (Fig. 7e). During this period of slow solute
concentrations increases, the data for the Log TDI concentrations vs. d-excess are off to the right
of the model line, and clustered at low TDI concentrations and higher d-excess (Fig. 4¢). The low
TDI concentrations are consistent with rain dilution, and the higher d-excess indicates lower
evaporation effects. Nevertheless, the Na*/Ca?* increased above baseline (Fig. 2d), indicating the
mobilization of solutes rich in Na™ from solute stores to the river by overland flow initiated by rain

(Fig. 5b).
5.4. Temporal solute load and solute flux from the Okavango Delta

The instantaneous dissolved solute load estimated from TDS concentrations (TDI + Silica) and
discharge shows a bi-annual distribution (Fig. 8a). Higher dissolved solute loads in the river are
observed between July and November and between February and May, although the solute load
magnitudes are different. The temporal variations in the instantaneous dissolved solute loads
behave similar to river discharge (Fig. 2e) and are higher during high river discharge and lower
during low river discharge. This temporal behavior in solute load can be used to infer that increased
discharge is associated with increase in solute concentrations, yet increased discharge is from the
annual pulse flooding and seasonal rains, which are more dilute compared to the baseline chemistry
of river water at Maun. This behavior in the temporal dissolved solute load is consistent with solute
transfer from the floodplains, island and evaporated isolated wetland pools discussed in Section

5.3.

During this study, an annual dissolved solute flux of 17,838 Mg was removed from the Delta
(Table 1). When examined on a monthly basis, the solute flux mirrors the daily solute load (Fig.
8b). Higher amounts of solutes leave the Delta during the annual pulse flooding between July and

November and during the rainy season in February through May. For dissolved solute outflux from
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the Okavango Delta, 67% leaves during pulse flooding (6 months), 30% during the rainy season
(4 months) and 3% during the rest of the time (2 months). The results of this study show that river
discharge perturbations associated with the annual pulse flooding and rain are responsible for

transferring 97% of the annual solute load removed from the Delta via the Okavango River.

5.5. Solute transport and cycling in the Okavango Delta

The Okavango Delta is a solute store and sink and there is ample evidence of salt accumulation
on the island edges and centers (Gumbricht and McCarthy, 2003; Zimmermann et al., 2006;
Ramberg and Wolski, 2008), and in isolated evaporated saline wetland pools (Dincer et al., 1979;
McCarthy et al., 1991, 1998), yet the surface waters of the Delta remain relatively fresh. The
pristine conditions of the Delta have been attributed to the “island salt sinking model” which is a
salt removal process controlled by density-driven sinking of saline waters (McCarthy and Ellery,
1994, Bauer, 2004, Bauer-Gottwein et al., 2007; Ramberg and Wolski, 2008). In the “island salt
sinking” model, ET concentrates salts in thousands of islands in the Delta and then the saline water
beneath islands sinks to greater depths due to density driven flow. The island sinking salt model
does not address the salt precipitates left as crust on the surface of the islands and floodplains. We
propose a ‘“hydrological flushing” model as an additional mechanism that contributes to
maintaining the pristine water quality condition of the Okavango Delta. In the hydrologic flushing
model, the annual pulse flooding and seasonal rains dissolve salt precipitates on the floodplains
and islands and transfer the solutes along with evaporated wetland water to the Okavango River
which is then transported out of the Delta (Oromeng et al., 2020). The solutes exported from the
Delta accumulate at the ORB’s terminus in the Makgadikgadi Pans, a source for the salt mining

sector in Botswana (Molwalefhe, 2003).
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6. Conclusions and implications

Total dissolved ions, major cations (Ca?*, Mg?*, Na*, K*) dissolved silica concentrations and
the 3D and 880 of river water were used to investigate the processes controlling temporal solute
behavior in the Okavango River at the distal portion of the Delta in the semi-arid Botswana. Our
investigation showed that the temporal variability of solute concentrations in the Delta is primarily
controlled by the temporally changing hydrology (pulse flood and rains) and that these
hydrological perturbations complement evapotranspiration during solute cycling. Solutes in the
Delta are cycled between the riverine solute pool and the islands, floodplains and wetland pools.
Enhanced solute transfer to the river occurs during hydrologic perturbations when hydrologic

connectivity is established between the river and solute stores in floodplains, islands and wetlands.

The results of this study also showed that 97% of the dissolved solutes export from the Delta
occur during the rainy season and during the annual pulse flooding. The enhanced solute outflux
from the Delta during hydrologic perturbations indicate the significance of hydrologic events in
“flushing” out solutes from the Delta as a mechanism for maintaining the Delta’s pristine
condition. The periodic interception of river solutes by stores beyond the river act as ‘transient
solute storage’ and gives us insights into the existence of hydro-geochemical “hotspots” and “hot
moments” (McClain et al., 2003) in the Okavango Delta. Floodplains, salt islands and isolated
wetland pools that accumulated solutes are “hotspots” compared to their surroundings. The periods
when solutes are transferred from the solutes stores to the river characterized by anomalously high
solute concentrations in the river indicate “hot moments” of dissolved solute flux and export. The
hotspots and hot moments in the Okavango Delta have implications for the Delta’s ecological and

water quality status.
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Due to the highly dynamic annual flooding regime in the Okavango Delta (Wolski et al., 2008;
Wolski and Murray-Hudson, 2008; Murray-Hudson et al., 2014), the inter-annual variability in
solute concentrations and solute load in the Okavango Delta needs to be constrained. We recognize
that the river’s chemical response will vary depending on flow magnitude, and that our study may
not capture “the typical” annual hydrochemical response or cover the range in the inter-annual
changes in river solute chemistry. Future work designed and conducted to investigate long term
annual cycles will capture the extent to which the inter-annual variability persists over the longer
term. Additionally, water samples collected at a frequency higher than in this study may provide

greater constraints on the Delta’s hydrochemical processes (Oromeng et al., 2020).
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7. Figures
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Figure 1: Map of the Okavango Delta, showing the Panhandle, the Delta region, seasonal and
permanent rivers and select islands (Modified from Ellery et al., 2003). The river and rainwater
sampling locations used in this study are shown as a filled red triangle and an orange star,
respectively. The insert shows the location of the Okavango Delta in Africa and the Okavango

River catchment (Modified from Kgathi et al., 2006).

40



- 641

(a)
(b)
(c)
(d)

®
Al
)

(h)
0)

° 81-Q

Rainy
season

1 - - 81N
- 81-0
-81-S

214

210

- 8T

Dry season

213

° - 81V

-8
@
og <& 814
2150
[]

.“ .:.o

Rainy season

LI'N

.....

Q@
Mwwwuwmmsooswsosososo 62840ww0000
=

30

FETERILL 2 232°233282888
U lsew) T ) (2. ; G
/Bw) gy (1/6w) eN (VBw)eaps <BI/EN LT . () Jo1eM  (onr) sojem
WSIP jeyuey  aamessdwisy oy 40
JaAy 21e Ajysuow 1j0aQ wuesjoqQ
ueapy

o
~
iy

A

Date of observation
41

Figure 2: Temporal plots of (a) total dissolved ions (TDI), (b) Na*, (c) silica, (d) Na*/Ca?* in river
samples, (e) river discharge, (f) daily rainfall, () mean monthly air temperature, (h) deuterium



isotope (0D) in river samples and (i) oD in rain samples measured at the distal portion of the
Okavango Delta in Maun. The blue shade represents the rainy season and the unshaded portion is

the dry season.
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Figure 3: Plot of the stable oxygen isotopic composition (520) vs. the stable hydrogen isotope
(0D) for the Okavango River samples measured at the Delta outlet in Maun. The global meteoric
water line (GMWL,; Craig, 1961), local meteoric water line from Maun rain (LMWL from Akondi
et al. (2019) and the Okavango Delta evaporation line (ODEL) of Atekwana et al. (2016) are
included.
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Figure 4: Temporal plot of (a) river discharge and cross plots of deuterium excess (d-excess) vs.
log total dissolved ions (TDI) in the Okavango River during (b) flood recession (November 2017
to February 2018 and September to December 2018), (c) receding limb of the rain hydrograph

between March and June 2018, (d) flood expansion between June and August 2018 and (e) rising



limb of the rain hydrograph between February and March 2018. The regression line in plots b-e
depicted by the solid (black) line is for evaporated river water collected in Maun in 2010 adapted

from Atekwana et al. (2016). The dashed lines show the upper and lower bounds of the 95%

confidence interval for the regression.
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Figure 5: Conceptual model showing (a) the accumulation of solutes in solute stores on the river

floodplains, islands and wetlands induced by evapotranspiration, (b) dissolution of salt precipitates

on the surfaces of floodplains and islands and their transfer to the river by rains and (c) dissolution
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of salt precipitates on the floodplains, and islands and their transfer to the river along with

evaporated wetland water pushed by the flood pulse front.

(a)

40
Legend “ \>
-Okavango Deta®

A Sampling site for this study in Maun

|: Location of the hydrogeological cross
section
(7 Groundwater table contour (m)

0 10 20 30 40 50 KM
[ -
(b) SW 114 9603 9598 9607 8262 NE
vl
104 ?
? - -
20,,
30 ?
-
T 40 !
£ 5 = J—é
8
601
?
70 ) ? i
Legend ? | X
804 ] ciay I Mudstone [ Clayey sand
90 [:] Sand | Silcrete Y Static water level
S [ sandy clay [ Silsittstone = Groundwater flow direction
1 UL L) | ] 1 1 ] | ] 1] | 1 ] | ] ] 1 | I ]
14 01 2 3 4 5 6 7 8 9 1 1 12 13 14 15 16 17 18 19 20

Distance (km)

Figure 6: (a) Map of the Okavango Delta showing depth to the groundwater table adapted from
McCarthy et al. (1997) and (b) hydrogeological cross section con- structed from 5 wells in the
Maun area adapted from Mangisi (2004). The location of the hydrogeologic section is shown in

(a).
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Figure 7: Temporal plot of (a) river discharge and cross plots of Log concentration (C) vs. Log

discharge (Q) in the Okavango River during (b) flood recession (November 2017 to February 2018

and September to December 2018), (c) receding limb of the rain hydrograph between March and

June 2018, (d) flood expansion between June and Aug 2018, and (e) rising limb of the rain
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hydrograph between February and March 2018. The arrows show the direction of change in

concentrations relative to discharge.
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Figure 8: Temporal variations of (a) the daily solute load and (b) the monthly solute load

measured in the Okavango River at the distal portion of the Okavango Delta in Maun. The blue

shade represents the rainy season, and the unshaded portion is the dry season.
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8. Tables

Table 1: Descriptive statistics for measured parameters. Min=minimum; Max=maximum;

SD=Standard deviation; TDI=total dissolved ions; TDS=total dissolved solids

Parameter Mean  Min. Max. SD No. of samples (n)
TDI (mg/L) 78.1 62.1 109.6 14.0 98
Silica (mg/L) 423 248 634 101 98
TDS (TDI + Silica) (mg/L) 1203 873 1730 225 98
Na* (mg/L) 13.6 96 211 2.9 98

K* (mg/L) 8.1 3.7 13.6 2.8 98
Mg* (mg/L) 3.1 1.5 4.3 0.6 98
Ca* (mg/L) 1.6 0.5 2.8 0.5 98
Mean monthly air temperature (°C) 26.4 18 34 4.9 14 months
River discharge (m?/s) 5.2 0.2 129 4.1 98

oD of river water (%o) 0.3 -43 26 14 98
080 of river water (%o) 2.5 -5.3 8.3 3.0 98
Rainfall (mm) 5.6 0.1 48 9.4 14 months
oD of rain (%) -24 -94 37 32 51
0'%0 of rain (%o) -3.5 -13.6 5.9 4.5 51
Daily solute load (Mg/d) 50.7 2.3 160.8 38.6 98
Monthly solute load (Mg/mo) 1528.7  128.7 3304.6 1117.1 12 months

Total: 17,838 Mgly
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Table 2: Temporal 6D and 6'*0 composition of river water, total dissolved ions (TDI), silica, Na®,

K*, Mg?*, Ca?" and daily solute load measured in the Okavango River in Maun, Botswana.

Date of 3D 310 TDI Silica Na* K* Mg?* Ca? Daily solute

observation load (Mg/d)
(%) (%)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

11/21/2017  18.9 5.84 84.40 59.91 15.61 5.03 3.02 1.60 160.84
11/28/2017 17.6 5.86 87.60 56.79 17.19 6.15 3.38 1.73 137.23
12/6/2017 -219  -2.29 70.45 50.28 12.41 8.00 2.29 1.39 83.45
12/13/2017  20.9 6.28 89.50 53.93 18.15 8.13 3.58 1.84 87.36
12/20/2017 23.2 6.65 84.80 52.52 16.29 8.03 3.21 1.50 61.93
12/31/2017 105 4.44 88.85 56.47 16.36 8.03 3.15 1.76 48.97
1/6/2018 8.3 3.91 88.39 51.71 15.58 8.75 3.37 1.70 46.60
1/9/2018 8.6 4.28 94.15 58.78 18.00 9.35 3.28 1.79 29.73
1/13/2018 2.7 3.38 97.00 54.91 17.46 10.47 3.20 1.76 19.69
1/18/2018 13.2 5.33 100.40  56.80 18.12 10.56 3.45 1.86 18.47
1/21/2018 54 4.17 94.75 58.78 18.50 10.50 3.44 1.95 17.24
1/26/2018 -6.2 0.98 90.40 52.57 15.63 9.23 2.68 1.49 12.35
1/28/2018 13.0 5.41 106.05  59.48 18.19 10.90 3.68 2.09 14.16
2/1/2018 17.3 4.27 107.20  55.07 21.09 13.43 3.05 1.67 12.62
2/7/2018 18.3 4.49 102.60  55.00 18.58 12.59 2.96 1.61 11.98
2/10/2018 -433  -535 6490 35.23 11.65 9.43 1.89 1.09 6.83
2/14/2018 5.6 391 93.55 55.49 12.04 7.90 2.25 1.41 10.87
2/14/2018 -206  -1.97 70.10 51.71 17.05 10.00 3.04 1.80 15.79
2/19/2018 214 -205 6725 44.33 10.93 8.11 2.33 1.45 9.64
2/24/2018 -19.6  -1.62 70.70 38.84 11.13 8.74 2.12 1.44 17.04
2/28/2018 -22.1  -2.23  68.60 44.34 11.74 8.36 2.37 1.48 31.23
3/2/2018 -29.7  -340 64.70 36.11 10.48 8.52 2.10 1.14 29.61
3/5/2018 -218 -2.11 68.65 46.59 11.67 9.19 2.62 0.99 33.95
3/9/2018 -216 -214 7225 43.77 13.59 9.65 271 1.02 34.29
3/12/2018 -21.3 -1.99 67.45 44.72 11.39 8.37 2.56 0.96 34.12
3/16/2018 -239 224 7215 53.11 14.02 8.66 2.50 0.94 36.04
3/19/2018 -220 -2.26  68.35 45.09 11.67 7.47 2.46 0.91 30.58
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3/23/2018
3/30/2018
4/2/2018

4/6/2018

4/10/2018
4/14/2018
4/17/2018
4/21/2018
4/24/2018
4/28/2018
5/1/2018

5/5/2018

5/8/2018

5/12/2018
5/15/2018
5/19/2018
5/22/2018
5/26/2018
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-2.5
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-1.01
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1.30
1.10
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108.30
107.70
108.95
109.30
105.50
109.60
108.00
106.00
105.55
73.45
74.70
71.55
74.10
73.40
72.35
80.05
79.60
75.70
80.15
85.40
85.10
84.55

41.79
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57.23
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58.48
51.59
49.43
63.39
56.65
52.38
52.41
38.49
36.46
39.32
35.69
40.27
33.17
45.87
37.21
38.42
42.39
39.88
35.05
40.54

10.45
13.34
14.92
14.25
11.67
12.26
12.68
13.07
13.40
15.30
18.32
19.88
18.56
19.75
19.30
16.91
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18.36
17.76
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11.04
11.33
11.35
11.48
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11.62
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8.26
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14.05
12.82
13.84
12.65
12.88
12.51
13.14
12.86
14.26
13.01
12.23
11.84
13.50
13.55
14.15
12.17
12.50
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12.13
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8.80
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4.03
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3.91
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3.93
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3.20
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3.20
3.19
2.32
3.42
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3.45
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1.58
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1.43
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1.58
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1.72
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1.63
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86.60
88.58
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119.20
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116.37
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71.43
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70.87
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23.2
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7.97
8.27
7.05
7.43
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70.35
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35.81
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11.41
10.12
10.25
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4.62
4.09
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3.49
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3.23
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46.14
42.89
35.57
31.99
27.14
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Table 3: Temporal 6D and 6'*0 composition of rain collected in Maun, Botswana

Date 3D (%o) 550 (%o) Date 5D (%)  6'0 (%)
11/24/17 16.5 2.14 3/5/18 -34.7 -5.33
11/26/17 20.8 3.29 3/6/18 -43.7 -6.85

12/3/17 6.2 0.99 3/8/18 75 -2.23
12/5/17 36.7 5.71 3/22/18 -235 -4.52
12/8/17 125 2.36 3/22/18 -8.7 -2.31
12/11/17 35.1 5.89 3/25/18 -23.6 -3.68
12/19/17 9.6 1.21 3/30/18 -18.8 -3.32
12/23/17 -89.7 -12.14 4/5/18 18.1 0.80
1/28/18 14.8 1.88 1/29/18 -25.2 -4.03
1/31/18 12.5 0.73 10/21/18 215 -2.99
2/1/18 -31.2 -5.23 12/3/18 0.7 0.86
2/2/18 -8.4 -1.70 12/30/18 -42.7 -4.07
2/3/18 -70.7 -10.21 12/31/18 -36.8 -2.12
2/4/18 -64.8 -9.59 1/2/19 -16.8 -1.33
2/7/18 -76.1 -10.30 1/5/19 31.2 3.70
2/14/18 -47.2 -6.17 1/7/19 -17.3 -1.29
2/15/18 -46.5 -7.34 1/12/19 -19.3 -1.93
2/17/18 -28.7 -3.74 1/13/19 22.1 -3.26
2/19/18 -30.7 -5.29 1/14/19 -21.6 -3.24
2/20/18 -28.4 -5.27 1/15/19 -22.4 -0.72
2/21/18 -52.8 -8.84 1/16/19 -26.8 -3.61
2/23/18 -52.6 -8.20 1/17/19 -23.8 -4.55
2/24/18 -94.5 -13.63 1/18/19 -11.6 -2.04
2/26/18 -36.8 -6.14 2/11/19 -82.5 -10.01
3/3/18 -27.9 -3.23 2/12/19 -83.6 -10.32
3/4/18 -41.0 -6.76
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Table 4: Temporal river discharge and water level measured in the Okavango River in Maun.

