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Abstract

This study uses a numerical model to investigate the groundwater flow and salt transport mechanisms below islands in the Okav-
ango Delta. Continuous evapotranspiration on the islands results in accumulation of solutes and the formation of a saline boundary
layer, which may eventually become unstable. A novel Lagrangian method is employed in this study and compared to other numer-
ical methods. The numerical results support the geophysical observations of density fingering on Thata Island. However, the process
is slow and it takes some hundreds of years until density fingering is triggered. The results are sensitive to changes of the hydraulic
gradient and the evapotranspiration rate. Small changes may lead to di!erent plume developments. Results further demonstrate that
density e!ects may be entirely overridden by lateral flow on islands embedded in a su"ciently high regional hydraulic gradient.
! 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Brine lakes occur naturally in groundwater discharge
areas in semi-arid regions. Continuous evapotranspira-
tion of groundwater leads to an increased concentration
of solutes at the surface and forms a saline boundary
layer. This hydrodynamically unstable configuration
with a dense fluid overlying a less dense fluid may result
in free downward convection in the form of density fin-
gering. An interesting example can be found on islands
in the Okavango Delta, a large wetland system situated
in the semi-arid environment of northern Botswana
(Fig. 1).

The Okavango Delta is one of the last pristine wet-
lands in the world. The enormous freshwater reservoir
is not only necessary to preserve the fragile ecological

balance of the Delta, but also to supply the local popu-
lation with water. The permanently flooded wetland is
around 6000 km2 in area, the surrounding seasonal
floodplains add another 6000 km2 [18]. This alluvial
fan has been built up by sedimentation into a graben
structure connected to the East African Rift Valley.
The wetland is supplied with water from the Okavango
River which flows from the sub-tropical highlands of
central Angola into the Kalahari basin. Practically all
of the inflowing water is eventually lost to evaporation
or transpiration by plants leaving all the dissolved solids
behind in the system. This results in a salt accumulation
of several hundred thousand (!300000) tons per year.
Nevertheless, the surface water in the wetland stays
fresh with solute concentrations roughly tripling from
the inlet to the outlet. The processes of salt accumula-
tion and brine formation on islands has been described
by McCarthy et al. [20] and McCarthy and Ellary [19].
That the brines may become unstable, leading to density
fingering was suggested by Gieske [10].
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In Bauer [2] the key role of islands concerning the salt
balance of the Okavango Delta has been addressed. It
has been suggested that the salt accumulation mainly oc-
curs along the dryland/wetland interface of the Okav-
ango Delta. The coastline is long due to the thousands
of islands and peninsulas scattered over the entire Delta.
An aerial view of islands in the Okavango Delta, where
lighter areas represent patches of salt at the surface is
shown in Fig. 2. Furthermore, field investigations of sev-
eral islands were presented in Bauer [2], which supported
the hypothesis that the islands act as salt accumulators.
On one particular island, called Thata Island, geoelectri-
cal imaging was employed to map the subsurface salinity
distribution. The geographical location of Thata Island is
shown in Fig. 3 and the layout of the borehole-to-surface survey is indicated in Fig. 4. The data sets were acquired

using an IRIS SYSCAL R2 instrument and then
inverted as 2D vertical cross-sections using the software
package RES2DINV [16]. The results in Fig. 5 reveal a
vertical anomaly beneath the high salinity lens in the
center of the island thus suggesting the existence of
downward convection in the form of density fingering.
Besides, an analytical model provided useful insights
in the flow patterns around islands. Depending on the
strength of the regional hydraulic head gradient two
dominant flow regimes were found: one where the gradi-
ent is weak and the evapotranspiration process leads to
a concentric flow pattern towards the island and an-
other, where the gradient is large and water flow below
the island is aligned with the regional hydraulic gradient.
These findings indicate that density-dependent phenom-
ena may be overridden by lateral flow given su"ciently
high regional hydraulic head gradients.

Fig. 2. Aerial view of islands in the Okavango Delta. Lighter areas
represent concentrated patches of salt at the surface.

Fig. 3. Landsat satellite image of the Okavango Delta showing the
location of the surveyed Thata Island.

Fig. 4. Layout of borehole-to-surface imaging on Thata Island.

Fig. 1. Location of the Okavango Delta (m) in northern Botswana,
southern Africa.
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The overall objective of this paper is to investigate the
groundwater flow and transport dynamics below evapo-
ration-dominated islands in the Okavango Delta with
density-dependent numerical simulations. Three di!er-
ent numerical models, pse2d [31], d3f [8] and SEAWAT
[11], are investigated and subsequently compared, where
the focus is placed on the recently developed Lagrangian
pse2d method.

An understanding of the groundwater flow and trans-
port processes is important for the management of this
unique wetland system. By applying the model with real-
istic hydraulic parameters based on field measurements,
the model predictions should help to answer the follow-
ing questions on Thata Island: (i) Does the process of
density fingering occur on Thata Island, i.e. does the
numerical model support the interpretation of the geo-
physical surveys? (ii) If yes, what are the appropriate
time scales for instabilities to develop, and (iii) Is it pos-
sible that density fingering is the cause of the high salin-
ity in the deep aquifer units of the Okavango Delta?

In addition, di!erent scenarios of islands in a regional
flow field were analyzed numerically. By changing rele-
vant parameters, such as the evapotranspiration rate
and the hydraulic head gradient, di!erent plume devel-
opments are demonstrated.

Due to the complexity of the non-linear phenomena
involved, modeling of density-driven flow is numerically

demanding. A particularly challenging problem is the
hydrodynamically unstable configuration as for example
observed on the evaporating islands in the Okavango
Delta. Numerical instabilities are often not distinguish-
able from physical instabilities. A careful numerical
treatment is thus required. A studied configuration,
which is closely related to ours is the idealized salt-lake
problem. A Hele-Shaw laboratory experiment and ana-
lytical treatment were presented by Simmons et al. [25]
and Wooding et al. [28,29]. The Rayleigh number for
the salt-lake problem is very large (Ra > 4800). Particu-
larly small perturbations that can trigger the formation
of fingers complicate the achievement of numerical grid
convergence [17]. Diersch and Kolditz [7] showed that
numerical simulations are di"cult and comparisons
with experimental results are so far unsatisfactory for
that problem. Mixed convection processes below a sal-
ine disposal basin in Australia have been extensively
studied by Simmons and Narayan [24]. They derived
stability numbers corrected for ambient groundwater
flow and mechanical dispersion. Salt budget calculations
for various lakes in Australia [26,1] suggest a consider-
able salt deficit, which may be attributed to the down-
ward convection of dense saline water beneath those
lakes. Also, Simmons and Narayan [24] found that free
convection of unstable plumes leads to highly e"cient
salt transport mechanism to the underlying aquifer, lar-
ger than it would be provided by purely di!usive
spreading.