River discharge Water level

Date (m3/s) (m)
6/16/2016 0.83 0.88
6/23/2016 1.57 1.02
6/27/2016 3.62 1.23
6/30/2016 4.22 1.32

7/14/2016 5.66 1.41
7/5/2016 5.66 1.41
8/8/2016 7.31 1.78
8/9/2016 9.79 1.92
8/18/2016 9.84 1.95
8/29/2016 7.40 1.74
9/15/2016 5.92 1.72
9/26/2016 4.44 1.69
9/27/2016 4.44 1.69
10/29/2016 1.73 1.44
11/24/2016 0.84 1.20
12/9/2016 0.34 1.02
12/29/2016 0.27 0.98
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Chapter 2: Spatial and temporal controls on the solute behavior of rivers in arid
watersheds: The Okavango River, NW Botswana

This chapter is reproduced from the original publication: Ramatlapeng, G.J., Atekwana, E.A. and
Molwalefhe, L., 2023. Spatial and temporal controls on the solute behavior of rivers in arid

watersheds: The Okavango River, NW Botswana. Journal of Hydrology, 618, p.129141.

Abstract

Solute cycling models for rivers in arid watersheds must identify solute sources and their
spatial and temporal connectivity to rivers to assess the processes that control the solute behavior
in these rivers. In this study, we collected hourly time series of total dissolved ions (TDI)
concentrations, water levels, water temperatures and air temperatures at select stations distributed
longitudinally in a river in an arid watershed. Our objectives were to: (1) document the spatial and
temporal variations in solute concentrations and (2) determine the processes controlling the spatial
and temporal variations in solute concentrations. We conducted this investigation over a two-year
period at four stations along the Okavango River flowing through the Okavango Delta (Delta) in
the middle Kalahari Desert, Botswana. At the spatial scale, we observed progressive downriver
enrichment in TDI concentrations associated with evapotranspiration of river water because of the
5 months river transit across the hot Delta. At a temporal scale, the TDI concentrations increased
seasonally from evapoconcentration and sub- seasonally from solute transfer from the watershed
to the river. We analyzed sub-seasonal TDI concentration perturbations using the slope (B) of the
relationship between TDI concentrations and normalized water level (C- NWL) relationships. We
find that at low discharge during flow recession and at the beginning of rising discharge from
flooding, the solute enrichment anomalies with f > 0 are related to hydrologic connectivity

between the river and solute stores in the river floodplains, hundreds of thousands of salt islands

71



and isolated evapoconcentrated wetland pools. Our findings indicate that hydrologically driven
river connectivity to solute stores in the local watershed and evapotranspiration jointly control the
solute behavior at variable spatial and temporal scales in rivers in arid watersheds. We anticipate
that our findings will inform solute transport and solute cycling models for rivers in arid

watersheds.

1. Introduction

Rivers act as conduits of water and solutes (dissolved ions in water) out of the river basin in
exorheic basins and to the terminus of endorheic basins. Solute transformation across river basins
and the role of rivers in solute transport make rivers an important component of the global so- lute
cycle. Studies in exorheic basins typically found in humid environments have advanced our
knowledge and understanding of source(s) of solutes, solute transport, in-stream processes, and
catchment specific characteristics that control the spatial and temporal variability in solute
behavior (Fovet et al., 2018; Herndon et al., 2018; Rose et al., 2018; Wymore et al., 2020; Liu et
al., 2020). Knowledge on solute cycling in exorheic basins is critical for quantifying weathering
fluxes, solute load, and solute export out of basins to oceans, which has implications for the global
oceanic solute cycle. Comparatively, limited studies (e.g., Oromeng et al., 2021; Letshele et al.,
2023) have been conducted in rivers draining endorheic basins in arid environments to understand
the processes controlling the spatial and temporal variability of solutes and solute cycling, perhaps
because endorheic basins are disconnected from the ocean, and thus are regarded as unimportant
in the global cycling of solutes. Nevertheless, endorheic basins occupy 20-23 % of the Earth’s
surface (Nichols, 2007; Nyberg et al., 2018), which we use to suggest that substantial amounts of
solutes transferred from the upper portions of watersheds are transformed in the rivers and stored

at the terminus of endorheic basins. In spite of the potential importance of terrestrial solute cycling
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at the local and regional levels in endorheic basins, the processes that control the cycling of solutes
are not well understood because of limited investigations. A study by Oromeng et al. (2021)
conducted in the endorheic Okavango River basin provided much needed insights on the
hydrologic and biogeochemical controls on the river solute behavior. A study of the Okavango
River by Letshele et al. (2023) showed that downriver solute enrichment was related to the d-
excess parameter derived from the stable hydrogen and oxygen isotopic composition of river
water. Additionally, the Letshele et al. (2023) study also found marked disagreement between the
mean TDI-mean d-excess model and TDI-d-excess data from previous studies, which was used to
invoke non- evaporative solute enrichment in the Okavango Delta. The Oromeng et al. (2021) and
the Letshele et al. (2023) studies can be used to suggest that more work still needs to be done to
constrain the spatio-temporal controls of solute cycling across large spatial scales and over short
to long-term timescales in endorheic basins. Understanding solute cycling in endorheic basins has

implications for knowing the river salinity status which impacts water quality and river ecology.

Unlike exorheic basins in humid environments, the hydrology of rivers in endorheic basins in
arid environments is characterized by highly variable river flow and downriver water transmission
losses to groundwater and evapotranspiration. Yet, little is known on how the downriver
modifications of water and solutes modulates solute behavior at various temporal scales.
Understanding the spatial and temporal river solute dynamics across river basins requires
assessments of river discharge and solute concentrations with a temporal resolution adequate to
capture processes occurring at multiple locations across the basin. Hydrochemical investigations
utilize river discharge to constrain hydrologic controls on solute behavior in rivers (e.g., Evans and
Davies, 1998; Godsey et al., 2009; Moatar et al., 2017; Zhi et al., 2018; Oromeng et al., 2021).

However, there are many rivers that are ungauged, and those that are gauged may not be gauged
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at locations useful for experiments that investigate the spatial evolution of the hydrochemistry of
rivers. The lack of discharge measurements for many ungauged rivers and at select river segments
may be due to difficulties in defining river channel cross-sectional area and measuring flow
velocity. For example, measuring discharge in braided stream reaches and reaches with extensive
wetlands can be challenging, and thus will impact our ability to assess discharge related solute
behavior. A way to meet this challenge in studying discharged-based solute behavior is a
qualitative comparison, where relative water level changes at multiple river reaches can be
considered a proxy for discharge (supplementary Fig. 1). The water levels for each measured reach
are normalized and used as a relative indicator of discharge. The normalization can be tested by
comparing the solute behavior using normalized water levels with the solute behavior where river
discharge is measured along the river (supplementary Fig. 1). If the solute-discharge and solute-
normalized water levels relationships show similar temporal behavior, then the normalized water

levels can be used as a proxy for discharge in ungauged river segments.

Hydrochemical studies of solute behavior in rivers take into consideration both river discharge
and solute concentrations. The solute dynamics can be characterized using the total dissolved ions
(TDI) which are reflective of the gross river solute composition (e.g., Oromeng et al., 2021). TDI
concentrations can be measured by electronic meters and recorded and stored in data loggers at a
much higher frequency than can be measured manually. Thus, assessing the relationship between
solute concentrations as TDI and normalized water levels (C-NW.L relationship) at high frequency
during different flow regimes across a river basin will allow us to tease out salient solute behavior

patterns driven by variable processes.

We investigated the processes controlling the spatial and temporal solute behavior in the

Okavango River in northwestern Botswana. The Okavango River flows in an endorheic basin (the
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Okavango River Basin; hereafter referred to as the ORB). The ORB covers two climatic regimes
from a higher rainfall temperate region in Angola to the steppe middle Kalahari Desert in Botswana
(Ellery et al., 2003; Peel et al., 2007). Near the terminus of the ORB lies the Okavango Delta
(Delta). The Okavango River meanders extensively through a narrow valley of the Panhandle
region of the Delta before it disperses into a series of distributary channels on a large alluvial fan
forming the lower delta region. In the lower delta region, the river is mostly characterized by
braided flow through the Okavango Delta wetlands. The hydrology of the Delta is highly variable
and controlled by an annual flood pulse initiated by rains from the upper watershed in Angola and
by local rains (e.g., Wolski et al., 2005). The Delta and its wetlands are subjected to high
evapotranspiration (ET) rates which cause salt precipitation on floodplains and on the numerous
tree islands in the Delta wetlands (e.g., McCarthy et al., 1991, 1998; Gumbricht and McCarthy,
2003; Gumbricht et al., 2004, Akondi et al., 2019). Evapotranspiration also causes enrichment of
solutes in isolated wetland pools scattered across the Delta (e.g., Dincer et al., 1979). The role that
these solute stores (ie., floodplains, salt islands and isolated wetland pools) which are distributed

differentially across the Delta have on the Okavango River solute cycling is yet to be investigated.

Investigations of the solute behavior in the Okavango River in the Delta conducted at the
proximal portion of the Delta in Mohembo (Oromeng et al., 2021) and distal portion of the Delta
in Maun (Oromeng et al., 2021; Ramatlapeng et al., 2021) have suggested that hydrologic
connectivity between the Okavango River and solute stores in the local watershed and
evapotranspiration control the spatial and temporal river solute behavior. Although the Oromeng
et al. (2021) and Ramatlapeng et al. (2021) studies have provided insights on the role of hydrology
and evapotranspiration in controlling solute behavior at the inlet and outlet of the Delta, there is

still a lack of understanding of the processes driving the variations in river solute concentrations
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both in space and time for the nearly 450 km river distance between the Delta inlet and outlet (e.qg.,
Letshele et al, 2023). The Delta serves as an important source of potable water and food (fish,
water lily) to the riparian communities (Mosepele et al., 2006, 2009; Kgathi et al., 2006) and
therefore, studying the processes that may affect the solute behavior in the Delta is crucial for

water quality monitoring and ecological sustainability.

In this study, we made hourly measurements of TDI concentrations, water level, air
temperature and water temperature at 4 stations located spatially across the Delta. Our objectives
were to (1) document the spatial and temporal variations of solutes and (2) determine the processes
controlling variations in solute concentrations in the Okavango River. We used TDI concentrations
to characterize solute behavior and air temperature and water temperature to assess seasonality and
climatic controls on solute behavior in the river. We utilized normalized water levels to elucidate
the influence of hydrological changes on solute behavior. Monitoring hydrologic (water level),
hydrochemical (TDI concentrations) and climatic (water and air temperature) controls at a high
frequency allowed us to assess solute behavior dynamics occurring at seasonal and sub-seasonal
timescales across the Delta. The placement of one of our stations at the inlet of the Delta captured
solute transport and processes influenced by the upper headwater catchments. Localized chemical
transformation in the Delta which controls the solute dynamics that affect the Delta and its
wetlands was assessed for two stations within the Delta and a station at the river exit from the
Delta. The findings from our study provide insights on the hydrologic, climatic, and
geomorphological processes controlling the spatio-temporal solute behavior in Okavango Delta

and is applicable to other rivers in endorheic basins.
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2. The Okavango Delta

2.1. Location

The Delta lies near the terminus of the endorheic ORB. This study was conducted along the
Okavango River located between latitudes 18° and 21°S and longitudes 22° and 24°E in the
Okavango Delta in northwest Botswana (Fig. 1). The upper watershed of the ORB comprises the
Cubango and Cuito basins which are drained by the Cubango River and Cuito River, respectively,
and merge in Angola to form the Okavango River. The Okavango River enters the Delta in
Botswana at Mohembo and flows for ~450 km from the inlet to the outlet of the Delta in Maun.
The Delta consists of a Panhandle region and a lower delta region. The Panhandle of the Delta is
a ~6,000 km? valley through which the Okavango River meanders before branching out into
distributary channels forming the lower delta. The lower delta is an alluvial fan with a surface area
of ~22,000 km? (McCarthy et al., 1992) and lies in the Quaternary half-graben of the Okavango
Rift Zone (McCarthy et al., 1993; Modisi et al., 2000; Kinabo et al., 2007, 2008; Bufford et al.,
2012). The landscape of the Delta has been shaped by neotectonics, river sedimentation, formation
of channels, channel avulsion and wetland development (McCarthy and Ellery, 1994; McCarthy
et al., 1998). The topographical elevations vary from 1025 m where the Okavango River flows
into the Delta at Mohembo to 920 m in the Mababe Depression (Gumbricht et al., 2001). The
topography of the Delta is relatively flat (McCarthy et al., 1998; McCarthy, 2006) with gentle
undulations where the local relief rarely exceeds 2 m, except for areas with termite mounds and

islands (McCarthy et al., 1998; Gumbricht et al., 2001; McCarthy, 2006).

2.2. Geology

The Cubango and Cuito sub-basins in the upper ORB in Angola lie on the Precambrian Congo

Craton. The Cuito basin and southern part of the Cubango sub-basins are covered by the Karoo
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Supergroup sedimentary rocks, overlain by thick unconsolidated Kalahari sands, clays, lime rock
and lateritic layers of the Kalahari Superior Formation (Bereslawski, 1997; Catuneanu et al., 2005;
Jones, 2010). The headwater portion of the Cubango sub-basin is underlain by a crystalline

Precambrian bedrock comprising granite and dolerite (Bereslawski, 1997; Jones, 2010).

In the Okavango Delta, the bedrock geology is comprised of Precambrian crystalline rocks of
the Damara and Ghanzi-Chobe orogenic belt (Modie, 2000; Milzow et al., 2009). The surficial
geology consists of the Quaternary Kalahari alluvium and recent swamp sediments over- lying
105-175 m of lacustrine and fluvio-deltaic sediments (Ringrose et al., 2009). At the surface, the
sediments in the Okavango Delta are mostly sands with varying proportions of silt, clays, and
carbonates (Huntsman-Mapila et al., 2005). The surficial sediments originate from a mixture of
aeolian quartz, diagenetic carbonates and components of weathered Proterozoic granitoids and
mafic—ultramafic rocks exposed in the northwestern part of Botswana (Huntsman-Mapila et al.,

2005).

2.3. Climate

The climate of the ORB ranges from a temperate climate in the Angolan highlands to a steppe
arid Kalahari Desert in northwestern Botswana (Peel et al., 2007). The climate is characterized by
a wet season which spans from November to March and a dry season which spans from April to
October (McCarthy and Ellery, 1994; Milzow et al., 2009; Steudel et al., 2013). The mean annual
rainfall in the upper watershed is 1100 mm (Pombo et al., 2015). In the Delta, the mean annual
rainfall ranges between 455 and 490 mm (McCarthy et al., 2000). Temperatures in the upper ORB
range between 13 and 17 °C during the dry season and from 20 to 25 °C during the wet season
(Baumberg et al., 2014). The highest mean monthly maximum temperatures over the Delta ranges

between 32 and 35 °C during the wet season and the lowest mean monthly minimum temperatures
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range from 2 to 7 °C during the dry season (Moses and Gondwe, 2019). The Delta is subjected to
high temperatures with an estimated potential evapotranspiration of ~2172 mm/y which is 4 times
greater than the rainfall received in the Delta (Wilson and Dincer, 1976). Thus, evapotranspi-
ration has a profound effect on the water balance in the Delta and contributes to the development
and growth of the ~150,000 tree island complexes scattered across the Delta (Gumbricht and
McCarthy, 2003). The tree islands cover 5 % of the permanently flooded ecotone, 25 % of the
seasonal ecotone and 50 % of the occasionally flooded ecotone (Gumbricht et al., 2004; Humphries
et al., 2014). Evapoconcentration also causes enrichment of solutes in the numerous isolated
surface water pools scattered in the Delta’s seasonally and occasionally flooded eco- tones

(MccCarthy et al., 1998).

2.4. Hydrology

The Cuito and Cubango Rivers in the upper watershed in Angola contribute about 45 % and
55 9% of the discharge, respectively, to the Okavango River flowing through the Delta (Mendelsohn
and el Obeid, 2004). The hydrology of the Okavango River and Delta is primarily driven by an
annual flood derived from the highlands of Angola and by local rains. The mean annual inflow of
water from the upper watershed to the Delta is 9.2 x 10° m®/y and the seasonal rains contribute an
additional 6 x 10° m®y (McCarthy and Ellery, 1998; Merron, 1991). The annual flood pulse
reaches the inlet to the Delta in Mohembo be- tween February and May and gradually flows across
the Delta as a progressive wave to the outlet of the Delta in Maun for 4-6 months (McCarthy and
Metcalfe, 1990; McCarthy and Ellery, 1998). As the flood advances across the Delta, the area
inundated varies from an annual low of 4500-6000 km2 to an annual high of 9000-12,000 km2
(Ramberg and Wolski, 2008). Because the Kalahari sands in the Delta have relatively high

hydraulic conductivity (10-30 m/day) and porosity (30 %) (Obakeng and Gieske, 1997), the slow
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propagation of the flood wave is accompanied by groundwater recharge in the shallow unconfined
aquifer (McCarthy, 2006), making the Okavango River influent. The deepening of the groundwater
table away from the Okavango River and Delta wetlands is evidence for groundwater recharge by
the Okavango River (McCarthy et al., 1997; Ellery et al., 2003; McCarthy, 2006; Milzow et al.,

2009; Akondi et al., 2019).

The variable flooding in the Delta creates vegetation zonations (Mladenov et al., 2005; Wolski
et al., 2006). The Panhandle region is in the permanently flooded ecotone dominated by grass
(Miscanthus junceus), reeds (Phragmites australis) and giant sedges (Cyperus papyrus) (Ellery et
al., 2003) on the channel margins. Water depths average 1.5 m (Wilson and Dincer, 1976), average
river gradient is 1:5500 (Gumbricht et al., 2004), and the river flows at a velocity of 0.4-0.8 m/s
within the channel (Wolski et al., 2006). The lower delta has seasonally flooded and occasionally
flooded ecotones. The seasonally flooded ecotone is dominated by Cyperus papyrus and
Phragmites mauritianus and the occasionally flooded ecotone is dominated by Miscanthus junceus
(Ellery et al., 2003). In the lower delta, water depths generally decrease downriver and average 1
m (Wilson and Dincer, 1976). The Okavango River’s gradient in the lower delta averages 1:3,300

(Gumbricht et al., 2004) and the average river velocity is 0.01 m/s (Wolski et al., 2006).

3. Methods

3.1. Data collection

3.1.1. Water level, water temperature, river specific conductance, air temperature and

barometric pressure
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We deployed Solinst™ LTC (level, temperature, conductivity) leveloggers at the inlet to the
Delta in Mohembo (18°16’38.82" S, 21°47' 12.66" E), near the end of the Panhandle of the Delta
at Seronga (18°49' 19.38" S, 22°24' 52.62" E), in the lower delta at the Okavango Research Institute
(ORI) Island (19°32' 53.40"” S, 23°10' 40.68" E) and at the outlet of the Delta in Maun (20°0" 18.14"
S, 23°25" 34.40" E) (Fig. 1). Prior to deploying the Solinst™ LTC leveloggers in the river, we
gently cleaned the conductivity cell and sensor pins using soft Q-tips and per- formed conductivity
calibration on the leveloggers according to Solinst™’s instructions to ensure accurate readings.
The Solinst™ LTC leveloggers are equipped with sensors which record river water level (m),
water temperature (°C) and specific conductance (SC; uS/cm). The water level sensor of the
Solinst™ LTC has an automatic temperature compensation for normalization. The sensor records
water level with an accuracy of 0.1 % percentage of full scale and a temperature compensation
range from 10 °C to 40 °C. The 4-electrode conductivity sensor of the Solinst™ LTC has a
resolution of 1 uS/cm with the ability to measure on a full range of 0 to 80,000 uS/cm. The

conductivity sensor can operate in water temperatures ranging from -20 °C to 80 °C.

We also deployed Solinst™ barologgers at the Mohembo, Seronga, ORI Island and Maun
stations. The Solinst™ barologgers record air temperature (°C) and were programmed to record
and convert barometric pressure to equivalent water level (m) using a conversion factor of
0.101972 m/kPa. The accuracy of the air temperature sensor is £0.05 °C with a resolution of 0.003
°C, whilst the accuracy of the barologger pressure sensor is 0.05 kPa. The Solinst™ LTC
barologgers were set to an altitude of 1006 m above sea level (a.s.l) for the Mohembo and Seronga

stations, 0 m a.s.l for the ORI Island station and 929 m a.s.| for the Maun station.

At each of the 4 stations, the levelogger was deployed in the water column in a perforated PVC

tube and the barologger was deployed in the same PVC tube above the surface of the water. The
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perforated tubes allowed for free flow of water to the leveloggers and air to the barologgers, while
also providing protection to the dataloggers from external interferences like curious wildlife and
people. The perforated tubes were strategically placed in locations along the river where there
would be little to no external interferences. The leveloggers and barologgers were set to collect
data in a linear sampling mode at hourly intervals and data was collected from July 2010 to July

2012.

Upon completion of the monitoring, the leveloggers were examined for presence of biofilm on
the sensor surfaces to ensure that the recorded readings were accurate. We found that there was no
biofilm and coatings on the sensors. As part of our data quality control for missing data in our
long-term monitoring, data correction was performed using the regression imputation method
where the regression equation of the variables of interest is employed instead of data removal or
data smoothing. For instance, attempts to remove the barologger from the PVC casing by unknown
individual(s) failed. However, the cord holding the barologger was cut in that attempt and the
barologger fell to the bottom of the tube and was immersed in river, thus it did not record the air
temperature. Missing air temperature values (n=11,291) from Seronga were corrected using a
regression equation of the relationship between the air temperature at the Seronga station and that
of Mohembo station (Seronga air temperature = (0.57*Mohembo air temperature) + 9.97, R? =

0.45, n = 15,080)
3.1.2 Monthly rainfall

In the upper Delta, we selected the Shakawe weather station to represent rainfall in the
Panhandle of the Delta covering the Mohembo and Seronga stations. We selected the Okavango

Research Institute (ORI) weather station to represent rainfall for the lower delta covering ORI
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Island and Maun. Monthly rainfall data for the Shakawe and ORI weather stations were obtained

from the archives of ORI (https://o kavangodata.ub.bw/ori/monitoring/water/).

3.2. Data analyses

3.2.1. Total dissolved ions (TDI) estimates

The total dissolved ions (mg/L) were estimated from the specific conductance (uS/cm)
measurements recorded by leveloggers at the 4 stations (e.g., Oromeng et al., 2021). The
relationship between TDI and SC was established based on the assumption that TDI represents all
the electrically conductive ionic species in river water (Lloyd and Heath- cote, 1985). The TDI
was estimated using a linear regression equation developed from the relationship between SC and

TDI for 57 measurements across the Delta (Oromeng et al., 2021; Atekwana, unpublished):
TDI = (0.65*SC) + 0.38 1)

where TDI is the total dissolved ions, 0.65 is the slope of the linear regression, 0.38 is the y-

intercept and SC is the specific conductance.

3.2.2. Normalization of river levels

River water levels from the leveloggers were corrected for barometric pressure changes by
subtracting the time equivalent barometric pressure values recorded by the barologger. After
compensating for barometric pressure changes, we normalized water levels using the Min-Max

normalization method (Dawam and Ku-Mahamud, 2019) given by:

NWL = (WL| — WLmin)/WLmaX — WLmin) (2)

where NWL is the normalized water level, WL, is the instantaneous water level at any time of
interest, WLmin is the minimum water level and WLmax is the highest water level measured for
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either the rising or receding limbs of an annual discharge hydrograph. For the data with incomplete
water level measurements (i.e., unknown highest water level value) for periods where discharge
was measured, we used the highest river discharge from data from the archives of ORI discharge
database during that time frame to determine the corresponding water level value using the
following equations developed for the Mohembo (Eqn. (3)) and the Maun (Eqgn. (4)) discharge

measuring stations:

Log discharge = 1.5574(log water level) + 1.9071 3)

Log discharge = 2.7623(log water level) + 0.4572 4)

3.2.3. Concentration-normalized water level analysis

Concentration (TDI concentrations) data were log-transformed before developing the
concentration-normalized water level (C-NWL) relationships. C-NWL matrix of linear slope ()
of the log C-normalized water level regression was derived from log-transformed TDI
concentrations and normalized water level following methods from previous studies (Godsey et
al., 2009; Musolff et al., 2015; Thompson et al., 2011) which utilized log discharge instead of
normalized water level. The B was derived from the best-fit equation of the linear regression of
Log C vs normalized water level. In this case, the C-NWL relationships are defined by a power

law function:

C = oNWLp ®)

where C is the instantaneous TDI concentration and NWL is the corresponding normalized
water level. The intercept (o) and the slope (B) of the power law are derived from the linear
regressions of log C vs normalized water level. A slope (B) near zero indicate little to no changes
in concentration despite high variability in water levels (Chemostatic behavior), a slope < 0 depicts
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solute dilution and slope > 0 depicts solute enrichment (Basu et al., 2011; Clow and Mast, 2010;
Godsey et al., 2009). The slope (B) values were estimated on a daily timescale using the hourly
measurements for every 24 h, under the assumption that this is an adequate frequency to capture

the temporal changes in solute concentrations and solute transport regimes (Oromeng et al., 2021).

The statistical analysis of the C-NWL data was performed in Micro soft Excel™ and R studio.

4. Results

4.1. Summary statistics

The temporal measurements of TDI concentrations, air temperature, water temperature,
monthly rainfall amount and water levels from the Mohembo, Seronga, ORI Island and Maun
stations are presented in Supplementary Table 1. The summary statistics of the TDI concentrations,
air temperature, water temperature, monthly rainfall amount and normalized water levels are

presented in Table 1.

4.2. Spatial and temporal variations in TDI concentrations

The TDI concentrations increase across the 4 stations (Mohembo, Seronga, ORI Island and
Maun) in the downriver direction (Fig. 2a, b, ¢ and d; Fig. 3a). The TDI concentrations in the
Panhandle of the Delta at Mohembo station ranged between 6 and 84 mg/L with a mean of 17 +
11 mg/L (Table 1), while at the Seronga station, the TDI concentrations ranged from 11 to 71 mg/L
with a mean of 27 £ 13 mg/L (Table 1). In the lower delta at ORI Island, the TDI concentrations
ranged between 28 and 61 mg/L, with a mean of 47 + 8 mg/L and between 40 and 97 mg/L with a

mean of 71 + 9 mg/L at the Maun station (Table 1).
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At a temporal scale, the TDI concentrations from the 4 stations showed distinct interannual,
seasonal and sub-seasonal (monthly, weekly, and daily) variations (Fig. 2a, b, ¢ and d). At an
interannual scale, the TDI concentrations were generally lower in 2011 compared to 2010 and
2012. At the seasonal scale, the TDI concentrations in Mohembo increased continuously from July
to January, which was followed by a sudden decrease to low TDI concentrations from February to
July (Fig. 2a). The six-month long period of low TDI concentrations was characterized by two
prominent TDI concentration peaks in September and January, followed by a general decrease in
TDI concentrations to the next seasonal cycle. In Seronga, we observed a continuous increase in
TDI concentrations from August to December followed by a continuous decrease to lower
concentration spanning January to August (Fig. 2b). During the period of lower TDI
concentrations, we observed a sub-peak in TDI concentrations in June. In the lower Delta at ORI
Island, the TDI concentrations increased from September to peak concentrations in November,
followed by a slight decrease in TDI concentrations from December to March, then increased to
May before decreasing markedly to the lowest TDI concentrations in August (Fig. 2¢). In Maun,
the seasonal TDI concentrations showed peaks in October and January and the TDI concentrations

were lower in February and June (Fig. 2d).

The sub-seasonal behavior of the TDI concentrations varied downriver (Fig. 2a, b, c and d). At
the Mohembo station, we observe higher frequency variation in the TDI concentration peaks
between June and January and very little concentration fluctuation during the period of low TDI
concentrations (Fig. 2a). At the Seronga station, there are more sub-seasonal changes in the TDI
concentrations near the TDI concentration peaks which make these peaks much broader compared

to those observed at the Mohembo station. At the ORI station, the sub-seasonal concentration
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changes are small. In Maun, the sub-seasonal TDI concentrations showed much higher frequency

and were much broader near the peak TDI concentrations.

4.3. Spatial and temporal variations in air temperature and water temperature

In Mohembo, the air temperature ranged between 0.5 and 46 °C, with a mean of 23 + 7 °C,
while the water temperature ranged from 14 to 31 °C, with a mean of 24 = 4 °C (Table 1). In
Seronga, the air temperature ranged between 6 and 41 °C, with a mean of 23 £+ 6 °C, while the
water temperature ranged from 14 to 30 °C, with a mean of 23 + 4 °C (Table 1). The air
temperatures at ORI Island ranged between 6 and 39 °C with a mean of 23 + 7 °C, while the water
temperature ranged from 15 to 29 °C with a mean of 24 = 3 °C (Table 1). In Maun, air temperatures
ranged between 2 and 43 °C with a mean of 23 £+ 7 °C, while water temperature ranged from 13 to
31 °C with a mean of 24 *+ 4 °C (Table 1). Higher air temperatures (Fig. 2e, f, g and h) and water
temperatures (Fig. 2i, j, k and 1) were observed during the rainy season between September and
April and lower air temperatures and water temperatures were observed during the dry season

between May and August.

There is little spatial variability in the air and water temperatures across the Okavango Delta
as observed at the Mohembo, Seronga, ORI Island and Maun stations (Fig. 3b and c). We observed
similar annual, seasonal, and sub-seasonal patterns in air temperatures (Fig. 2e, f, g and h) and
water temperatures (Fig. 2i, j, k and 1) across the Okavango Delta. The sub-seasonal range in air

temperature is much greater than water temperatures.

4.4. Spatial and temporal variations in monthly rain and normalized water levels

4.4.1. Temporal monthly rainfall
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The rainy season in the Okavango Delta spanned November to May (Fig. 2m, n, o and p). The
dry season spanned June to September. At Mohembo and Seronga, the monthly rainfall ranged
from 0 to 143 mm, with a mean of 38 + 49 mm (Table 1). Peak monthly rainfall occurred in
January. In the lower delta, monthly rainfall at ORI Island and Maun ranged from 0 to 213 mm,
with a mean of 40 £ 63 mm (Table 1). Monthly rainfall peaked at 213 mm in December 2010.
Peak rainfall in the Okavango Delta (Fig. 2m, n, o, and p) is out of phase with peak discharge (Fig.