A novel Lagrangian (pse2d) method for the solution
of the transport equation was developed and applied
to density-driven flow problems [31]. The motivation
for continued investigation into particle methods is their
adaptivity and grid-free character. Thus, they are well
suited for advection-dominated flows (high Peclet num-
ber flows) showing minimal numerical dispersion. One
feature of our method is the treatment of the di!usive/
dispersive term, which is directly solved on the parti-
cle-grid by the Particle Strength Exchange Method
introduced by Degond and Mas-Gallic [5,6]. A particle
method, which was successfully applied to density-dri-
ven flow problems is the method of characteristics
[23,22]. However, Holzbecher [13] described particle
methods as limited for the application in density-driven
flow problems, since the calculation of density from par-
ticles contains interpolation errors. The di"culties are
related to converting the mass of the moving particles
into fixed grid cell concentrations. For reasons of com-
parability the pse2d method is employed in this study to-
gether with the SEAWAT [11] and the d3f codes [8].

This paper is organized as follows. In Section 2 we
describe the basic equations and briefly introduce the
three numerical models employed in this study. In Sec-
tion 3 the conceptual model of the islands is introduced.
In Section 4 dimensionless stability numbers are dis-
cussed. In Section 5 a numerical study is conducted

Fig. 5. Results of borehole-to-surface resistivity imaging on Thata
Island, in [Xm].
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which includes the proof of grid convergence and a com-
parison between the employed numerical models. In
Section 6 the results for Thata Island and islands embed-
ded in a stronger regional flow are presented and
discussed. Moreover, we show three-dimensional simu-
lation results and compare them with two-dimensional
results. In Section 7 some conclusions are drawn.

2. Basic equations and numerical models

The governing equations for fluid flow in groundwa-
ter are given by the conservation of mass and momen-
tum. Fluid mass conservation can be written as

o"neq"c##
ot

$r % "qq"c## & sf ' 0; "1#

where ne [–] is the e!ective porosity, q [kg/m3] the fluid
density and q [m/s] the Darcy velocity. Source- and sink
terms for the fluid mass are taken into account by sf.
Momentum conservation can be expressed by Darcy!s
law (e.g., in [4])

q ' & k

l"c#
"rp & q"c#g#; "2#

where k [m2] denotes the intrinsic permeability tensor, l
[kg/m/s] the dynamic viscosity, p [Pa] the pressure and g
[m/s2] the acceleration due to gravity. For transport, the
advection–dispersion equation holds

o"q"c#xne#
ot

$r % "q"c#xq& neDr"q"c#x## & ss ' 0;

"3#

where D [m2/s] stands for the dispersion tensor and x [–]
for the salt mass fraction. The salt mass fraction x [kg/
kg] is defined as the salt concentration c [kg/m3] divided
by the fluid density q [kg/m3]. Di!usive and dispersive
transport are based on Fick!s law. Source- and sink
terms for salt are taken into account by ss. Desorption
and adsorption processes can usually be omitted in
problems of salt transport, because the main compo-
nents of natural salt are non-reactive. In density-driven
flows, viscosity l(c) and density q(c) may change due
to changes in salinity. Density or volume changes due
to other physical properties such as temperature and
pressure are disregarded. Various equations of state
relating density and viscosity to salinity can be found
in the literature [13]. The linear conversion of density
and viscosity employed here is expressed by

q"c# ' q0 $
oq
oc

c; "4#

l"c# ' l0 $
ol
oc

c; "5#

where q0 is the density of fresh water (1000 kg/m3), l0
the dynamic viscosity of fresh water (10&3 kg/(m s))

and c the salt concentration. Here, oq
oc and ol

oc denote a
constant value of density and viscosity changes with
concentration. The Oberbeck–Boussinesq approxima-
tion results in a considerable simplification of the cou-
pled system of the non-linear partial di!erential
equations. The simplest form is that it neglects density
variations in all terms in Eqs. (1)–(3) except in the buoy-
ancy term (q(c)g) of the Darcy equation. Then, with
$q = 0 and oq

ot ' 0, the continuity equation (Eq. (1))
can be used in its constant density form

r % q ' 0; "6#

just as for an incompressible fluid. The Oberbeck–Bous-
sinesq approximation is appropriate provided that the
density changes due to concentration or temperature
changes remain small in comparison to the reference
density q in the entire region [21]. Accordingly, the
approximation is not applicable for high concentration
brines or high temperature gradients.

2.1. The pse2d model

The pse2d model is a two-dimensional Lagrangian
solute transport model [31]. It is implemented as a
two-step method, iterating between the calculation of
solute transport on particles and the finite di!erence
flow solver of MOCDENSE [23]. The groundwater flow
equation implemented in MOCDENSE describes two-
dimensional variable-density flow through a heteroge-
neous, anisotropic and confined aquifer. The algorithm
uses a strongly-implicit procedure to solve for fluid pres-
sure. Fluid density and viscosity are assumed to be lin-
ear functions of solute concentration as in Eqs. (4) and
(5), with oq

oc ' 7.14( 10&4 and ol
oc ' 1.43( 10&9 and con-

centrations c in [mg/l]. The length of the transport time
step is determined in the algorithm by restriction to
Neumann and Courant criteria and is calculated by
the program. The advective term of the transport equa-
tion is solved similarly to other Lagrangian methods by
tracking the particles along flow trajectories. A second-
order Runge–Kutta scheme is used here. The main
di!erence of the pse2d model in comparison to other
particle methods, such as the method of characteristics
(MOC) and random walk methods is the treatment of
the di!usive/dispersive term (Fig. 6). The Particle
Strength Exchange method (PSE) introduced by Deg-
ond and Mas-Gallic [5,6] treats di!usive and dispersive
e!ects directly on the particle locations by an appropri-
ate exchange of mass between neighboring particles with
Gaussian shapes. The PSE method is based on the
approximation of the di!usion operator of the advec-
tion–di!usion transport equation by an integral opera-
tor. This integral operator is discretized using as
quadrature points the location of the particles. In char-
acteristic methods, the dispersive term is solved on the
grid by standard finite di!erences or finite elements. This
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requires more averaging and interpolation steps. For
further details on the pse2d model and further applica-
tions see Zimmermann et al. [32] and Zimmermann [31].