2q, r, s and t).

4.4.2. Normalized water level

The relationships between solute concentrations and normalized water levels (C-NWL) at the
inlet station at Mohembo and at the Delta outlet station in Maun show similar behavior to the
relationships observed between solute concentrations and river discharge (C-Q) in the Oromeng et
al. (2021) study (supplementary Fig. 2 and 3), indicating that normalized water levels provide good
qualitative characterization of hydrologic controls on solute concentrations as river discharge
changes. In the Panhandle of the Delta, the normalized water level hydrograph at Mohembo
showed rising water levels beginning in November and peaking in May, with sub-peaks occurring
in February and April (Fig. 2q). The rising water levels are then followed by a 6- month long
recession from June to November, before water levels begin to rise steadily during the next
hydrologic year (Fig. 2q). The water level hydrograph in Seronga mimics that of Mohembo and is
characterized by a steady increase in water levels from January to May. The rising limb of the
hydrograph showed a sub-peak in February (Fig. 2r). The rising water levels are then followed by
a 7-month long recession spanning June to December before water levels began to rise steadily

marking the beginning of the next flooding cycle (Fig. 2r).
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In the lower delta at ORI Island, the hydrograph showed that normalized water levels began
increasing in January and peaking in June with minor sub-peaks observed in January (Fig. 2s). The
hydro- graph recession spanned July to December (Fig. 2s). The normalized water level
hydrograph at Maun showed rising water levels beginning in March and peaking in August with
occurrence of a sub-peak in January (Fig. 2t). The peak water levels were followed by decreasing

water levels from July to February with a sub-peak in January (Fig. 2t).

5. Discussion
5.1. Spatial and temporal shifts in the river solute concentrations

The results of our investigation of the spatial and temporal changes of the solute concentrations
in the Okavango River show downriver enrichment in the TDI concentrations across the Delta
(e.g., Fig. 3a) and seasonal and sub-seasonal shifts in solute concentrations observed at the
different monitoring stations across the Delta (Fig. 2a, b, ¢, and d). The spatial and temporal
variability in river solute concentrations can be linked to two main processes: (1) climate driven
evapotranspiration (ET) characterized by seasonality and (2) sub-seasonal scale hydrologically
driven differential solute transfer from the local watershed into the river which is superimposed on

the seasonal ET-driven response.

5.2. ET as the persistent driver of the downriver solute increase across the Okavango Delta

The average TDI concentrations progressively increase downriver at a rate of 0.11 mg/L per
km based on the linear regression model (mean TDI = (0.11 x distance) + 12.25; R? = 0.89) of TDI
concentrations vs. distance from the Mohembo station to the Maun station (Fig. 3a). Alternatively,
we could fit the data with an exponential model and obtain a similar TDI concentration change

rate of 0.1 mg/L per km. The mean annual air temperatures do not differ much for the different
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stations across the Delta (Fig. 3b), indicating that the local weather conditions were identical across
the Delta. Similarly, the mean annual water temperatures do not differ much for the different
stations across the Delta (Fig. 3c), indicating that there were no differences in the river water
temperature across the Delta. Thus, the downriver increase in the solute concentrations is attributed
to ET-driven progressive evapoconcentration (e.g., Sawula and Martins, 1991; McCarthy et al.,
1993; Akoko et al., 2013; Atekwana et al., 2016; Mosimane et al., 2017; Mogobe et al., 2018;
Oromeng et al., 2021; Letshele et al., 2023), consistent with the 5 months river transit time the
flood peak took to travel the ~450 km from the proximal portion of the Delta in Mohembo to the
distal portion of the Delta in Maun. The standard deviations from the annual mean TDI
concentrations for each of the stations on the linear regression model (Fig. 3a) speak to additional

non-evaporative processes causing changes in the river solute concentrations.

On a temporal scale, the effects of ET on TDI concentrations should correspond to seasonality
where solute concentration enrichment should be observed during the hot rainy season when ET
rates are higher. However, seasonal TDI concentration peaks observed at the 4 stations across the
Delta (Fig. 2a, b, ¢, and d) do not always coincide with peak seasonal high air temperatures (Fig.
2e, f, g, h) and seasonal high water temperatures (Fig. 2i, j, k and I). The poor correspondence of
the seasonal and sub-seasonal peaks in the TDI concentrations and water temperatures can be used
to argue that other processes besides ET play a role in controlling the temporal solute chemistry

of the Okavango River.

5.3. Hydrologically driven modifications of the solute behavior in the Okavango River

Our results of the spatial and temporal variations in the TDI concentrations in the Okavango
River (e.g., Fig. 2a, b, c and d and Fig. 3a) show spatial and temporal heterogeneity evident in the

distinct signatures of both dilution and solute enrichment across our stations. Spatial and temporal
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variations in TDI concentrations can be linked to specific hydrological processes (e.g., Boyer et
al., 1997; Ahearn et al., 2004; Dalzell et al., 2007; Liu et al., 2008; Geeraert et al., 2017; Herndon
et al., 2018; Rose et al., 2018; Duvert et al., 2020) developing over the large spatial scale of the
Delta. The hydrology of the Okavango River is controlled by an annual flood pulse from the upper
watershed in Angola which contributes a mean annual inflow of 9.2 x 10° m®/y to the Delta and
by seasonal rains which contribute an additional 6 x 10° m®/y to the Delta’s hydrology (McCarthy
and Ellery, 1998; Merron, 1991). Thus, if hydrology drives the temporal perturbations in the river
solute behavior, we should observe modifications in the solute concentrations from the pulse
flooding spanning March to September (Fig. 2q, r, s and t) and from local rains which span
November through March (Fig. 2m, n, o and p). The addition of “fresh” water with low salinity or
low dissolved solutes from the annual pulse flooding and seasonal rains is expected to induce
dilution in the river solute concentrations (e.g., Ahearn et al., 2004; Herndon et al., 2018; Rose et
al., 2018). To understand the role of the pulse flooding and rains in driving the seasonal and sub-
seasonal perturbations in the river solute behavior, we utilized the temporal slopes () of the
relationship between solute concentrations and normalized water levels as a determinant of
whether increases in water levels cause solute enrichment or dilution (Godsey et al., 2009; Musolff
et al., 2015; Thompson et al., 2011). In addition, we assessed the relationship between solute
concentrations and normalized water levels (C- NWL relationship) to get additional insights on
discharge timing and solute delivery into the river. We observed that the behavior of solutes was
similar during different rising and receding limbs, indicating that similar processes control the

solute behavior regardless of the timing of the hydrologic event (Figs. 4, 5, 6 and 7).
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5.3.1. Hydrologic controls on the TDI concentration variations in the upper watershed above

the Delta

The normalized water level (NWL) hydrographs at our stations are color differentiated based
on the rising and falling limbs over time. We show the NWL hydrograph for the Mohembo station
(Fig. 4a), the temporal TDI concentrations (Fig. 4b), the temporal slopes (B) (Fig. 4c) and the C-
NWL relationships (Fig. 4d) for the rising and falling limbs of the NWL hydrographs. The changes
in the TDI concentrations at the Mohembo station are reflective of solute behavior controlled by
processes occurring in the upper watershed in Namibia and Angola. The upper watershed above
the Mohembo station where all the river flow is sourced from Cubango and Cuito Rivers is
dominated by a temperate climate (Peel et al., 2007). Groundwater influx into the river at baseflow
(Steudel et al., 2013) causes solute enrichment during low flow conditions in the Okavango River
as reflected by the temporal increases in the TDI concentrations (Fig. 4b) and in slope values of
>0 (Fig. 4c) at low flow (October to January). The solute enrichment occurring at low flow could
also be attributed to wet season storage of floodwaters in the vast floodplains of the Cubango and
Cuito Rivers which is released into the river during the dry season (Steudel et al., 2013). The
increasing river solute concentrations are also observed on the C-NWL relationships at low flow
to ~0.5 NWL during the rising limb of the hydrograph and from ~0.5 NWL to low flow on the
receding limb of the hydrograph (Fig. 4d). These observed enrichment episodes at low flow are
attenuated by two dilution episodes occurring mid-flow (~0.5 NWL; Fig. 4d) in the rising limb of
the discharge hydrograph (February; Fig. 4b) and 0.7 to 0.5 NWL (Fig. 4d) during the falling limb
of the discharge hydrograph (May; Fig. 4b). The dilution of TDI concentrations back to baseline
solute concentrations between mid-flow and peak flow can be attributed to the supply of runoff
from the Cuito and Cubango sub-watersheds in the form of the annual flooding.
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5.3.2. Hydrologic controls on the TDI concentration variations in the Panhandle region of the
Delta

The variations of the TDI concentrations relative to normalized water levels at the Seronga
station (Fig. 5) capture the solute concentration modifications within the Panhandle portion of the
Delta. The NWL hydrograph for Seronga (Fig. 5a), the temporal TDI concentrations (Fig. 5b), the
temporal slopes (B) (Fig. 5¢) and the C-NWL relationships (Fig. 5d) for the rising and falling limbs
of the NWL hydrograph are also shown. Unlike at Mohembo, the arrival of the flood pulse at
Seronga induces solute dilution during the rising limb of the hydrograph (Fig. 5¢ and d) as the
previously increasing TDI concentrations with decreasing water levels sharply decreases. As the
flood recedes, water enriched in solutes drains into the river with decreasing water levels,
evidenced by the temporal slopes with B > 0 (Fig. 5¢) during flood recession (October to January)
and the solute enrichment between 0.3 NWL to low flow from C-NWL relationships (Fig. 5d).
The river water with enriched solutes could be from the drainage of the riparian swamps, delivering
dissolved salts sourced from the tree islands and isolated wetland pools in the panhandle to the
river as the flood recedes. This explanation is consistent with solute (particularly carbon) delivery

into the river in the panhandle during flow recession captured in the Akoko et al. (2013) study.

5.3.3. Hydrologic controls on the TDI concentration variations in the lower delta region

For the ORI Island station, we show the NWL hydrograph (Fig. 6a), the temporal TDI
concentrations (Fig. 6b), the temporal slopes (B) (Fig. 6¢) and the C-NW.L relationships (Fig. 6d)
for the rising and falling limbs of the NWL hydrograph. We observe minimal solute response in
the river at the ORI island station compared to the Mohembo and Seronga stations as reflected in
the temporal slopes plot where f = ~0 (Fig. 6¢) and where the TDI concentrations are nearly

constant from 0.4 NWL to peak flow (Fig. 6d). However, the TDI concentrations slightly increase
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from ~0.4 NWL to low flow on the falling limbs (Fig. 5d). The relatively small change in the solute
concentration in the river in this reach where the wetlands are seasonally flooded (Mladenov et al.,
2005; Wolski et al., 2006) is indicative of a more homogeneous solute reservoir feeding the river.
As river water flows from the confined panhandle to the upper portion of the lower delta, it spreads
out into a distributary system. Thus, the minimal change in the solute concentrations as the flood
pulse advances and recedes may be because the absolute amount of new water delivered to this
portion of the Boro River that flows through the ORI station is a small fraction of the discharge of
the Okavango River flowing through the Panhandle. We note that there is a slight decrease in the
TDI concentrations in the lower delta during the rainy season (December-February) from low
water to about 0.4 NWL during the rising limbs (Fig. 6b and d). The annual flood pulse causes a
marked decrease in the TDI concentrations from May to November and between NWL of 0.7 and
peak discharge on the rising limb and from peak discharge to 0.4 NWL on the receding limb of
the NWL hydrograph. Nevertheless, it appears that the amount of new river water from the annual
pulse flooding and seasonal rains cause only limited mixing and dilution of solutes in the river,
and that the temporal slopes of ~0 (Fig. 6¢) indicate a similar solute source. Alternatively, we
hypothesize that the river water flow from the panhandle (confined flow with transverse width of
~12 km) spreads across a much larger portion of the wetland (transverse width of >150 km for
distributaries) (Tooth and McCarthy, 2004) in the lower delta. In this scenario, water in the river
is a much smaller component compared to water in the wetland that interacts with the river. In
addition, since the river near the ORI Island station is close to a tree island, the minimal change in
the solute concentrations may be due to the unidirectional ET-driven water flow to- wards the tree

island (e.g., McCarthy et al., 1991; Mladenov et al., 2014; Ramberg and Wolski, 2008) which
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results in little to no solute transfer from the floodplains into the river along this river reach and

similar reaches.

5.3.4. Hydrologic controls on the TDI concentration variations at the outlet of the delta

For the Maun station, we show the NWL hydrograph (Fig. 7a), the temporal TDI
concentrations (Fig. 7b), the temporal slopes (B) (Fig. 7¢) and the C-NWL relationships (Fig. 7d)
for the rising and falling limbs of the hydrograph. At Maun, the river is confined and thus, the
water that spread-out from the distributary system and over a much broader wetland area in the
lower delta region at the ORI Island reach is channeled through a narrow (~30-100 m width)
channel. We observe mostly a dilution-driven solute response in the river characterized by slope
values of f < 0 during flow recession from July November (Fig. 7c). The decreases in the TDI
concentrations are observed from ~0.8 NWL to peak flow (Fig. 7d). It is evident that the change
in the river morphology and therefore the river water-wetland interaction between the lower delta
and the Delta outlet plays a significant role in the differences in the solute response in the lower
delta at the ORI Island and the outlet of the Delta in Maun. The river channel at the outlet in Maun
is basically a collection system because the river at this location has relatively limited interaction
with wetlands compared to the river at the ORI station (Fig. 1). At the Maun station, the TDI
concentrations increase during flood recession from July to November and show greater variability
compared to the flood recession from October to February or during the flood rise from February
to June (Fig. 7b). Although the TDI concentrations (Fig. 7b) increase during the flood recession
(Fig. 7a), the slopes are < 0 and indicate a source of water with lower solute concentrations
consistent with dilution during this period (Fig. 7¢). Additionally, the effect of seasonal rains is
observable in the hydrograph from December to March (Fig. 7a) accompanied by TDI

concentration decreases (Fig. 7b), yet the slope values (p ~ 0) indicate no change in solute source
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(7c). The C-NWL is relatively flat from 0.4 NWL to low flow (Fig. 7d). It therefore appears that
during the rainy season, the falling rains which may have interacted with the solute reservoirs in
the Delta wetland (precipitates on the floodplain and on the islands and the isolated evaporated
wetland pools) and the broader watershed may not have transferred enough solutes into the river
to cause significant enrichment in the river solutes. Alternatively, since our monitoring period was
during the transition from the drought and flood period, the Delta was significantly flooded, and
several intermittent channels flowed after >15 y of no-flow. Therefore, the dilution response in the
Okavango River at the outlet may be due to the contribution of additional fresh water from the

newly flowing channels in the lower delta.

5.4. Implications of the variable solute responses across endorheic basins

Our results show spatial and temporal heterogeneity in the river solute response driven by
hydrologic processes, ET and the changing river morphology across the endorheic Okavango River
Basin. Our findings demonstrate that in endorheic basins where river flow is highly variable and
ET rates are high, water movement and solute processing in rivers are strongly governed by
hydrology and ET which causes salt accumulation on the basin surface (Yapiyev et al., 2017) and
evapoconcentration of solutes in the river and in wetlands. In addition, the diverse morphology of
rivers draining endorheic basins modifies river flow and solute behavior across the basin and
typically transitions from (1) channel systems in the headwaters originating from mountains or
highlands (e.g., Upper Okavango River Basin; Fig. 8), to (2) a well- defined and confined channel
dominated by advective transport (Panhandle; Fig. 8) then (3) a dispersal system forming a lower
delta area (Lower delta region; Fig. 8) and (4) an outlet channel (Delta outlet; Fig. 8) through
which water is exported from the delta area to a terminal lake (e.g., Lake Ngami). Similar to the

Okavango River, several other river systems in endorheic basins exhibit changing river
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morphology, for instance, the Helmand River drains the transboundary endorheic Helmand basin
occupying parts of Afghanistan, Pakistan and Iran. The Helmand River transitions from the upper
delta in the headwaters to the lower delta comprised of wetlands then flow towards the lowest part
ending in a hypersaline lake named Gowd-e-Zareh (Vekerdy et al., 2006; Yapiyev et al., 2017).
This diverse morphology of rivers in endorheic basins that modifies water flow and solute transport
has implications for the characterization of spatial solute dynamics, the design of water quality

monitoring regimes and water management decision making across endorheic basins.

The upper watershed section (segment 1; Fig. 8) is characterized by variable solute responses
in the channel system driven by episodic solute enrichment from river connectivity to groundwater
and river-floodplain interaction involving the release of solute enriched water “packages” from
floodplains into the river during low flow, and dilution from flooding at high flow. Unlike the
upper watershed, the lower watershed area hosting segments 2, 3 and 4 (Fig. 8) are characterized
by groundwater recharge by the river and solute enrichment from river interaction with solute
stores in the local watershed. The difference in the river- groundwater-wetland interaction between
the upper watershed and lower watershed area is typical of river basins transcending different
climatic conditions. For instance, the Okavango River Basin spans from temperate climate in the
upper watershed to semi-arid climate within the lower watershed area and thus, providing
interesting insights on the hydrologic controls of solute behavior in settings with both effluent and

influent rivers draining an endorheic basin.

The water exiting the upper watershed flows within a well-defined and confined channel in the
middle section of the basin (segment 2; Fig. 8) which transports solutes to the lower delta area.
Owing to the channel confinement and associated faster flow, the flowing water in the channel has

a shorter residence time resulting mostly in advection dominating over the effects of ET in the
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river channel. In this river segment, the river interacts with riparian swamps which drain solute
enriched water into the river at low flow and flooding induces dilution in the river at high flow.
The solute responses in the middle segment of basins are crucial for determining solute cycling
and solute transport rates in faster flowing confined channels with episodic solute input from

riparian wetlands.

Upon reaching the terminus of an endorheic basin, the river spreads out into distributary
channels forming the lower delta region (segment 3, Fig. 8). The lower delta is dominated by
dispersive transport of water and solutes (Gooseff et al., 2008) which allows for extensive river-
floodplain-wetland-island interaction. Due to the water dispersion in the lower delta, water depths
are shallow and river flow is slower (Gooseff et al., 2008), thereby increasing the residence time
of water in the lower delta which predisposes the water to pronounced effects of ET in endorheic
basins. Although one would expect high solute variability in the lower delta area from river-
floodplain-wetland-island interaction and ET, the occurrence of location specific solute response
of minimal solute variability can be observed in the distributary channels depending on the amount
of water and solutes delivered from the upper delta to the different river reaches in the lower delta
area and the extent of river-floodplain-wetland-island interaction along the river reaches. The
location specific solute responses in the lower delta region of endorheic basins have implications
for constraining solute behavior in lower delta areas as it may be highly variable both in space and

time.

The outlet of the delta area (segment 4, Fig. 8) acts as a collection system where water exported
out of the delta area is channeled through a narrow river channel. The solute dynamics at the delta
outlet is dependent on the solute concentrations of the exported water from the lower delta such

that if the water from the lower delta region did not accumulate solutes to cause significant solute
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enrichment in the river, the outlet will show a dilution-driven response. Thus, the delta outlet is a
good point to monitor solute load and outflux from the delta area of endorheic basins which has
implications for quantifying salt contribution of inland deltas to downstream lakes and salt pans.
The variable solute responses in the different segments of a river in an endorheic basin show that
river systems in endorheic basins can be complex and it may be misleading to describe them as

single hydrochemical response river systems.

The river connectivity to solute stores (salt precipitates and isolated wetland pools) in the local
watershed (e.g., Covino, 2017) observed across the different segments of the river geometry mostly
at lower flow (e.g., Figs. 4, 6 and 7) highlights the existence of hydro-geochemical “hot moments”
created by hydrology and “hotspots” within flood- plains, salt islands and isolated wetland pools
in endorheic basins. The hot moments in rivers in endorheic basins are characterized by solute
enrichments occurring mostly at low flow which are attenuated to baseline river chemistry by pulse
flooding and storm events. We propose that the “hydrologic reset” of hot moments in the river to
baseline river chemistry helps maintain the surface water resources fresh in endorheic basins by
diluting river solutes and evapoconcentrated solutes in wetland water, and by facilitating the
“flushing” of solutes out of the delta area via “Hydrologic solute flushing”, as suggested for the
Okavango Delta by Ramatlapeng et al. (2021). Under the ongoing climate change which is
projected to significantly affect river inflow by reducing precipitation, while simultaneously
increasing ET in endorheic basins such as the Okavango River Basin (Milzow et al. 2010), the
main mechanisms (ie., hydrologic reset in the river and hydrologic solute flushing from the Delta)
maintaining surface waters fresh are under great threat. The projected increasing aridity in most
endorheic basins will impact the hydrochemical status of the rivers by enhancing salinization and

thereby affecting the river’s ecological functioning and water quality status.
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6. Conclusions

A high frequency time series investigation of solutes conducted in the Okavango River across
the Okavango Delta in the middle Kalahari Desert in Botswana showed marked spatial and
temporal variability in solute concentrations. The variations in river solute concentrations are
controlled by two main processes that modify solute behavior: (1) sea sonal climate driven
evapotranspiration (ET) and (2) hydrologically driven differential solute transfer from the local
wetlands into the Okavango River. At the spatial scale, ET causes progressive downriver
enrichment in TDI concentrations at 0.1 mg/L per km of river flow. At a temporal scale, the TDI
concentrations increase from evapoconcentration during the hot rainy season and decrease from
an annual pulse flooding. Additionally, superimposed on the seasonal solute behavior are sub-
seasonal solute transfer from the floodplains, salt islands and isolated evaporated wetland pools
initiated by hydrologic piston flow during rising flooding and drainage into the river during flood
recession. The influx of solutes into the river by pulse flooding helps maintain the Delta in pristine
freshwater conditions by facilitating solute “flushing” and export out of the Delta. Our findings
indicate that the temporal hydrology, river connectivity to solute stores in the local watershed and
evapotranspiration jointly control the solute behavior at variable spatial and temporal scales in
rivers in arid watersheds, and that concentration-normalized water levels (C-NWL) relationships
constructed from high resolution time series data are useful in characterizing solute dynamics in

ungauged rivers in arid watersheds.
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7. Figures
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Figure 1: Map of the Okavango Delta, showing the Panhandle, the lower delta region, seasonal
and permanent rivers and some islands (Modified from Ellery et al., 2003). The monitoring stations
used in this study are shown as filled black circles. The insert shows the location of the Okavango

Delta in Africa and the Okavango River Basin (Modified from Kgathi et al., 2006).

101



528383

TDI
(mglL)

20 A

o

Air temperature
(°C)
80238888

Monthly Rain Water
(mm) temperature (°C)
3 @ S 9 - oW
© © © © O o

a
o

Normalized water
level (m)

o o000
o N & O

1(b)

§

g

o
n

o
I

o =
® o o

LGN I N G PR N ZR P N RN G |

Tr rrrrrrrrrr

LI E BN BN S B B B B H B |

|(h)

Tr rrr 1111117

(U

LI B B N B BN N B B N B

LI B B B B B B N B B B |

LU B B N I B S H B B N |

|(m)

|(n)

(p)

air
temperature (e, f, g and h), water temperature (i, j, k and 1), monthly rain (m, n, o and p) and
normalized water levels (g, r, s and t) measured from the Mohembo, Seronga, ORI Island and

Maun stations along the Okavango River.

102



© Mohembo  (a) y=0.11x+12.25
| ® seronga R*=0.89

80 ® ORIl Island

® Maun

Average TDI
(mg/L)

(b) y =0.00x + 22.77
R*=0.04

w
o
1

Average air
temperature (°C)
S
‘@
)
|}
I
|
|
|
|
|
|
I
|
|
|
|
|
»—‘—c
|
|
I
|
|
|
|
I
|
|
|
|
|
I
I
|
o—,—c
I
|
|
|
|

-
o
1

o

H
(=]

(c) y = 0.00x + 23.30
R*=0.33

w
o
1

Average water
temperature (°C)
- N
o o
1 1 ’

|
|
|
|
1}
|
|
|
I
I
|
|
|
|
|
|
|
|
|
)
I
I
I
I
|
I
|
|
:
|
|
|
|
|
|
|

o

50 100 150 200 250 300 350 400 450 500
Distance (km)

Figure 3: Plots of river distance vs the average total dissolved ions (TDI) concentrations (a), air
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temperature (b) and water temperature (c) measured from the Mohembo, Seronga, ORI Island and

Maun stations along the Okavango River.
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Figure 4: Normalized water level hydrograph (a) at the Mohembo station, color differentiated
based on rising and receding water levels. Also shown are the temporal plots of the total dissolved
ions (TDI) concentrations (b) and the slopes of the relationship between TDI concentrations and
normalized water level (c), and the relationship between normalized water level and Log TDI

concentrations during rising and receding flow (d) at Mohembo.
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Figure 5: Normalized water level hydrograph (a) at the Seronga station, color differentiated based
on rising and receding water levels. Also shown are the temporal plots of the total dissolved ions
(TDI concentrations (b) and the slopes of the relationship between TDI concentrations and
normalized water level (c), and the relationship between normalized water level and Log TDI

concentrations during rising and receding flow (d) at Seronga.
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Figure 6: Normalized water level hydrograph (a) at the ORI Island station, color differentiated

based on rising and receding water levels. Also shown are the temporal plots of the total dissolved
ions (TDI) concentrations (b) and the slopes of the relationship between the TDI concentrations
and normalized water level (c), and the relationship between normalized water level and Log TDI

concentrations during rising and receding flow (d) at ORI Island.
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Figure 7: Normalized water level hydrograph (a) at the Maun station, color differentiated based
on rising and receding water levels. Also shown are the temporal plots of total dissolved ions (TDI)
concentrations (b) and the slopes of the relationship between TDI concentrations and normalized
water level (c), and the relationship between normalized water level and Log TDI concentrations

during rising and receding flow (d) at Maun.
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Figure 8: Conceptual model illustrating processes driving changes in the solute concentrations

across the Okavango Delta. The role of hydrologic processes and ET in controlling solute
dynamics is shown in cross sections A-A’ for the upper watershed above the Mohembo station, at
B-B’ for the Panhandle region above the Seronga station, at C-C’ for the lower delta above the

Okavango Research Institute (ORI) Island station and D-D’ for the river segment at the exit of the

Delta above the Maun station.
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8. Supplementary figures
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Supplementary figure 1: Temporal plots of water level (a and b), normalized water level (c and
d) and river discharge (e and f) measured from the Mohembo and Maun stations in the Okavango

River in the Okavango Delta, Botswana
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Supplementary figure 2: Normalized water level (a) and discharge (e) hydrographs at the

Mohembo station, color differentiated based on receding and rising water levels or discharge. The
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plots of TDI (b and f), slope of the relationship between Log TDI and Normalized water level (c),
the relationship between Log TDI and normalized water level (d), the slope of the relationship
between Log TDI and Log discharge (g) and the relationship between Log TDI and Log Discharge

(h) during receding and rising water levels and discharge are also shown.
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Supplementary figure 3: Normalized water level (a) and discharge (e) hydrographs at the Maun

station, color differentiated based on receding and rising water levels or discharge. The plots of
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TDI (b and f), slope of the relationship between Log TDI and Normalized water level (c), the
relationship between Log TDI and normalized water level (d), the slope of the relationship between

Log TDI and Log discharge (g) and the relationship between Log TDI and Log Discharge (h)

during receding and rising water levels and discharge are also shown.
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8. Table 1: Descriptive statistics for measured parameters. Min = minimum; Max =

maximum; SD = Standard deviation; n = Number of data; TDI = total dissolved ions

Parameter Mean Min. Max. SD n

TDS (mg/L) in Mohembo 17.1 5.5 83.6 114 17250
TDS (mg/L) in Seronga 26.6 11.0 71.2 12.6 17300
TDS (mg/L) in ORI Island 47.1 28.3 61.1 8.1 14759
TDS (mg/L) in Maun 71.0 39.9 97.2 9.2 14427
Air temperature (°C) in Mohembo 22.7 0.5 45.6 6.9 17250
Air temperature (°C) in Seronga 23.0 6.4 40.7 5.6 17300
Air temperature (°C) in ORI Island 22.6 6.2 39.3 6.5 14759
Air temperature (°C) in Maun 23.0 2.0 42.6 7.1 14427
Water temperature (°C) in Mohembo 23.6 13.8 30.6 4.3 17250
Water temperature (°C) in Seronga 23.0 14.3 30.2 3.9 17300
Water temperature (°C) in ORI Island 23.9 14.9 29.4 3.3 14759
Water temperature (°C) in Maun 24.0 13.0 31.1 4.2 14427
Monthly rain (mm) in Mohembo 37.6 0 142.7 49.4 17250
Monthly rain (mm) in Seronga 37.6 0 142.7 494 17300
Monthly rain (mm) in ORI Island 39.8 0 213.3 62.6 14759
Monthly rain (mm) in Maun 39.8 0 213.3 62.6 14427
Normalized water level (m) in Mohembo 0.5 0 1.0 0.3 17250
Normalized water level (m) in Seronga 0.4 0 1.0 0.3 17300
Normalized water level (m) in ORI 0.4 0 1.0 0.3 14759
Island

Normalized water level (m) in Maun 0.5 0 1.0 0.3 14427
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Chapter 3: Flow intermittency controls the temporal behavior of solutes in rivers in arid

watersheds: The Okavango River, NW Botswana

Abstract

I measured the concentrations of the total dissolved ions (TDI), dissolved silica, major cations
and anions and the stable water isotopes (8D and §'80) at sub-weekly to daily intervals for five
years in the Okavango River at the outlet of the Okavango Delta (Delta) in semi-arid Botswana.
The study objectives were to (1) document the temporal variability of the solute concentrations in
a river in an arid watershed and (2) determine the role of flow intermittency in controlling the
temporal changes in the solute concentrations in the river. At the seasonal scale, | found out that
the TDI and major ion concentrations in the river were enriched during the beginning of the hot
rainy season and during the arrival of the flood pulse from Angola. The river solute concentrations
increased from the dissolution and transfer of precipitated salts stored on the floodplains and on
hundreds of thousands of tree islands scattered across the Okavango Delta wetlands, as well as
from the ‘flushing’ of solute enriched evaporated water in isolated wetland pools. Seasonal rains
in the Delta and the annual flood pulse connect the river to solutes stored in the local Delta
watershed consisting of floodplains, tree islands and isolated wetland pools, and facilitate solute
transfer into the river. The 2019-2020 drought punctuated the annual flood pulse and rain induced
overland transport of solutes to the river which allowed for solute accumulation in the local Delta
watershed. Post drought rewetting re-established river connectivity to solute stores in the local
Delta watershed which resulted in enhanced solute transfer into the river, particularly during the
2021-2022 flood post drought. Of the total estimated solute load (143,565 tons) exported during
this study, ~64% was exported during the 2021-2022 flood. The 2021-22 flood is the largest flood

during this study, and it appears to have been sufficiently high to access more solutes in the local
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Delta watershed including solutes that had accumulated during drought. Our findings demonstrate
that intermittent and variable flow from rains and flooding drives river connectivity to solutes
stored in the local Delta watershed, and that drought play a crucial role in ceasing this connectivity
of the river to solutes in the local Delta watershed and thereby allowing for the accumulation of
solutes in the local Delta watershed which are then accessed and transferred into the river during
rewetting post drought. These findings highlight the significance of both seasonal and drought-
driven flow intermittency in controlling solute transport and export in the Okavango Delta and

other rivers in arid watersheds.