2.2. The SEAWAT model

The SEAWATcodewas developed byGuo andLange-
vin [11] to simulate three-dimensional, variable-density
groundwater flow in porous media. It combines MOD-
FLOW [12] and MT3DMS [30]. The variable-density
groundwater flow equation is solved using a finite-di!er-
ence approximation. SEAWAT uses equivalent freshwa-
ter heads as the primary variable. The solute-transport
equation is solved using one of the approaches available
within MT3DMS. These options include Eulerian ap-
proaches such as standard finite di!erence schemes (FD)
and the third-order total-variation-diminishing method
(TVD) or mixed-Eulerian–Lagrangian approaches such
as characteristics methods (MOC, MMOC, HMOC).
The third-order TVD scheme minimizes both, numerical
dispersion and artificial oscillations.MOC schemes are re-
garded as virtually free of numerical dispersion in advec-
tion-dominated problems. A detailed description of the
methods available in MT3DMS is provided by Zheng
and Wang [30]. The program calculates the length of
transport steps based on internal stability constraints
and accuracy requirements [11].

Both, the pse2d and the SEAWAT codes combine
mass fraction and density (xq) in a concentration vari-
able c, which is adequate for fluid densities within the
range of freshwater to seawater. The variable-density
equations in the SEAWAT model are simplified by the
Oberbeck–Boussinesq approximation. The pse2d code
does also not solve the fully coupled system of the equa-
tions, but incorporates density e!ects in advective flow
and storage terms.

2.3. The d3f model

d3f—for distributed density-driven flow—[8] is a finite
volume model employing sophisticated adaptive multi-

grids, internal accuracy criteria and a library of linear
and non-linear multi-grid solvers. The underlying math-
ematical model consists of the full set of coupled, non-
linear partial di!erential equations written for pressure
and solute mass fraction (x). The time discretization
in the d3f code is determined internally, based on a sec-
ond-order diagonally implicit Runge–Kutta method
[15]. Control of numerical errors is given by the Peclet
and Courant number criteria allowing adaptive grid
refinement and time stepping. The discretized non-linear
system of equations is solved via Newton linearization.
A consistent velocity approximation in finite volume dis-
cretization is implemented in d3f [9]. This consistency is
achieved for derivatives of the velocity vector in the gen-
eralized Darcy law, where otherwise lower order
approximations for the pressure gradients conflicting
with high-order variability in the gravity term may yield
spurious velocities. The d3f code provides a hierarchical
grid refinement. This allows for an e"cient testing of
numerical grid convergence. It is a state-of-the-art
model for the solution of fully coupled density-depen-
dent flow-equations. Numerical simulations can be per-
formed with and without the Oberbeck–Boussinesq
approximation. Applications of the code can be found
for example in Johannsen et al. [15] for the saltpool
and Johannsen [14] for the Elder problem.

3. Conceptional island model

An image of the studied Thata Island is shown in
Fig. 7. Accumulation of salt beneath the island had re-
sulted in the precipitation of trona salt crusts and the
destruction of the vegetation in the center of the island
apart from the salt-tolerant grass species, Sporobulus
spicatus. The fringe of the island is still vegetated by
large evergreen trees. Thata Island is located in the
northern part of the Delta, it is surrounded by perma-
nent and seasonal floodplains.

The conceptual model of the island system is illus-
trated in Fig. 8. Depending on the location of the lateral
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Fig. 6. Comparison of dispersion treatment in particle tracking methods based on grid cells such as the method of characteristics (MOC) (left) and
on particle locations such as the particle strength exchange method (PSE) (right). In this example the sphere of influence in the PSE method in chosen
as five times the core size of the particles.
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model boundaries, we consider two di!erent boundary
conditions. One where the lateral model borders are
drawn close to the location of the channel or any other
surface water body and one where they are drawn far
away from the channel. The first one is represented by
no-flow boundary conditions except for the uppermost
10 m, where Dirichlet cells for pressure and concentra-
tion were applied to represent the channels. In the fol-
lowing, this case will be referred to as "closed! as
opposed to an "open! case, where the lateral boundaries
are represented by Dirichlet cells for pressure and con-

centration over the entire depth of the domain. Constant
head or pressure boundaries were determined according
to the given hydraulic gradient. For the "closed case!
(Table 1) a value of 100.034 m was applied at the left
boundary and a value of 100.0 m at the right boundary
for the SEAWAT model. In the other two models, the
head values were converted into hydrostatic pressure
values. The "open! case is more adequate for islands
far away from a main channel, such as Thata Island.
The "closed! case is more appropriate for an island
located in the permanent swamp. A two-dimensional

Fig. 7. Thata Island in the Okavango Delta. Evapotranspiration has resulted in the precipitation of salts and the formation of a Trona salt crust.
Only the fringe of the island is vegetated.
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Fig. 8. Top: Sketch of schematic island in an advanced state. Bottom: Schematic cross-section of the conceptual model. If the main channel is far
away from the island, an "open! boundary condition with fixed pressure over the whole depth of the domain is more adequate.
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vertical cross-section with a length of 340 m for the
"closed! case and 800 m for the "open! case and a depth
of 100 m is considered. Thata Island is 140 m long.
Groundwater evaporates through the island surface.
Evapotranspiration is assumed to take up pure water
and leave behind all solutes resulting in full solute accu-
mulation. Precipitation of minerals is neglected in the
simulations. The remaining model boundaries are de-
fined as no-flow boundaries over which solutes may be
neither transported by advection nor dispersion. An ini-
tial TDS concentration of 0.1 g/l, as approximate back-
ground concentration observed in the surface water of
the Delta, is applied to the whole domain. The value
for porosity is taken as 0.3. The sand aquifer is repre-
sented by uniform hydraulic conductivity throughout
the domain except for the uppermost 10 m below the is-
land, where a lower hydraulic conductivity represents
the less conductive layer formed by salt precipitation.
Simulations were also performed in a homogeneous

aquifer. A range of anisotropy ratios were applied.
The aquifer was either modeled as confined (pse2d and
d3f) or as unconfined/confined with a constant transmis-
sivity (SEAWAT). Storativity in the models was set
equal to zero. The time step length of all three models
was calculated during the simulation to satisfy stability
constraints and accuracy requirements. All relevant
parameters are summarized in Tables 1 and 2. Input
parameters such as hydraulic conductivity, ET-rate
and porosity were estimated based on field data [2].
Additionally, Table 3 provides a parameter list of the
di!erent simulations performed in Sections 5 and 6.