1. Introduction

The transport and cycling of solutes in rivers are highly dependent on the river hydrology and
the connection of rivers to solute stores in their local watersheds often consisting of floodplains
and wetlands. River connectivity to solute stores in local watersheds is initiated by flow pathways
(e.g., overland flow, shallow subsurface flow and groundwater flow) activated during hydrologic
events (e.g., rains and flooding) (Gooseff et al., 2008; Liu et al., 2008; Covino, 2017; Geeraert et
al., 2017; Fovet et al., 2018; Duvert et al., 2020; Ramatlapeng et al., 2021; 2023; Oromeng et al.,
2021). However, the occurrence of flow intermittency in rivers significantly alters the hydrologic
connectivity between rivers and solute sources/stores in watersheds (Boulton et al., 2017). Flow
intermittency in rivers is typically characterized by flow cessation during the dry season and during
droughts, and subsequent resurgence of flow during the rainy season and flooding (Boulton et al.,
2017; Costigan et al., 2017; Datry et al., 2017; Tramblay et al., 2021). During flow cessation, the
river becomes disconnected from its watershed sources of solutes (e.g., Boulton et al., 2017).
Subsequent resurgence of flow from rains and flooding restores river connectivity to solute

sources/stores in the watershed and facilitate solute transfer to rivers (Boulton et al., 2017). This
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variable river connectivity to solute sources/stores driven by river flow intermittency controls the
timing and magnitude of solute delivery into rivers (Boyer et al., 1997; Dalzell et al., 2007; Gooseff
etal., 2008; Liu et al., 2008; Boulton et al., 2017; Covino, 2017; Geeraert et al., 2017; Fovet et al.,
2018; Duvert et al., 2020; Ramatlapeng et al., 2021; 2023; Oromeng et al., 2021). Although flow
intermittency occurs in rivers in both humid and arid watersheds, its occurrence is prevalent in
rivers in arid watersheds due to severed groundwater to river connection and sporadic precipitation
(Parsons et al., 1999; Tooth, 2000; Costa et al., 2012; Nanson et al., 2002). In contrast, rivers in
humid environments are sustained by groundwater at base flow and receive inflow from the higher
precipitation (e.g., Godsey et al., 2009; Rose et al., 2018). Because the rivers in humid watersheds
are supported by groundwater, flow intermittency changes river solute concentrations by
delivering non-groundwater derived solutes from the watershed and/or through dilution of
groundwater solutes in the river. However, groundwater significantly buffers river chemistry such
that the relative effect of flow intermittency in changing river solute behavior in humid watersheds
diminishes with increasing downriver discharge supported by groundwater (e.g., Godsey et al.,
2009; Rose et al., 2018). In arid watersheds, river chemistry is not buffered by groundwater and is
highly variable due to intermittent flow that modulates river connectivity to solute stores and solute
transfer into rivers (e.g., Oromeng et al., 2021; Ramatlapeng et al., 2021; 2023). This high
variability in the river solute behavior needs to be investigated to better assess the connection
between intermittent river flow and river solute behavior in arid watersheds. Despite the
significance of flow intermittency in rivers in arid watersheds, there is still a lack of understanding
of how flow cessation, drying, rewetting and episodic flow and the accompanying variable river-

watershed connectivity control the temporal behavior of river solutes.
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The ongoing climate change is exacerbating aridity in arid regions by reducing precipitation
and increasing air temperatures (Zarch et al., 2017; Cherlet et al., 2018). The increased aridity has
intensified the occurrence of flow cessation during the dry season and from droughts, and caused
greater variability in episodic surface flows into rivers (e.g., Zeroual et al., 2013). Thus,
understanding how the intensifying flow intermittency in rivers in arid watersheds govern solute
behavior is crucial for forming the framework for adapting solute cycling models to account for
these rivers’ unique hydrochemical behavior under a changing climate. The insights derived from
the connection between intermittent hydrology and river solute behavior are also important for the
design of river water quality monitoring efforts and pollution control, and for making water
management decisions in arid regions with limited freshwater resources. In addition, knowledge
on flow intermittency control on solute behavior in rivers in arid watersheds will contribute
insights to the temporal dimension of the trigger-transfer-reserve-pulse (TTRP) model proposed
by Ludwig and Tongway (1997) and by Belnap et al. (2005). Within this TTRP framework,
hydrology triggers the transport of solutes across watersheds and the solutes may either be retained
in the river and its local watershed (reserve) or exported out of the system (pulse). Flow
intermittency may add a dimension of unpredictable temporal variability in the solute transport,

retention and export that needs to be constrained and well understood.

Understanding the role of intermittent flow in controlling the temporal solute transfer into
rivers in arid watersheds requires the evaluation of long-term river discharge, solutes (total
dissolved ions, silica and major ions) and stable water isotopes (8D and §*20). The temporal river
discharge provides insights on the variability of river flow, while water source partitioning
techniques (i.e., solutes and stable water isotopes) are crucial for characterizing solute behavior

and the different sources of water transported and transferred into the river during different time

130



periods (e.g., Koeniger et al., 2009; Ala-Aho et al., 2018; Horgby et al., 2019; Duvert et al., 2020).
The evaluation of the temporal river discharge and water source partitioning techniques at the
outlet of the basin allows for the assessment of major catchment-wide processes affecting the
hydrochemical behavior of the river and enables us to capture the response of the river chemistry

to seasonal and climatic event-based (e.g., drought) flow intermittency.

We investigated the role of flow intermittency driven by intermittent and variable rains during
the rainy season, annual pulse flooding (rising and receding flood) during the dry season, and
drought in controlling the long-term behavior of solutes in the Okavango River in northwestern
Botswana (Fig. 1). The Okavango River flows through the Okavango Delta (hereafter referred to
as the Delta; Fig. 1) in Botswana. The Okavango Delta is the largest freshwater wetland in southern
Africa (McCarthy and Ellery, 1998) and is a Ramsar World Heritage site (Secretariat of the
Convention on Wetlands, 2017). The Okavango Delta lies in the middle Kalahari Desert near the
terminus of the endorheic Okavango River Basin (ORB). The ORB is a transboundary basin
covering Angola in its headwaters to the north, and Namibia and Botswana in its lower drainage
area to the south. The ORB transcends climatic gradients from a higher rainfall temperate climate
in Angola to a semi-arid climate in Botswana (Peel et al., 2007). Near the terminus of the ORB in
Botswana where the Okavango Delta is located, the hydrology is highly intermittent and primarily
controlled by annual flood pulses initiated by rains from the upper ORB in Angola and by local
rains (Wolski et al., 2005). However, in late 2019-early 2020, the Delta experienced drought. This
drought coincided with the lowest precipitation record of 550 mm in the upper ORB since 1981
(Lourenco and Woodborne, 2023). River flow in the Okavango River in the lower delta (the region
with distributary channels between the Gumare and Thamalakane Faults shown in Fig. 1) ceased

for about 10 months.
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The Delta is characterized by high evapotranspiration (ET) rates (McCarthy and Ellery, 1998)
which induce precipitation of salts on the floodplains and on hundreds of thousands of tree islands,
and evapo-concentrate solutes in isolated wetland pools scattered across the Delta (Dincer et al.,
1979; McCarthy et al., 1991). Previous studies on solute transport in the Delta revealed that the
Okavango River periodically connects with solute stores (salt precipitates on floodplains and tree
islands, and solute enriched wetland pools) via overland flow during rains and rising and receding
floods, resulting in episodic transfer of solutes into the river (Oromeng et al., 2021; Ramatlapeng
et al., 2021; 2023; Letshele et al., 2023). However, there is still a lack of understanding of how
this river-floodplain-wetland interaction and solute transfer into the river is modulated by flow
intermittency driven by a combination of seasonal rains, annual flood pulse and the occurrence of
a drought. In the absence of drought, the seasonal rains and annual flood pulse will cause repetitive
and predictable river-floodplain-wetland interaction (e.g., Ramatlapeng et al., 2021). However, the
occurrence of a drought will punctuate the flood pulse and rain induced river-floodplain-wetland
connectivity and allow for the accumulation of solutes in the local watershed which may be
transferred into the river during rewetting events post drought (e.g., Clark et al., 2017). Yet, this
river-floodplain-wetland connectivity and solute transport remains poorly understood. Thus, the
role of river flow, drying and rewetting in altering the long-term river solute behavior remain
enigmatic. As a freshwater river system that provides potable water and food (fish and tswii) to
the riparian communities and sustains a vibrant but fragile ecosystem (Mosepele et al., 2006; 2009;
Kgathi et al., 2006), it is imperative to know how the Okavango River chemistry behaves under
varying flow conditions, as this has implications on the temporal river water quality and ecosystem

health.
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In this study, | made temporal measurements of river discharge, total dissolved ions (TDI),
silica, major cations (sodium, potassium, magnesium and calcium) and anions (chloride, alkalinity,
sulfate, nitrate and phosphate), and stable water isotopes (8D and *20) in the Okavango River at
the outlet of the Okavango Delta in Maun (Fig. 1). The objectives were to (1) document the
temporal variability of the solute concentrations in the Okavango River and (2) determine the role
of flow intermittency in driving the temporal changes in the solute concentrations in the river. The
placement of the station at the outlet of the Delta for this investigation enables me to capture the
integration of processes governing the behavior of solutes that affect the Okavango Delta and its
wetlands, and to assess the response of the river chemistry to seasonal and drought-driven flow
intermittency. The findings from this study will provide insights on the role of flow intermittency
on the variability of solute behavior which is crucial for the assessment of the temporal river

salinity status and ecological sustainability in rivers in arid watersheds.

2. The Okavango Delta

2.1. Location

The study site is located in the Okavango River at the outlet of the Okavango Delta in Maun
(Fig. 1). The Okavango Delta is made up of two distinct regions: the Panhandle and the lower delta
region (Fig. 1). The Panhandle is a ~6000 km? narrow valley with a topographic gradient of 1:5500
through which the Okavango River meanders before splitting into numerous distributary channels
that forms the lower delta region (McCarthy et al., 1997). The lower delta region is a low gradient
(1:3400) alluvial fan with a surface area of ~22,000 km? (McCarthy et al., 1992) lying in the
Quaternary half-graben of the Okavango Rift Zone (McCarthy et al., 1993; Modisi et al., 2000;

Kinabo et al., 2007; Kinabo et al., 2008; Bufford et al., 2012). The Delta’s topography is relatively
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flat with the local relief rarely exceeding 2 m except for areas with termite mounds and tree islands

(MccCarthy et al., 1998; Gumbricht et al., 2001; McCarthy, 2006).

2.2. Geology

The Cuito and Cubango sub-basins in the upper ORB lie on the Precambrian Congo Craton
made up of crystalline metamorphic gneisses, quartzites and migmatites (Bereslawski, 1997,
Steudel et al., 2013). These metamorphic rocks are covered by sedimentary rocks of the Karoo
Supergroup and thick layers of unconsolidated sands, clays, lime rock and lateritic layers of the
Kalahari Superior Formation (Bereslawski, 1997; Catuneanu et al., 2005; Jones, 2010). The
bedrock geology of the lower ORB around the Okavango Delta consists of Precambrian crystalline
rocks of the Damara and Ghanzi-Chobe orogenic belt (Modie, 2000; Milzow et al., 2009). The
superficial geology is made up of Quaternary Kalahari alluvium and recent swamp sediments
(Ringrose et al., 2009) that overlies ~40 m of sands, and 105-175 m of lacustrine and fluvio-deltaic
sediments (Kalscheuer et al., 2015). The lacustrine and fluvio-deltaic sediments are the remnants
of Paleo Lake Makgadikgadi and the Paleo Okavango Megafan sedimentary units (Podgorski et

al., 2013; 2015; Kalscheuer et al., 2015).

2.3. Climate

The climate in the ORB transitions from a temperate climate in the Angolan highlands to the
steppe arid climate in the middle Kalahari Desert in Botswana (Peel et al., 2007). In both the upper
watershed in Angola and lower watershed in the Delta, the climate is characterized by wet and dry
seasons (McCarthy and Ellery, 1994; Milzow et al., 2009; Steudel et al., 2013). The wet season
spans from November to March, while the dry season span from April to October. The mean annual
rainfall during the wet season in the upper ORB is ~1100 mm (Pombo et al., 2015). The maximum

daily temperatures range from 22 and 24 °C during the rainy season and decrease to 15-17 °C
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during the dry season (Steudel et al., 2013). The lower watershed in the Delta receives an average
annual rainfall of ~450 mm during the rainy season (Milzow et al., 2009). The highest mean
monthly maximum temperatures during the rainy season range from 32 to 35 °C and the lowest
mean monthly minimum temperatures during the dry season range between 2 and 7 °C (Moses and
Gondwe, 2019). The estimated potential evapotranspiration in the Delta is ~2172 mm/y, which is

4 times greater than the rainfall received in the Delta (Wilson and Dincer, 1976).

2.4. Hydrology

The hydrology of the Okavango River is driven by an annual flood pulse derived from the
Angolan highlands in the upper ORB and by local seasonal rains. The mean annual inflow of water
from the Cubango and Cuito Rivers in the upper ORB to the Delta is 9.2 x 10° m®/y and the local
seasonal rains augment the river flow with ~6 x 10° m*/y (McCarthy and Ellery, 1998; Merron,
1991). The Cuito and Cubango Rivers in the upper ORB contribute about 45% and 55% of the
discharge, respectively, to the Okavango River as it flows into the Delta (Mendelsohn and el Obeid,
2004). The water from the Cuito and Cubango Rivers is derived from the precipitation that falls in
the Angolan highlands around October. This water reaches the northwestern part of the Delta in
Botswana as a flood pulse via the Okavango River around February-May (McCarthy and Ellery,
1998; McCarthy et al., 2003; Wolski et al., 2006). Upon reaching the entrance to the Delta in
northwestern Botswana, the flood pulse slowly expands out and travels ~450 km through the
Okavango Delta as a progressive wave from the proximal portion of the Delta in Mohembo to the
distal portion in Maun in about 4-6 months (McCarthy and Ellery, 1998). As the flood wave
progresses across the Delta, the area inundated by the floodwaters gradually increases from an
annual low of 4500-6000 km?to an annual high of 9000-12,000 km? (Ramberg and Wolski, 2008).

The annual variations in the inundation extent in the Delta are due to varying flood magnitude and
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major global climatic factors such as the EI Nifio Southern Oscillation (ENSO) phenomenon that
cause droughts (McCarthy et al., 2000; McCarthy et al., 2003). Owing to the high hydraulic
conductivity (10-30 m/day) and porosity (30 %) of the Kalahari sands on the surface of the Delta
(Obakeng and Gieske, 1997), and the relatively slow movement of the floodwaters across the
Delta, the flood inundation is accompanied by the recharge of the shallow unconfined aquifer
(McCarthy, 2006). Therefore, the Okavango River recharges groundwater during flooding, and
this is evidenced by the deepening of the groundwater table away from the Delta and its wetlands

(MccCarthy et al., 1997; Ellery et al., 2003; McCarthy, 2006; Akondi et al., 2019).

The highly variable flooding in the Delta creates unique hydro-ecotones. The Panhandle region
is in a permanently flooded ecotone with water depths average of 1.5 m (Wilson and Dincer, 1976),
average river gradient of 1:5500 (Gumbricht et al., 2004), and river velocity of 0.4-0.8 m/s within
the channel (Wolski et al., 2006). The lower delta region has seasonally flooded ecotones and
occasionally flooded ecotones, and the water depths generally decrease downriver and average 1
m in the lower delta portion (Wilson and Dincer, 1976). The Okavango River’s gradient in the
lower Delta averages 1:3400 (Gumbricht et al., 2004), and the river velocities average 0.01 m/s
(Wolski et al., 2006). The spreading out of water into the numerous distributary channels forming

the delta, and vegetation in the lower Delta slow down river flow velocities.

There are ~150,000 tree island complexes scattered across the different ecotones in the Delta.
These islands vary in their morphology and size from a few square meters to ~700,000 m? and
cover 5% of the area of the permanently flooded ecotone, 25% of seasonally flooded ecotone and
50% of the occasionally flooded ecotone (McCarthy and Metcalfe, 1990; Gumbricht et al., 2004;
Humphries et al., 2014). These islands are dominated by trees and halophytic grasses on their

fringes which facilitate evapotranspiration-driven flow of water from the Okavango River towards
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the islands (Gumbricht and McCarthy, 2003; Ramberg and Wolski, 2008). The evaporation of
floodwaters occurring in this hot desert setting and transpiration by the vegetation on island fringes
enhance the accumulation of salt precipitates on island fringes and centers (Gumbricht and

McCarthy, 2003; Ramberg and Wolski, 2008).

During periods of no flooding in the rainy season, the seasonally and occasionally flooded
ecotones of the Delta host isolated surface water pools (McCarthy et al., 1998) formed by trapped
water from summer rains and the previous year’s flood. Owing to the hot climate and the
accompanying high evaporation rates in the Delta, the water in the isolated wetland pools show
enriched 80 (0.1-7.5%o0) caused by evaporation (Dincer et al., 1979; McCarthy et al., 1991;

1998).