The numerical simulations are based on the following
assumptions:

(1) Mainly 2D simulations were performed. The
e!ects on the flow and transport dynamics arising
from 2D simulations are examined in Section 6.3.

Table 1
Parameter used for the numerical study with "closed! lateral boundaries

Parameter Value Dimension

Domain size (length/height) 340/100 [m]
Length of Island 140 [m]
Location of Island x = 100–240 [m]
Simulation time 2000 [years]
Horizontal Kf floodplain 5 [m/day]
Horizontal Kf island 5 and 1 [m/day]
Anisotropy ratio (Kzz/Kxx) 0.1 [–]
Regional hydraulic gradient (Dh) 0.1&
ET-rate (ET) 0.6 [mm/day]
Porosity (ne) 0.3 [–]
Initial concentration (cin) 0.1 [g/l]
E!ective molecular di!usion
coe"cient (Dm)

10&8 [m2/s]

Longitudinal dispersivity (aL) 1 [m]
Transversal dispersivity (aT) 0.1 [m]

Table 2
Parameters used for the Thata Island study with "open! lateral
boundaries

Parameter Value Dimension

Domain size (length/height) 800/100 [m]
Length of Island 140 [m]
Location of Island x = 400–540 [m]
Simulation time 2000 [years]
Horizontal Kf floodplain 2 [m/day]
Horizontal Kf island 1 [m/day]
Anisotropy ratio (Kzz/Kxx) 0.5 [–]
Regional hydraulic gradient (Dh) 0.1&
ET-rate (ET) 0.8 [mm/day]
Porosity (ne) 0.3 [–]
Initial concentration (cin) 0.1 [g/l]
E!ective molecular di!usion
coe"cient (Dm)

10&8 [m2/s]

Longitudinal dispersivity (aL) 1 [m]
Transversal dispersivity (aT) 0.1 [m]

Table 3
Parameter list of di!erent simulations performed, where dist. = distribution, fp. = floodplain, isl. = island, hom = homogeneous, het = heterogeneous

Section Fig. Code Model geometry kf dist. kfh fp./isl. [m/day] Kzz/Kxx ET [mm/day] Dh [&] Grid resolution

5.1 9 d3f "closed!, 2D hom 5/5 0.1 0.6 0.1 64 · 16
128 · 32
256 · 64
512 · 128
1024 · 256

5.2 11 d3f "closed!, 2D hom 5/5 0.1 0.6 0.1 512 · 128
11 pse2d "closed!, 2D hom 5/5 0.1 0.6 0.1 512 · 128
11, 13 pse2d "closed!, 2D het 5/1 0.1 0.6 0.1 272 · 80
13 SEAWAT "closed!, 2D het 5/1 0.1 0.6 0.1 272 · 80

6.1 16 pse2d "open!, 2D het 2/1 0.5 0.8 0.1 640 · 80
6.2 19 pse2d "closed!, 2D hom 5/5 0.1 0.2, 0.4, 0.6, 1.0 0.1 640 · 80

21 pse2d "closed!, 2D hom 5/5 0.1 0.8 0.1, 0.5, 1.0 640 · 80
23 pse2d "open!, 2D het 2/1 0.5 0.6 0.1, 0.5, 1.0 640 · 80

6.3 26 SEAWAT "open!, 2D het 2/1 0.5 0.8 0.1, 0.5, 1.0 160 · 20
27–30 SEAWAT "open!, 3D het 2/1 0.5 0.8 0.1, 0.5, 1.0 160 · 40 · 20
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(2) The evapotranspiration rate is considered constant
in both depth and time. This is justifiable since the
drawdown is small and the simulation time is
much longer than diurnal and seasonal changes.

(3) Evaporation and transpiration are modeled as a
single process which does not depend on salinity
(cf. [3]).

(4) Salt precipitation and its feedback on a decreasing
hydraulic conductivity below the island is not
modeled explicitely. In the numerical simulations,
solutes will faster accumulate beneath the island
compared to the real situation. A more realistic
simulation of the situation would include multi-
species transport together with metal complexa-
tion, mineral precipitation and CO2 degassing as
well as density e!ects.

(5) Temperature influence is neglected.

4. Dimensionless numbers

A measure for the stability of the boundary layer for
the problem can be determined by a Rayleigh number,
which was derived by Wooding [27] and is also described
in Wooding et al. [28]. This number will be called Woo-
ding number in the following discussion. It describes the
ratio between buoyancy driven forces and the stabilizing
forces caused by the vertical upward flow, and is defined
by

Rd '
"qm & qa#Kzne

qaET
; "7#

where (qm & qa)/qa is the maximum relative density con-
trast between the density of the boundary layer (qm) and
the density of the ambient (background) salinity (qa), Kz

is the vertical hydraulic conductivity, ne the e!ective
porosity and ET the evapotranspiration rate. Vertical
density-driven flow can only be expected above a critical
Wooding number of Rd = 7 [27].

Due to continuous evapotranspiration, a saline
boundary with an exponential concentration profile will
develop near the island surface. If the boundary layer is
stable, steady-state conditions can be reached. In this
case, the thickness of the boundary layer is given by
[27,28]

d ' neD=ET; "8#

where D is the di!usion/dispersion coe"cient, which
may here be expressed as D = Do + aL Æ ET/ne. In order
to resolve the exponential profile of the boundary layer
in the numerical model, the vertical resolution of the sal-
ine boundary should be smaller than its thickness. On
the other hand, the finer the resolution of the boundary
layer, the higher the maximum concentration in the
uppermost layer. Since evapotranspiration in the numer-

ical model takes only place in the uppermost active grid
cell, unphysically high concentration values may result.