3. Methodology

3.1. Sample collection and analyses

This study was conducted between November 2017 and July 2022 in the Okavango River
(23°28'48.99"E, 19°57'16.77"S) in Maun. We collected river samples by the grab technique into
20 ml glass scintillation vials at sub-weekly (2017-2018) and daily (2019-2022) intervals. The
samples were protected from sunlight and kept in a cool storage. The samples were transported to
the University of California, Davis (USA), where they were filtered through 0.45 uM nylon syringe
filters and refrigerated until analyses. Aliquots of the samples were analyzed for anions and cations
using an lon Chromatography System (Dionex ICS-6000). Total dissolved ions (TDI) were
measured using a benchtop micro-conductivity/TDS meter calibrated according to the
manufacturer’s instructions. Silica concentrations were measured by spectrophotometry on a

CHEMetrics (V-3000 series) photometer. The alkalinity was measured using the Apollo SciTech
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Alkalinity Titrator (AS-ALK2). The 50 and 8D were measured using the Picarro (L2140-i)
Cavity Ringdown Spectrometer Water Isotope Analyzer. The Picarro L2140-i performed 6
injections per sample and the last 3 injections were averaged for the sample’s isotope value. Each
batch run was calibrated with the Vienna Standard Mean Ocean Water (VSMOW) standard and
machine drift was verified by running a test standard and select standards (USGS 46, USGS 47
and USGS 48) in between samples. The isotope ratios are reported in delta notation (8) in per mil

(%0):
) (%0) = ((Rsample - Rstandard)/ Rstandard) x 1000

where R is the ratio of D/H, or 80/*0 in the sample and standard. The 8D and §'80 are reported
relative to VSMOW. The precision (1o standard deviation) of the Picarro Water Isotope Analyzer

isotopic measurement is better than = 1 %o for 3D and =+ 0.1%o for §180.

3.2. River discharge and rainfall

River discharge data measured at the Maun (Thamalakane) station (23°25'35.09"E,
20°0'17.04"'S) were obtained from the Botswana Department of Water Affairs. Hourly rainfall data
measured at the Sexaxa station were obtained from the archives of the Okavango Research Institute

(ORI). The hourly rainfall data were averaged every 24 h in R Studio to obtain mean daily rainfall.

3.3. Air temperature

Hourly air temperature measured at the Sexaxa weather station were obtained from the archives
of the Okavango Research Institute (ORI). The hourly air temperature data were averaged every

24 h in R Studio to obtain mean daily air temperatures.

4. Results
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4.1. Summary statistics
The descriptive statistics (mean, minimum, maximum and the standard deviations) of the river
discharge, mean daily rainfall, mean daily air temperature, 3D of river water, D-excess and solute

concentrations (TDI, silica, anions and cations) are shown in Table 1.

4.2. Temporal hydrology (river discharge and rainfall)

The hydrograph constructed from the relationship between discharge and water level data is
shown in Fig 2a. The temporal river discharge shown by the hydrograph ranged between 0 and 48
mq/s and averaged 11 + 13 m®/s, with lower river discharge occurring in 2018 and the highest river
discharge occurring in 2021. The hydrograph shows peaks of varying magnitudes that correspond
to the rainy season (e.g., in March 2018) and the annual flooding of the Okavango Delta (e.g., in
August 2018, July 2020 and June 2021). River flow ceased during the late 2019-early 2020 drought
period (brown shaded region; Fig. 2a). During the beginning of the rainy season, the hydrograph
receded as river discharge decreased between November and February. River discharge rise
occurred towards the end of the rainy season in March, albeit smaller in 2018 compared to 2021.
The river discharge gradually increased and peaked in August during the dry season due to pulse
flooding. The peak discharge during flooding was followed by recession from late August through

December.

Rainfall amount during the study period ranged from 0 to 48 mm/d and averaged 1.9 + 6 mm/d.
The temporal rainfall distribution shows that more rain fell from mid-rainy season (February and

March) to the end of the rainy season in 2017/2018 and 2019 (Fig. 2b).

4.3. Temporal variations in air temperature
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The mean daily air temperatures ranged from 12 to 32 °C and averaged 23 + 4 °C with clear
seasonal and sub-seasonal patterns (Fig. 2c). Higher air temperatures were observed during the
rainy season between September and April and lower air temperatures were observed during the
dry season between May and August (Fig. 2c). The rapid sub-seasonal changes in the air
temperature were superimposed on the seasonal air temperature variations. The minimum

(troughs) and maximum (peaks) air temperatures did not differ much over the 5 years of our study.

4.4. Temporal variations in the stable isotopic composition (6D) of river water

The temporal 6D variations in river water is shown in Fig. 2d. The dD ranged between -43%o
and 39%o with an average of 8 + 24%o. The 0D was enriched during the beginning of the rainy
season to mid-rainy season in 2017-18 and 2020-21 (Fig. 2d). This enrichment in the 6D was
followed by a precipitous decrease in the 0D in February 2018, and December 2020. The 0D
remained lower to the end of the rainy season in April. The dry season was marked by a progressive
increase in the 6D in 2018-19 prior to the drought and 2021-22 after the drought, when the 6D
reached a high of 39%o. In contrast, the 2019 dry season that precedes the drought was

characterized by highly fluctuating oD.

4.5. Temporal variations in solute concentrations (TDI, cations and anions)

The TDI concentrations (Fig. 2f) ranged between 53 and 211 mg/L and averaged 100 + 34
mg/L. On a temporal basis, the concentrations of TDI increased at the beginning of the rainy season
during the 2017-18 and 2020-21 rainy seasons and increased consistently into the 2022 rainy
season when the solute concentrations suddenly increased to the highest value of 211 from the
mid-rainy season to the end of the rainy season. The enrichment in the TDI concentrations was
followed by a sudden decrease in the concentrations at the end of the rainy season. The beginning

of the dry season in May is marked by a rapid increase in the TDI concentrations which remained
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high until June, after which the TDI concentrations decreased through end of the dry season in
2018, 2020, 2021 and 2022. In contrast, the 2019 dry season that precedes the 2019-2020 drought
is characterized by highly fluctuating TDI concentrations. The Na* concentrations (Fig. 2g) ranged
between 7 and 42 mg/L, with an average of 22 + 11 mg/L. Mg?* concentrations (Fig. 2h) ranged
between 1 and 8 mg/L with an average of 2 £ 1 mg/L. On a temporal basis, the behavior of the
cations (Na*, K*, Mg?* and Ca?*) mimicked the behavior of the TDI concentrations before and
shortly after the drought shown by increased concentrations at the beginning of the 2018 and 2020
rainy season and dry seasons (e.g., Fig. 2f, g and h). The cations concentration increase was
followed by decrease in the concentrations. Similar to TDI concentrations, the 2019 dry season
was characterized by fluctuating concentrations of cations (e.g., Fig. 2g, and h). Although Na*
concentrations progressively increased between 2021 and 2022, Mg?* concentrations stayed
relatively constant between 2021 and 2022. The temporal behavior of the ratio of Na*/Ca?* show
higher ratios between late January 2021 and late July 2022 with a slow decrease between late
January 2021 and May 2021 (Fig. 2i). During other times, the Na*/Ca?* ratios remained low,

fluctuating around 2.

The CI" concentrations (Fig. 3b) ranged between nondetectable (we assigned 0 mg/L) and 12
mg/L, averaged 2 + 2 mg/L and mimicked the behavior of the temporal TDI concentrations.
Alkalinity ranged from 53 to 222 mg/L and averaged 90 + 20 mg/L. Alkalinity mimicked the
temporal behavior of Na* concentrations with elevated concentrations during the start of the rainy
season and dry season during flooding, and sustained elevated concentrations between 2021 and
2022 (Fig. 3c). SO4% concentrations ranged between 0.1 and 7 and averaged 1 + 2 mg/L. The SO4*
concentrations remained low during our study and increased between the 2022 rainy season into

the dry season, reaching the highest concentration of 7.1 mg/L (Fig. 3d). NOs. concentrations
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ranged from 0.1 to 14 and averaged 3 + 2 mg/L. The NOs. concentrations were higher during the
beginning of the rainy season in 2020-21, middle of the rainy season in 2018 and 2022, and during
the start of the dry season (Fig. 3e). The PO4> concentrations ranged between 0 and 2, and averaged
0.2 + 0.2 mg/L. The PO+* concentrations were relatively low during our study and only increased
at the beginning of the 2021 dry season between May and June. This increase was followed by a

sudden decrease in the PO4* concentrations in July (Fig. 3f).

5. Discussion

5.1. Temporal shifts in the river solute behavior

The results of our investigation of the temporal variations of river solute concentrations in the
Okavango River show sub-seasonal, seasonal, and inter-annual variations (Fig. 2f, g and h; Fig.
3). At seasonal and sub-seasonal scales, the general behavior of the solute concentrations in the
river is characterized by episodic solute enrichment at the beginning of the rainy season
(November-February of 2017-18 and 2020-21) and at the end of the rainy season in 2022. The
solute concentrations were also enriched during the initial phase of the arrival of the flood waters
from the upper watershed in Angola (May-June of 2018, 2019, 2020 and 2022) during the dry
season (Fig. 2f, g and h; Fig. 3). These elevated solute concentrations during the rainy and dry
seasons are followed by dilution as the rainy season and flooding progress. Although the seasonal
and sub-seasonal solute responses dominate the annual behavior of solutes, we observe inter-
annual variations in the river solute behavior. For instance, months (May, June, July and August)
leading up to the drought in 2019 showed unique solute responses of highly fluctuating solute
concentrations throughout the dry season (e.g., Fig. 2f; Fig. 3b-c). Furthermore, the response of
solutes (e.g., TDI, sodium and chloride) following the 10-month long drought between 2021 and

2022 exhibit a distinct behavior of continuous and steady increase in concentrations (Fig. 2f and
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g; Fig. 3b). This steady increase in the river solute concentrations is observed regardless of the
occurrence of the largest flood pulse and discharge during this study (Fig. 2a) post-drought. The
observed temporal behavior of the different solutes in the river can be linked to a strong influence
of seasonal and drought-driven flow intermittency on solute transport in this arid environment.
Flow in rivers in arid environments is highly intermittent due to low and variable seasonal rains,
and episodic flooding (Nanson et al., 2002). At the seasonal scale, flow intermittency in these
rivers is primarily driven by the intermittent and variable seasonal rains, episodic flooding, and
flow cessation during the dry season. The overland flow generated during seasonal hydrologic
events such as rains and flooding is likely to establish connectivity between the rivers and solute
sources/stores in their local watersheds and facilitate solute transfer to rivers (e.g., Ramatlapeng et
al., 2021). The occurrence of a drought leads to prolonged flow cessation which is likely to
punctuate the rain and flood induced overland transport of solutes to rivers, and thereby allowing
for the accumulation of solutes in the watershed. These solutes can then be accessed and transferred
to the river during rewetting events post drought, resulting in enhanced solute transfer to rivers
(e.g., Clark et al., 2017). Thus, the role of both seasonal and drought-driven flow intermittency in
controlling temporal solute transport and solute behavior in rivers in arid environments needs to

be constrained.

5.2. Flow intermittency as a major driver of the temporal solute behavior in the river

5.2.1. Control of seasonal flow intermittency on the temporal solute behavior in the river

The seasonal flow intermittency in the Okavango River is primarily driven by the annual flood
pulse derived from the Angolan highlands in the upper Okavango River Basin which inundates the
Delta during the dry season (McCarthy et al., 2000) (unshaded portions of the plot; Fig. 2a) and
seasonal rains occurring in the Delta region during the rainy season (blue-shaded portions of the
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plot; Fig. 2b). Flow from the annual flood pulse constitutes two major changing flow regimes; (1)
rising flood occurring when floodwaters from Angola inundate the Delta and increase flow from
low flow to peak flow conditions, and (2) flood recession occurring when flow decreases from
peak flow to low flow conditions (Fig. 2a). The magnitude of the annual flood pulses from Angola
varies over time (Fig. 2a). Seasonal rains in the Delta are also variable and highly intermittent (Fig.
2a). Thus, if seasonal flow intermittency from pulse flooding and rains controls the temporal
behavior in the river solute behavior, we should observe modifications in the river solute
concentrations from pulse flooding during the dry season between March and September, and from
seasonal rains which span November through March (Fig. 2a and b). The arrival of “fresh”
floodwaters with low dissolved solutes from the annual flood pulse from Angola in the Delta and
seasonal rains is expected to induce a dilution response in the river solute concentrations (e.g.,
Ahearn et al., 2004; Herndon et al., 2018; Rose et al., 2018). However, we note that the arrival of
the flood pulse from Angola in the Delta and the beginning of local rains is associated with solute
enrichment in the river (Fig. 2f, g and h; Fig. 3). It is also noteworthy that the beginning of the
rainy season in the Delta coincides with the tail end of the recession of the previous year’s flood

(Fig. 2a).

Since the river solute concentrations are anomalously high during the beginning of flooding
and rains, we assess the role of hydrologic connectivity between the river and watershed-derived
solutes in causing enrichment in the river solutes. We developed a conceptual model that illustrates
how solutes can be accessed and transferred from the local watershed consisting of floodplains,
wetlands, and tree islands to the river, and from groundwater (Fig. 4). This conceptual model
considers solute accumulation from the high evapotranspiration (ET) rates in the Delta and the role

of hydrologic connectivity between the river and watershed solute stores in mobilizing and
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transferring solutes from the local watershed into the river during rains and flooding. The solute
stores in the local Delta watershed include (1) salt precipitates on floodplains and on tree islands
(Gumbricht et al., 2004) (2) solute enriched evaporated water in isolated wetland pools and
evaporated wetland water (Dincer et al., 1979) (3) saline groundwater (Ramberg and Wolski,
2008). The overland flow generated by rains (Fig. 4a), the initial floodwaters (Fig. 4b) and receding
flood (Fig. 4c) connect the river to the solute stores in the local Delta watershed and initiates the
transfer of the solutes into the river (e.g., Ramatlapeng et al., 2021; 2023; Oromeng et al., 2021;
Akoko et al., 2013). This mass transfer of solutes from the local watershed into the river during
flooding and rains occurs through chemically distinct water sources that are either dominated by
evapoconcentration and/or dissolution of salt precipitates from floodplains and tree islands in the
Delta watershed. Groundwater discharge to rivers is also an important source of solutes (Godsey
et al., 2009). In the Okavango Delta, the surface water-groundwater interaction has not been
investigated extensively. However, the hydraulic gradient of the groundwater table steepens away
from the Delta (McCarthy et al., 1993; 1998), suggesting that the Okavango River is a potential
source of groundwater recharge. In addition, a study by Akondi et al. (2019) indicated that the
stable hydrogen and oxygen isotopic composition of groundwater shows enrichment and lie along
the Okavango Delta Evaporation Line (ODEL), which is consistent with groundwater recharge by
evaporated river water. Although these previous studies showed absence of groundwater influx
into the river, it is possible to have influx of groundwater with similar chemistry to the river which
further complicates surface water-groundwater interaction dynamics. Therefore, the role of
groundwater in modifying river chemistry during hydrologic events still needs to be explored and
constrained. Our study is not able to constrain this role of groundwater in changing river chemistry

during different hydrologic regimes.
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We tested our conceptual model using the relationship between stable water isotopes (oD vs.
0'*0) (Fig. 5), the relationship between solute (TDI) concentrations and the isotopic composition
(6D) of river water (Fig. 6) and the relationship between individual ions (Fig. 7) during rising and
receding flow regimes. The stable water isotopes and ions from rising and receding flow provide
insights on the different water “packages” transferred from the local watershed into the river during
major changing flow regimes in the Delta (e.g., Koeniger et al., 2009; Ala-Aho et al., 2018; Horgby
etal., 2019; Duvert et al., 2020). In our evaluation, we also show an evaporation model line (black
dashed line in Figure 6 and 7) derived from the Okavango River water collected in Maun and
evaporated over time (Atekwana et al., 2016). In principle, the water packages dominated by
evapoconcentration should show evidence of evaporative effects from the relationship between 6D
and 6'*0 (e.g., Craig, 1961), and follow the trajectory of the evaporation model line which show a
positive relationship between TDI vs. 6D. The 6D and 6'#0 of the Okavango River water co-vary
(Fig. 5) and the river samples plot below the Global Meteoric Water Line (GMWL) and mostly
along the Okavango Delta Evaporation Line (ODEL), consistent with evaporation of the river
water during transit through the Delta (Dincer et al., 1979; Atekwana et al., 2016). The samples
from the 2019 drying period prior to the 2019-2020 drought deviated from the ODEL due to greater
evaporation extent (Fig. 5) (e.g., Atekwana et al., 2016). We also note that the river samples from
the rising and receding flow regimes plot differentially along the ODEL (Fig. 5), signifying
different evaporation extents likely influenced by varying water residence times in the Delta,
mixing of different waters (e.g., floodwaters, rainwater and wetland water) and/or changing flow

magnitude modulated by seasonal flow intermittency.