The applicability of the Wooding number criterion to
this case has limitations. It has been derived for simple
one-dimensional free convection systems in a homoge-
neous and isotropic aquifer. For this case study, if an is-
land is embedded in a regional flow system, advective
transport will be superimposed to the density flow and
transport dynamics. Advective transport due to hydrau-
lic gradients is also referred to as forced convection, as
opposed to density-driven free convection. For mixed
convective systems, where both convection processes
interact, two di!erent regimes for flow exist: the evapo-
rative fingering regime and a dominant regional flow re-
gime. The strength of the regional flow regime can be
expressed analytically in a dimensionless number [2] by

c ' ETLET

DhKxd) ; "9#

where LET the length of the evaporating island in direc-
tion of the regional flow, Dh the hydraulic head di!er-
ence over the horizontal length of the aquifer and Kx

the horizontal hydraulic conductivity. Here, d* = d/L
is the ratio between the thickness and the length of the
aquifer. This number is derived based on superposition
of evapotranspiration, which is represented as pumping
wells, and a regional hydraulic gradient. Density e!ects
are not included. The lateral head boundaries are fixed
over the depth of the domain. The critical value is
around c = 2 [2], where water from both sides will flow
towards the island. For c > 2, the pumping on the island
will build up a central cone of depression. For a value of
c < 2, the regional gradient is high and the plume will
rather undergo a lateral drift.

5. Code verification study

In this section results of the three numerical codes
employed are compared in order to evaluate the applica-
bility of the pse2d model. The parameters for the study
correspond to the "closed! boundary case summarized
in Table 1. An anisotropy ratio (Kxx/Kzz) of 10 is used.
First, the grid convergent solution obtained with the d3f
model is presented. Further, an inter-code comparison
study is performed. Criteria for comparing the results
are the temporal and spatial plume development as well
as the maximum concentration value of the saline
boundary layer.

Instabilities in all three models are seeded by trunca-
tion errors embedded in the numerical procedure. Trun-
cation errors depend on the approximations used in the
algorithm. They are assumed to be equivalent to white
noise. Contrary to this procedure, Simmons [25] used
a perturbed concentration boundary. Numerical simula-
tions without these "controlled! perturbations yielded
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fingers developed by edge e!ects only. In this case,
numerical errors generated within the code were found
insu"cient to perturb the whole boundary layer and
trigger fingering.

5.1. Grid convergence

For testing of numerical grid convergence, d3f simula-
tions with uniformly refined, structured grids from grid
level 4 (64 · 16 nodes) up to grid level 8 (1024 · 256
nodes) were performed (Table 3). In this analysis, a par-
tial upwind scheme was adopted, which uses no up-
winding in dispersion-dominated problems (Pegrid 6 2)
and full up-winding in advection-dominated problems
(Pegrid P 2). This discretization is second-order consis-
tent for the unknowns, concentration and pressure.
The linear subproblems are preconditioned with a
SOR technique specifically implemented for non-sym-
metric finite volume grids, and are solved exactly on
the coarsest grid via LU decomposition or by a
Gauss–Seidel iteration on the higher grid levels. The
time scheme used is an implicit, backward Euler time
stepping. The time step size is internally controlled.

The aquifer is modeled as homogeneous. The results
after 1000 years are displayed in Fig. 9. Above grid level
6 there is no significant change in the shape of the salt

finger visible. On grid level 8, smaller scale structures
below the island develop. To illustrate the grid conver-
gence, breakthrough curves of the mass fluxes through
a horizontal line below the island at 50 m depth were
calculated against time for successively refined grids
(Fig. 10). The di!erent curves show convergent maximal
magnitudes of the mass flux from grid level 4 to 8 at
t ! 200 years. At later times, the flux rate oscillates on
grid level 4 and 5, but stabilizes at a constant value of
around 3.3 kg/year for grid levels 6–8. At higher grid
levels, the mass flux reaches the breakthrough line some-
what later. This may be attributed to smaller numerical
dispersion on higher grid levels.

5.2. Inter-code comparison

A time sequence of the numerical results computed
with d3f and pse2d are displayed in Fig. 11. The domain
was resolved with 512 · 128 nodes for the d3f model and
with 272 · 80 nodes for the pse2d model (Table 3). The
aquifer is assumed homogeneous with a horizontal
hydraulic conductivity value of 5 m/day. In addition,
the pse2d results of the heterogeneous case with a less
conductive layer (Kf = 1 m/day) in the uppermost 10 m
of the island are also shown in Fig. 11. The evaporative
process resulted in salt accumulation beneath the island
and the triggering of two smaller plumes. They travel to-
wards the center of the island. There they merge to form
one large salt finger, which convects downward (see also
Section 6). This three periods are visible in Fig. 12,
where the maximum concentration with time is plotted.
The first period, the accumulation of the solutes (with
rising maximum concentrations at the surface) com-
pletes with the generation of the two small blobs. In
the second period, these blobs travel towards the center
of the island. The third period is initiated with their

Fig. 9. Test of grid convergence with the d3f model. From top to
bottom: grid level 4 (64 · 16 nodes), grid level 5 (128 · 32 nodes), grid
level 6 (256 · 64 nodes), grid level 7 (512 · 128 nodes), and grid level 8
(1024 · 256 nodes). Simulation results are shown at an elapsed time of
1000 years. The contour lines represent concentrations from 0.5 to 5 g/l
with an interval of 0.5 g/l. For model parameters see Table 1. Domain
size is 340 m · 100 m.
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Fig. 10. Mass flux through a line parallel to the island surface in 50 m
depth at di!erent grid levels.
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fusion into one big finger convecting downward. Maxi-
mum concentrations show a peak, and become steady-
state as soon as the finger convects down into deeper
aquifer units. For the homogeneous case, the first two
periods are much shorter and the maximum concentra-
tion values are lower compared to the heterogeneous
case. The finger convects vertically downward after a
certain threshold concentration of around 14 g/l had
been reached. For the heterogeneous case, the threshold
concentration is much higher at around 60 g/l (Fig. 12).
The superimposed regional flow is clearly visible in the
asymmetry of the saltwater finger. When comparing

the d3f and pse2d results (Fig. 11, left and middle col-
umn), both, the growth rate and the shape of the finger
are in close agreement between the two corresponding
model runs. The maximum concentration stabilizes at
around 11 g/l with the d3f model and at around 9 g/l
with the pse2d model. The di!erence is related to the
finer discretization of the d3f model below the island.
In the heterogeneous case, the maximum concentration
of the boundary layer stabilizes at much higher values
of around 34 g/l. Compared to the homogeneous case,
once the fingering process has started, it is accelerated.
The reason for this is the higher density contrast associ-
ated with an increase of the buoyancy force.