The high evaporation in the Delta induces evapoconcentration of solutes in the Delta and its

wetlands (Fig. 4) (Dincer et al., 1979; Ramberg and Wolski, 2008; Letshele et al., 2023). During
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seasonal rains (Fig. 4a) and rising flood when the floodwaters inundate the Delta (Fig. 4b), the
initiated overland flow establish both longitudinal hydrologic connectivity within the river channel
and lateral hydrologic connectivity between the river and the Delta wetlands, resulting in the
“flushing” of the solute enriched evaporated water from the Delta wetlands and isolated wetland
pools into the river. Similarly, the return flow during flood recession flushes the solute enriched
wetland water into the river (Fig. 4c). This transfer of solute enriched evaporated water packages
into the Okavango River is evidenced by data from different flow regimes that follow the trajectory
of the evaporation model line showing a positive relationship between TDI vs. 6D (Fig. 6c, d, e, f,
i, k, I and m). However, during other times (e.g., the 2018 rising and receding flood), the
floodwaters deliver distinct water packages that do not follow the trajectory of the evaporation
model line and show a wide range in the isotopic composition (3D) with little to no changes in the
TDI concentrations (e.g., Fig. 6g and h). These water packages are likely sourced from evaporated
wetland water with similar proportions of ions to river water (e.g., Ramatlapeng et al., 2021). The
differences in the chemistry of the wetland water accessed and transferred into the river during
seasonal rains and flooding highlight the hydrochemical heterogeneity of the Delta’s wetland water
and the important role of seasonal flow intermittency in modulating the accessing, mobilization,

and delivery of the wetland water into the river.

The other water packages transferred into the river during rains and flooding show dominance
of the dissolution of salt precipitates (i.e., sodium carbonate) (e.g., Ramatlapeng et al., 2021). As
the rain and flood waters flush evaporated wetland water into the river, salt precipitates on the
floodplains and tree islands in the Delta are also accessed, dissolved, and transferred into the
Okavango River (Fig. 4a-c). However, the temporal dominance of salt dissolution and the

magnitude of the transfer of dissolved salts from the local watershed into the river are primarily
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contingent on the flood magnitude which controls the extents of longitudinal connectivity of the
river water and solutes within the river channel, lateral connectivity between the river and
watershed-derived solutes, and vertical accessibility of solutes in their stores. In this study, the
predominance of salt dissolution is particularly evident during the 2021-22 flood, as indicated by
the sustained higher sodium concentrations (Fig. 2g), Na*/Ca* (Fig. 2i) and alkalinity (Fig. 3c).
The transfer of the dissolved sodium carbonate salts into the river during the 2021-22 flood is
further supported by the increasing TDI concentrations with minimal changes in the 6D (Fig. 6m)
and the positive relationship between sodium and alkalinity (Fig. 7). The 2021-22 flood is the
largest flood during this study (Fig. 2a) and it appears to have been sufficiently high to establish
significant longitudinal connectivity between the river water and salts along the river channel,
lateral connectivity between the river and salts on floodplains and tree islands, and vertical
connectivity between the river water and salt precipitates stored on the elevated tree islands in the
Delta watershed. The vertical interception of salts on the tree islands might not have occurred if
the flood magnitude had been lower due to the higher elevation of tree islands as most of the islands
are formed around and on termite mounds (Gumbricht et al., 2004). Alternatively, the enhanced
dissolved salts transfer into the river by the 2021-22 flood can be explained by the accessing of
salts that accumulated during the 2019-20 drought. Our findings underscore the critical role of
intermittent seasonal flow from rains and flooding in governing river connectivity to watershed-
derived solutes and in dictating the type of solutes accessed and the magnitude of solute transfer

into rivers in arid environments.

5.2.2. Control of the temporal solute behavior in the river from flow cessation by drought

Although seasonal flow intermittency strongly governs the temporal behavior of the river

solute behavior, major global climatic factors such as the El Nifio Southern Oscillation (ENSO)
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phenomenon can cause significant interannual shifts in the river hydrology and chemistry by
decreasing precipitation and causing droughts (Dahm and Molles, 1992). Alemaw (2022) showed
the existence of a strong positive linear correlation between seasonal and annual rainfall depths in
southern Africa and the warm seasonal ENSO indices, which explains the lower rainfall and recent
drought events of 2019/2020. Drought-driven flow intermittency from the 2019-20 drought and
subsequent rewetting events significantly altered the river-floodplain-wetland interaction in the
Delta (e.g., Fig. 4d, e and f). For instance, the months of May, June, July and August leading up
to the drought in 2019 exhibit highly fluctuating solute concentrations throughout the 2019 dry
season. This fluctuation in the solute concentrations of the river (e.g., TDI, magnesium, chloride
and alkalinity; Fig. 2f and h; 3b and c) is consistent with water sourced from remnant wetland
pools formed during the flow contraction-fragmentation-drying phase (e.g., Fig. 4d) that typically
occur at the beginning of a drought (Boulton et al., 2017; Gomez et al., 2017). The absence of flow
in the river during this period (Fig. 2a) supports the occurrence of the flow contraction-
fragmentation-drying phase in the river at the onset of the drought that typically result in the
formation of isolated pools in the floodplains and within the river channel (e.g., Fig. 4d). These
isolated wetland pools were subjected to the high evaporation rates in the Delta as shown by the
samples from this drying period plotting below the Okavango Delta Evaporation Line (ODEL; Fig
5) indicating greater evaporation extent. Evapo-concentration of solutes in these isolated pools is
reflected by the positive relationship between TDI vs. the isotopic composition (6D) (Fig. 61).
Because the isolated wetland pools usually host water of different isotopic and chemical
compositions (Gomez et al., 2017; Bonada et al., 2020), the water from the isolated wetland pools
can cause the observed variable solute responses in the river as they differentially drain water into

the river (Gomez et al., 2017).
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Post drought, the Okavango River gradually transitions from longitudinal hydrologic
connectivity where solute transport is confined to the river channel to lateral hydrologic
connectivity where the river interacts with the local watershed (e.g., Boulton et al., 2017). During
the drought when there is severed connectivity between the river and solute stores in the local
watershed, solutes accumulated within the river channel and in solute stores on floodplains and
tree islands in the Delta (Fig. 4e) (e.g., Clark et al., 2017). The initial rewetting event in the
Okavango River after the drought, which is the arrival of the flood pulse from Angola in May 2020
(Fig. 2a), established longitudinal hydrologic connectivity within the river channel and flushed out
solutes within the river channel as shown by the solute enriched front of these initial floodwaters
that is followed by fresh floodwaters (e.g., Fig. 2f, g and h; Fig. 3; Fig. 4f). As the annual flood
expands and inundates the Delta, the antecedent moisture condition of the local watershed
improves such that during the first rainy season that follows the May-November 2020 flooding
period, overland flow is generated and re-establishes the lateral hydrologic connectivity of the
Okavango River to its local watershed. The overland flow generated by rains and the 2020-2021
rising floodwaters during this period intercepts solute stores in the Delta and delivers solutes to
the river at the beginning of the rainy season (Fig. 2d, f, g and h; Fig. 3). The solute enrichment is
then followed by dilution, consistent with pre-drought solute behavior observed during the rainy
season and flooding. However, after the first rainy season post drought, the largest flood since
2017 occurred (Fig. 2a) and accessed solutes that had accumulated in the watershed during the
drought, resulting in the sustained higher magnitude of solute transfer to the river (e.g., Fig. 2f and
g; Fig. 3) between 2021 and 2022 (e.g., Murphy et al., 2018). About 64% of the total estimated
solute load (143,565 tons) during this study was exported from the Delta (Fig. 10a and b) during

this period. This ~64% solute export between 2021 and 2022 is significantly higher than the ~9%
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of solutes exported during the 2018 flood and ~19% during the 2020 flood. This flood dissolved
salt precipitates (i.e., sodium carbonate minerals trona (Nas(CO3)(HCO3z)-2H0) or thermonatrite
(Na2C0O3z-H20)) on floodplains and salt islands (e.g., McCarthy et al., 1991, McCarthy and Ellery,
1995) as indicated by the corresponding significant increase in sodium concentrations and
alkalinity (Fig. 2g and Fig. 3c), increased Na*/Ca®* during this post drought period (Fig. 2i) and
the positive relationship between alkalinity and sodium concentrations (Fig. 7). In addition to salts,
the flood mobilized and transferred chloride, nitrate and phosphate from the watershed into the
river (Fig. 3b, e and f). The transfer of nitrate and phosphate into the river has implications on
nutrient cycling in the river and ecosystem health. The 2021-2022 interval highlights a prolonged
“hot moment” that deviates from the annual solute behavior of the Okavango River, putting
emphasis on the significance of drought-driven flow intermittency in controlling the interplay

between solute accumulation and solute transport and export in arid watersheds.

6. Conclusions and Implications

Total dissolved ions, dissolved silica, major ions concentrations, river discharge and the 6D
and &'80 of river water were used to investigate the role of flow intermittency in controlling the
temporal behavior of solutes in the Okavango River in the semi-arid Botswana. Our investigation
reveal that seasonal and drought-driven flow intermittency strongly control the temporal variability
of solute concentrations in the river. The seasonal flow intermittency is driven by rains during the
rainy season and annual pulse flooding during the dry season. The rains and flood generate
overland flow that facilitates the transfer of solutes (dissolved salts on floodplains and tree islands,
and evaporated water in isolated wetland pools) from the watershed into the river. This mass
transfer of solutes into the river occurs through chemically different water packages that induce

varying solute regimes in the river. The occurrence of drought ceases the river-floodplain-wetland
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connectivity and promotes solute accumulation in the river channel and watershed. The re-
establishment of solute transport by rewetting events after the drought show a gradual transition
from longitudinal hydrologic connectivity where solute transport is confined to the river channel
to lateral hydrologic connectivity where the river interacts with the local watershed. The lateral
connectivity of the river to solute stores in the watershed during the largest flood since 2017
intercepted solutes that accumulated in the watershed during drought, resulting in enhanced solute
transfer from the watershed into the river between 2021 and 2022. This interplay between solute
transport during hydrologic events and solute accumulation during drought provides insights to
the temporal dimension of the trigger-transfer-reserve-pulse (TTRP) model proposed by Ludwig
and Tongway (1997) and by Belnap et al. (2005) for transport in arid environments. In this TTRP
model, hydrology triggers the transport of materials and solutes across watersheds and the
materials/solutes may either be retained in the watersheds (reserve) or exported out of the system
(pulse). Our findings demonstrate that while seasonal flow drives solute transport and export,
droughts play a significant role in promoting the accumulation of solutes in the river and watershed
by punctuating solute transport and thereby enhancing the “reserve” component of the TTRP
model. The accumulated solutes are then accessed and transferred into the river during rewetting
events post drought, resulting in enhanced solute transfer to rivers and solute export (pulse). This
drought-driven enhanced solute accumulation and solute export should be considered as an
important component that modulates the temporal dimension of the “reserve” and “pulse” aspects

of the TTRP model for rivers in arid watersheds.

Our solute load estimates (Fig. 8) reveal that from the total estimated solute load (143,565
tons) exported from the Delta during our study, ~9% was exported during the 2018 flood (with

maximum river discharge of ~13 md/s), ~19% during the 2020 flood (with maximum river
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discharge of ~29 m?/s) and ~64% during the 2021-22 flood (with maximum river discharge of ~48
m?3/s). The remaining solutes were exported during the rainy season. Our findings on the solute
load and export from the Delta demonstrate the importance of higher magnitude flow (e.g., 2021-
22 flood) in “flushing” out substantial amounts of solutes from rivers in arid watersheds, and
thereby helping keep the rivers “fresh”. With the ongoing climate change that will reduce
precipitation and increase evaporation in arid regions, the need for flow to keep rivers in arid
environments pristine and their ecosystems vibrant, is an awakening call for continued efforts

geared towards understanding the controls of intermittent flow in changing river water chemistry.
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7. Figures
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Figure 1: Map of the Okavango Delta, showing the Panhandle, the Delta region, seasonal and

permanent rivers and select islands (Modified from Ellery et al., 2003). The river water sampling

location and the weather station used in this study are shown as a filled red triangle and orange

star, respectively. The insert shows the location of the Okavango Delta in Africa and the Okavango

River catchment (Modified from Kgathi et al., 2006).
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Date of observation
-excess of river water, (f) total dissolved ions (TDI), (g) Na*, (h) Mg**

Figure 2: Temporal plots of (a) river discharge, (b) mean daily rainfall, (c) mean daily air

temperature, (d) dD and (e) d



and (i) Na*/Ca?" measured at the distal portion of the Okavango Delta in Maun. The blue shade
represents the rainy season, the brown shade represents the drought period and the unshaded

portion is the seasonal dry period.
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Figure 3: Temporal plots of (a) river discharge, (b) chloride, (c) alkalinity, (d) sulfate, (e) nitrate

and (f) phosphate measured from the Okavango River water collected at the distal portion of the
Okavango Delta in Maun. The blue shade represents the rainy season, the brown shade represents

the drought period and the unshaded portion is the seasonal dry period.
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Figure 4: Conceptual model showing the role of seasonal flow intermittency in driving solute
transfer from the local watershed into the river during (a) the rainy season and (b) rising flood and
(c) receding flood. Also illustrated in the conceptual model is the role of drought-driven flow
intermittency in controlling solute transport during (d) the drying phase before drought when flow
contraction-fragmentation-drying phase occurs, (€) drought when solute accumulation is enhanced

and (f) rewetting when solute transport is re-established.
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Figure 5: (a) River discharge hydrograph from the outlet of the Delta in Maun, color differentiated
based on rising and receding discharge. The blue shade on the hydrograph represents the rainy
season, the brown shade represents the drought period and the unshaded portion is the seasonal
dry period. Also shown is the (b) plot of the stable oxygen isotopic composition (3'*0) vs. the

stable hydrogen isotope (0D) for the Okavango River samples measured at the Delta outlet in



Maun. The river samples are color differentiated based on rising and receding discharge. The
global meteoric water line (GMWL; Craig, 1961), local meteoric water line from Maun rain
(LMWL) from Akondi et al. (2019) and the Okavango Delta evaporation line (ODEL) of

Atekwana et al. (2016) are included.
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Figure 6: (a) River discharge hydrograph from the outlet of the Delta in Maun, color differentiated
based on rising and receding discharge. The blue shade on the hydrograph represents the rainy

season, the brown shade represents the drought period and the unshaded portion is the seasonal

dry period. Also shown are the cross plots TDI vs. 8D during rising and receding flood in the
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Okavango River at Maun. The cross plots are color differentiated based on rising and receding

discharge.
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Figure 7: (a) River discharge hydrograph from the outlet of the Delta in Maun, color differentiated

based on rising and receding discharge. The blue shade on the hydrograph represents the rainy
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season, the brown shade represents the drought period and the unshaded portion is the seasonal
dry period. Also shown are the cross plots of Alkalinity vs. Na* measured in the Okavango River

at Maun. The cross plots are color differentiated based on rising and receding discharge.
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Figure 8: Temporal variations of (a) instantaneous solute load and (b) the monthly solute load

measured in the Okavango River at the outlet of the Okavango Delta in Maun.
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8. Table 1: Descriptive statistics for measured parameters. Min = minimum; Max =

maximum; SD = Standard deviation; n = Number of data; TDI = total dissolved ions

Parameter Mean Min. Max. SD n

River discharge (m?/s) 11.0 0.02 48.21 13.0 556
Mean daily rainfall (mm) 1.9 0.0 48.0 5.8 1661
Mean daily air temperature (°C) 22.7 12.2 32.2 4.0 1645
oD of river water (%o) 8.1 -43.3 39.2 23.8 895
d-excess (%o) -24.6 -83.7 7.9 13.0 895
TDI (mg/L) 99.8 52.5 211.1 34 895
Silica (mg/L) 35.2 12.6 63.4 8.5 895
Na* (mg/L) 22.3 6.6 41.9 10.5 895
K* (mg/L) 4.6 1.7 19.6 2.5 895
Mg?* (mg/L) 2.4 0.9 7.7 1.0 895
Ca?* (mg/L) 8.0 2.8 42.6 4.9 895
CIl" (mg/L) 2.2 0.0 11.6 2.0 895
Alkalinity (mg/L) 89.6 52.8 221.6 19.6 894
SO4* (mg/L) 1.4 0.1 7.1 1.6 895
NOs. (mg/L) 2.6 0.1 14.1 2.2 895
PO.* (mg/L) 0.2 0.0 1.8 0.2 895
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