The threshold concentration together with an ambi-
ent concentration of 0.1 g/l yields a Wooding number
of Rd = 7 for the homogeneous case and of Rd = 15
for the heterogeneous case. For the heterogeneous case,
Fig. 11 indicates that more solute accumulates in the less
conductive layer below the island, whereas the fingering
process takes place in the layer beneath. Therefore, for
the calculation of the Wooding number, the vertical
hydraulic conductivity value Kzz of the higher permeable
layer and the corresponding vertical velocity are taken.
For the homogeneous case we also account for the ver-
tically non-uniform ET-flux (caused by the regional
flow) by using the velocity in the same layer as for the
heterogeneous case.

Fig. 13 shows simulation results of the pse2d and the
SEAWAT models after a simulation time of 2000 years.
The domain was resolved in 272 · 80 grid cells. The
aquifer is modeled as heterogeneous. For the SEAWAT
simulations, the following transport packages were
tested: (a) standard finite di!erence scheme with up-

Fig. 11. Evolution of density fingering for the parameters summarized in Table 1. Left column: d3f results, aquifer is modeled as homogeneous.
Middle column: corresponding pse2d results. Right column: pse2d results obtained with a less conductive layer beneath the island. Displayed times
are 60, 200, 400, 500, and 1000 years. The contour lines represent concentrations from 0.5 to 5 g/l at intervals of 0.5 g/l. Domain size is
340 m · 100 m.
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Fig. 12. Development of the maximum concentration in the center of
the island over time for the homogeneous case (—) and the
inhomogeneous case (- % - % -).
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stream weighting (FD), (b) third-order total-variation-
diminishing method (TVD) and (c) the forward tracking
method of characteristics (MOC). In the MOC simula-
tions, a fourth-order Runge–Kutta algorithm was used
for the particle tracking routine with a Courant number
of 0.75. An initial amount of 16 particles per cell was
taken. For all three methods, the Generalized Conjugate
Gradient (GCG) method was selected to solve the dis-
persive term with an implicit finite-di!erence method.
For the pse2d simulations, a Neumann and Courant
number of two was selected. An initial number of four
particles per cell was used. The resulting maximum con-
centrations are plotted in Fig. 14. Once the threshold
concentration is reached and the fingering process is

triggered, the maximum concentration is stabilized and
remains constant. Very similar results could be obtained
with the pse2d code, and the SEAWAT code using the
FD and TVD transport packages. The MOC results,
however, are quite di!erent: The finger development is
much faster and the maximum concentration at the
boundary layer oscillates around a value that is roughly
twice as high as for the other methods. In comparison to
the FD and TVD method, the pse2d results show less
numerical dispersion with a smaller dispersive spreading
as well as a stabilized concentration around 30 g/l. The
FD method reveals a slightly higher numerical spreading
than the TVD method, with stabilizing concentrations at
28 g/l and 27 g/l, respectively.

The theoretical mass accumulating at the evaporative
boundary can be calculated by

J ' ET % LET % W % cin; "10#

where J is the mass flux [kg/year], ET denotes the evapo-
transpiration rate [m/year], LET ÆW [m2] the surface of
the evaporating island and cin [kg/m

3] the constant con-
centration at the channel inflow. The overall salt balance
over the entire domain reveals too much salt accumula-
tion for the MOC method (Fig. 15), obviously due to
coding errors. The FD, TVD, and as well as the pse2d
methods approximate the theoretical salt mass accumu-
lation closely. Pse2d loses some mass, which might be
due to the fixed concentration boundary conditions in
combination with a too large Courant number of 2.

6. Results

6.1. Thata Island

The parameters used for the modeling study of Thata
Island are summarized in Table 2. Since the island is

pse2d
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SEAWAT & MOC 

Fig. 13. Inter-code comparison of the solute distribution for the
inhomogeneous case after 2000 years. Numerical results from top to
bottom: pse2d, SEAWAT with FD, SEAWAT with TVD, and
SEAWAT with MOC. The contour lines represent concentrations
between 0.5 and 5 g/l with intervals of 0.5 g/l and concentrations of 6,
8, and 10 g/l. Domain size is 340 m · 100 m.
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located in the seasonal swamp the open lateral bound-
aries are used (Fig. 8). The domain length is 800 m.
The island is located between x = 400 m and
x = 540 m. Further di!erences to the study above are
a smaller anisotropy ratio (Kxx/Kzz = 2) and the lower
horizontal conductivity value of 2 m/day. The evolution
of the fingering process below Thata Island is shown in
Fig. 16. Numerical simulations were conducted with the
pse2d model. The domain was resolved by 640 · 80 grid
points and an initial number of four particles per cell.

In the initial flow pattern, water is drawn from both
boundaries towards the evapotranspiration zone (top
plot in Fig. 24). Over time, su"cient salt accumulates
below the island to generate two smaller salt blobs, these
travel towards the center of the island where they even-
tually merge to one dominant finger moving downwards
after an elapsed time of 200–250 years. Between 300 and

400 years, the finger reaches the impermeable aquifer
bottom and begins to spread. The system reaches a state,
in which smaller blobs feed continuously into the larger
finger structure. The maximum concentration oscillates
around 18 g/l (Fig. 17). This range of value corresponds
well to the value of around 25 g/l measured in the field in
about 1 m depth in the island center [2].

Taking a threshold concentration of 25 g/l (Fig. 17)
and an upward velocity at 12 meters depth of 2.6 ·
10&9 m/s, a Wooding number of about Rd = 8 results.

The graph in Fig. 18 shows that the ratio between salt
mass fingering down into the deeper aquifer (below 20 m
depth) and salt mass entering the model domain fluctu-
ates around 1. As soon as the fingering process starts,
the entire amount of salt entering the model domain is

Fig. 16. Evolution of density fingering on Thata Island. Results
displayed at 100, 150, 200, 250, 260, 300, 400, 500, 1000, and 2000
years. Domain size is 800 m · 100 m.
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convected down into deeper aquifer units and the sur-
face concentration becomes steady-state.

6.2. Islands in a regional flow system

As seen from Eq. (7), the ET-rate a!ects the critical
boundary-layer Rayleigh number. A lower ET-rate
destabilizes the boundary layer and thus fingers may
be triggered at lower density gradients. However, for
an island embedded in a regional flow system, a low
ET-rate may influence the flow pattern such that water
will not flow concentrically below the island but in the
direction of the regional hydraulic head gradient. A
central depression of the groundwater table below the

Fig. 19. Pse2d simulation results after 500 years performed with
di!erent ET-rates in a homogeneous aquifer. Domain size is
340 m · 100 m.

Fig. 20. Initial velocity fields for evapotranspiration rates of 0.2, 0.4,
0.6 and 1.0 mm/day (from top to bottom). Domain size is
340 m · 100 m.

Fig. 21. Pse2d simulation results for the ‘‘closed’’ case after 500 years
with di!erent hydraulic gradients in a homogeneous aquifer. Domain
size is 340 m · 100 m. The model domain is 340 m long and 100 m
deep.

Fig. 22. Initial velocity fields for the ‘‘closed’’ case and for hydraulic
gradients of 0.1&, 0.5&, and 1& (from top to bottom). Domain size is
340 m · 100 m.
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island will no longer form. Numerical simulations were
conducted first with di!erent ET-rates and then with a
stronger hydraulic head gradient resulting in a higher re-
gional flow velocity. The aquifer was modeled as homo-
geneous with "closed! boundaries and a horizontal Kf

value of 5 m/day. Simulation time was 500 years. The
remaining simulation parameters are listed in Tables 1
and 3. For the cases with a stronger hydraulic gradient,
the simulations were also performed with the parameters
used for the study of Thata Island (Table 2), i.e., the
case with the "open! lateral boundaries.

Four di!erent ET-rates from 0.2 mm/day to 1 mm/
day were considered. The hydraulic gradient is taken
as 0.1&. The higher the ET-rate, the more pronounced

Fig. 23. Pse2d simulation results for the ‘‘open’’ case after 500 years
with di!erent hydraulic gradients. Parameters taken for the simulation
are summarized in Table 2. The domain displayed is
150 m 6 x 6 800 m, and 0 m 6 z 6 100 m.

Fig. 24. Initial velocity fields for the ‘‘open’’ case and hydraulic
gradients of 0.1&, 0.5& and 1& (from top to bottom). The model
domain is 800 m long and 100 m deep.

Fig. 26. 2D simulation results with SEAWAT at t = 500 years with di!erent hydraulic gradients. The domain displayed is 150 m 6 x 6 800 m, and
2.5 m 6 z 6 100 m.
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Fig. 25. Maximum concentration in the center of the island over time
for di!erent hydraulic gradients.
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the density finger and the less pronounced the lateral
drift of the plume are (Fig. 19). With a lower ET-rate,
the location of the highest salt accumulation is shifted
towards the downstream fringe of the island. The max-
imum concentration at the boundary layer stabilizes at
4 g/l (lowest ET-rate) and 13 g/l (highest ET-rate). The
respective initial velocity fields are shown in Fig. 20.
The higher the evapotranspiration rate, the more water
is drawn from both boundaries towards the evapotrans-
piration zone. With an evapotranspiration rate of
0.2 mm/day water is mostly drawn from the upstream
boundary.

Finally, the hydraulic gradient was increased from
0.1&, 0.5& to 1&. The ET-rate was set constant to
0.6 mm/day. The corresponding initial velocity fields
are shown in Fig. 22. With hydraulic gradients of
0.5& and 1.0&, water from the left boundary reaches

the right boundary. The e!ect on the plume develop-
ment is displayed in Fig. 21. A rigorous change between
the two flow regimes occurs between a head gradient of
0.1& and 0.5&. Density fingering is suppressed and to-
tally overridden by the strength of the regional flow. The
salt plume stays near to the surface and is advected with
the regional flow field.

A similar picture is obtained for the Thata Island
parameters with !open! lateral boundaries. For the three
hydraulic gradients considered, c values (Eq. (9)) of
about 6, 1, and 0.6 apply. The salt distribution shown
in Fig. 23 as well as the initial velocity field displayed
in Fig. 24 confirm the transition of regimes for c * 2.
For the three cases, there is no significant change in
the concentration maximum (Fig. 25). With a c value
of 1, salt is transported by advection along the hydraulic
gradient but still reaches the bottom of the aquifer. In

Fig. 27. 3D simulation results with SEAWAT at t = 500 years with di!erent hydraulic gradients. The island stretches across the whole width of the
domain. Displayed are horizontal slices in z = 2.5 m, 12.5 m and 27.5 m depth (from left to right), and 150 m 6 x 6 800 m, and 0 m 6 y 6 200 m.

Fig. 28. 3D simulation results with SEAWAT at t = 500 years with di!erent hydraulic gradients. The island stretches across the whole width of the
domain. Displayed are vertical cross-sections at y = 112.5 m, and 150 m 6 x 6 800 m, and 0 m 6 y 6 200 m.
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this case, the plume is intersected by the groundwater
flow direction. Whether this picture would change in a
3D environment, will be analyzed in the following
section.

6.3. 2D/3D simulations

Two-dimensional simulations in a truly three-dimen-
sional environment may yield unrealistic flow fields, and
thus plume developments. In order to verify di!erences
in the flow and the transport dynamics arising from sim-
ulations in a 2D domain, both, 2D and 3D simulations
were performed with the SEAWAT code. At this stage
the pse2d method has not been implemented to simulate
3D density-driven flow problems. The "open! case (Table
2) with di!erent hydraulic gradients of 0.1&, 0.5& and

1& was examined. A regular grid spacing of Dx, Dy,
Dz = 5 m was employed. With a width of the domain
of 200 m, this resulted in 160 · 40 · 20 grid cells. The
standard finite di!erence solver with upstream weighting
was selected for all simulations.

We considered two di!erent island geometries. One
with an island that stretches across the total width of
the domain (200 m), and one with an elongated island
that is 50 m wide. The length of the island in the direc-
tion of the regional flow is in both cases 140 m. Simula-
tions were performed with three di!erent hydraulic
gradients (0.1&, 0.5& and 1&). The 2D results at
t = 500 years are displayed in Fig. 26. The correspond-
ing 3D results are displayed in Figs. 27 and 28. The
3D results of the elongated island are shown in Figs.
29 and 30. The plots in Figs. 27 and 29 show horizontal

Fig. 29. 3D simulation results with SEAWAT at t = 500 years with di!erent hydraulic gradients. The island is elongated with a width of 50 m.
Displayed are horizontal slices in z = 2.5 m, 12.5 m and 27.5 m depth (from left to right), and 150 m 6 x 6 800 m, and 0 m 6 y 6 200 m.

Fig. 30. 3D simulation results with SEAWAT at t = 500 years with di!erent hydraulic gradients. The island is elongated with a width of 50 m.
Displayed are vertical cross-sections at y = 112.5 m (top), and 150 m 6 x 6 800 m, and 0 m 6 y 6 200 m.
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slices in 2.5 m, 12.5 m and 27.5 m depth. Vertical cross-
sections through the plumes are shown in Figs. 28 and
30.

In a weak hydraulic gradient of 0.1&, i.e. when the
flow is directed from both lateral boundaries towards
the island (cf. Fig. 22, top), 2D and 3D simulations yield
the same results: the finger convects down over the en-
tire width of the island. In the case of the elongated is-
land, the finger shows a more asymmetric shape
(Fig. 30).

With a stronger hydraulic gradient, however, simula-
tion results are di!erent. In 3D and with the island that
stretches across the total width of the domain, smaller
salt fingers are generated that are transported with the
flow and convected downward. The regional groundwa-
ter flow uses the space between those plumes. These
smaller plumes are not generated in the case of the elon-
gated island. There, the plume stays together and regio-

nal groundwater flows around the plume as a whole.
The vertical cross-sections show similar plume develop-
ments for the 2D and the corresponding 3D simulations
(Figs. 26 and 28). In contrary, the plume beneath the
elongated island is stronger transported vertically and
also laterally (Fig. 30). It can be concluded, that the
middle picture obtained in Fig. 23, where the finger
reaches the bottom of the aquifer and is intersected by
the groundwater cutting it into separate blobs, is a mere
2D e!ect. As the forced inflow has to find a way out, it
cuts through the plume leading to a non-steady-state
pulsation. In nature, groundwater would flow around
or beneath the plume, but not intersect the plume.

Furthermore, the salt mass accumulation in the do-
main for the three di!erent geometries and the three dif-
ferent hydraulic gradients is shown in Fig. 31. The
theoretical mass accumulation at the evaporative bound-
ary can be calculated with Eq. (10). The di!erence
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Fig. 31. Mass accumulation in the model domain with time for di!erent simulations and di!erent hydraulic gradients. Top: 2D simulation results
(Fig. 26). Middle: 3D simulation results with island that stretches across the whole width of the domain (Fig. 27). Bottom: 3D simulation results with
island of 50 m width (Fig. 29).
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between the theoretical and the numerical mass accumu-
lation quantifies the strength of the regional gradient:
they correspond well in the case of a small hydraulic gra-
dient of 0.1&, with no mass leaving through the lateral
model boundaries (Fig. 31). With a higher hydraulic gra-
dient, they diverge, since mass is lost through the lateral
boundaries. Fig. 31 demonstrates also, that the higher
the hydraulic gradient, the faster a steady-state between
mass entering and leaving the domain is reached. The
time scales for reaching a steady-state are similar for
the 2D case and the corresponding 3D case, i.e. with
the expanded island that stretches across the total width
of a the domain. In contrast, the time scales for reaching
steady-state conditions are shorter for the elongated
island since the flow dynamics around the island are dif-
ferent. With a mean hydraulic gradient (0.5&), a steady-
state is reached about 300 years earlier. The reason is that
in this case groundwater flows rather around the salt fin-
ger and does not impede the plume to spread vertically
downward. The time di!erence becomes smaller in the
strong hydraulic gradient, since there the plume is
advected superficially with the regional flow.

7. Conclusions

The aim of this paper was to investigate the salt trans-
port on islands in the Okavango Delta by means of
numerical modeling. For that purpose the novel
Lagrangian pse2d code has been employed in this study
together with the SEAWAT and d3f codes. The results
demonstrated that the pse2d code can accurately simu-
late density fingering processes. The numerical study
provided further insights into the flow and transport
mechanism below islands in the Okavango Delta. By
applying realistic hydraulic parameters based on field
measurements it is indicated that density fingering is
possible on Thata Island. The numerical results are in
agreement with the geophysical study conducted on
Thata Island (cf. [2]). However, the simulation results
suggest that it will take some hundreds of years (200–
300 years) until a salinity layer establishes that will be
of su"ciently high concentration to trigger density fin-
gers. However, since mineral precipitation processes
were neglected in the numerical simulations, time scales
will be longer in reality. The predicted time scales can be
taken as a lower limit for density instabilities to develop.
Model predictions in such a dynamic environment
where boundary conditions may change within a much
shorter time scale have to be handled with care. In addi-
tion, results are very sensitive to hydraulic parameters.
Small changes within the measured uncertainty range
lead to di!erent distributions of solute. On islands
embedded in a stronger regional flow system, the solutes
stay close to the surface and are advected along the re-
gional flow gradient. Hence, density fingering is totally

suppressed. Theoretically, once the fingering process
has started, all inflowing salt can be transferred into
the deeper aquifer. But taking the presence of a regional
gradient and also the large time scales into account, it
seems rather unlikely that the origin of the deeper, saline
aquifer of the Okavango Delta can be attributed to the
process of density fingering below the numerous islands
scattered around the entire Delta. The preconditions of
density fingering would be met only on a smaller frac-
tion of islands in the Okavango Delta.
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