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Abstract While previous studies conclude that riparian freshwater lenses are the result of buoyancy
forces that drive river water circulation in the adjacent aquifer, only highly idealized conceptual models
have been assessed. A numerical study is conducted to investigate the influence of evaporation from
unsaturated bare soils, including accumulation and precipitation of salt, on riparian freshwater lenses,
assuming otherwise similar conditions to those adopted in recent studies. Non‐evaporating simulations that
account for the unsaturated zone are first compared to previous saturation‐only numerical and analytical
results, and reasonable matches are obtained. The modeling analysis of evaporative simulations includes
three different approaches to the treatment of solute in evaporated water: (a) no evaporative salt
accumulation, (b) evaporative salt accumulation, and (c) as for (b) except resistance to evaporation caused
by salt accumulation is considered. Significant evaporative fluxes caused gaining river conditions to
change to losing conditions, leading to the cessation of buoyancy‐driven freshwater circulation and to
freshwater bodies that are not lenticular. Rather, evaporation reduces regions where the water table
and/or unsaturated zone are fresh relative to the freshwater lens volume. Evaporation rates depend on
the hydraulic connection between the floodplain surface and water table, which is limited where the
water table is deep, the soil hydraulic conductivity is low, and under higher potential evaporation rates.
The results show that floodplain evaporation may control the freshwater‐saltwater distribution and lead
to hypersaline groundwater under certain conditions, although earlier buoyancy‐driven conceptual
models of riparian lenses appear to remain valid where the thickness of the unsaturated zone is
sufficiently large.

1. Introduction

Natural floodplains host diverse and biologically productive ecosystems, covering some 2 × 106 km2 globally
(Tockner & Stanford, 2002). In semiarid and arid regions, floodplain ecosystems are particularly susceptible
to degradation by human activities (e.g., agriculture, hydraulic structures, river water diversion, land clear-
ing, and extraction of freshwater), which are often concentrated on and adjacent to floodplains (Jolly
et al., 1993; Overton & Jolly, 2004; Tockner & Stanford, 2002). The floodplains of semiarid and arid regions
may contain saline groundwater often created by high rainfall‐evaporation deficits and accompanying eva-
poconcentration of meteorologically derived salt in surrounding recharge areas (e.g., Jolly et al., 1993,
2008; Laattoe et al., 2017). Where fresh rivers traverse high‐salinity landscapes, freshwater lenses may form
in the riparian and floodplain aquifers (Werner & Laattoe, 2016), which we call “riparian freshwater lenses”
henceforth. These terrestrial forms of freshwater lenses, which are more often described for island settings
and coastal regions (e.g., Werner et al., 2017), contribute to sustaining floodplain ecosystems, especially
salt‐sensitive floodplain vegetation (Bauer et al., 2006; Cartwright et al., 2010; Cendón et al., 2010; Laattoe
et al., 2017).

Laattoe et al. (2017) classified freshwater lenses adjacent to rivers according to three different river condi-
tions, namely, (1) ephemeral rivers, (2) perennial rivers that are continuously losing, or (3) perennial rivers
that are continuously gaining. The occurrence of freshwater lenses despite gaining river conditions seems
counterintuitive because both the hydraulic and density‐driven forces would be expected to suppress their
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formation if the freshwater derives from the river, given that both these forces act in the direction toward the
river. Yet, Viezzoli et al. (2009) presented field evidence that the floodplains of the River Murray, southeast-
ern Australia, host stable freshwater lenses in areas where the river is under gaining conditions.

Werner and Laattoe (2016) and Werner et al. (2016) showed, using sand tank experiments and sharp‐
interface theory, that buoyancy forces create conditions amenable to the occurrence of stable, steady‐state
freshwater lenses that can persist despite gaining river conditions. Werner et al. (2017) evaluated the role
of dispersion on the occurrence of the riparian lenses described by Werner and Laattoe (2016) and
Werner et al. (2016). A correction factor was developed that allows dispersion effects to be accounted for
in the application of Werner and Laattoe's (2016) sharp‐interface analytical solution, in which dispersion
effects are not considered. Werner et al. (2017) showed that freshwater lenses are smaller when this correc-
tion factor, and thus mixing effects, are taken into account. It was also demonstrated that buoyancy and
dispersion drive freshwater circulation within riparian lenses. Freshwater is entrained in flowing saltwater
due to dispersion, such that stronger lens circulation arises when dispersion parameters are increased.
This is a similar mechanism to that causing the circulation of seawater in coastal aquifers (e.g., Provost
et al., 2018; Smith, 2004).

The investigation of riparian freshwater lenses by Werner and Laattoe (2016) and Werner et al. (2016, 2017)
has thus far adopted highly idealized conceptual models of floodplain settings. For example, the effects of
evaporation on riparian freshwater lenses have been neglected, despite that evaporation is likely a key factor
influencing the hydrology of semiarid and arid floodplains. As the groundwater is often saline in these set-
tings, evaporation‐salinity relationships are likely to play an important role. For example, Bauer et al. (2006)
showed numerically that the location and dynamics of the freshwater‐saltwater interface in the Shashe River
Valley (Botswana) are highly sensitive to the model representation and parameterization of salt enrichment
by evapotranspiration. They used an adapted SEAWAT code in which evaporation was independent of the
groundwater salinity but where transpiration was a function of groundwater salinity. SEAWAT simulates
only the saturated zone, and therefore unsaturated zone processes were included implicitly.

Estimates of evaporation rates from soils commonly adopt simplifying assumptions that need modification
when salt levels are high. Evaporation from a saline surface causes salt accumulation in the pore water,
which may lead to salt precipitation if the pore water concentration exceeds solubility limits. Salt precipita-
tion may occur at the soil surface and appear as efflorescence, thereby acting as a resistance layer to evapora-
tion. Salt precipitation can also occur between the soil grains as subflorescence, which reduces the pore
space for water vapor to move through the soil and modifies the soil hydraulic and thermodynamic
properties, including the permeability, porosity, dispersion parameters, water retention parameters, and
heat conductivity (Fujimaki et al., 2006; Nachshon, Shahraeeni, et al., 2011; Zhang et al., 2014).
Nachshon, Weisbrod, et al. (2011) used saline soil column experiments to show that evaporation may be
inhibited by salt precipitation via three different mechanisms: (1) a combination of reduced osmotic poten-
tial and liquid water saturation in the near‐surface layer, (2) formation of an efflorescence layer, and (3)
thickening of the dry soil layer and continued solute accumulation in the unsaturated zone as subflores-
cence. Shen et al. (2018) showed the importance of incorporating evaporation‐induced salt accumulation
and precipitation processes in numerical models of salt marshes. Numerical models that included salt pre-
cipitation were needed to reproduce hypersaline zones, which were observed in field measurements and
have important implications for the ecology of salt marshes.

Besides the above mentioned works, many other studies (e.g., Bonython, 1956; Boufadel et al., 1999; Doble &
Crosbie, 2017; Geng et al., 2016; Turk, 1970) have recognized the need to consider evaporation‐induced salt
accumulation and precipitation in the unsaturated zone if the pore water salinity is high. Thus, even
though unsaturated zone processes are often neglected or highly simplified in modeling saline groundwater
(e.g., Bauer et al., 2006), it is plausible that vadose zone salt accumulation will impact groundwater flow
through modification to evaporative fluxes. This is particularly the case in the floodplains of the
Murray‐Darling Basin (MDB), Australia, which are known to host highly saline groundwater. Human
activities have caused floodplain groundwater levels to rise, leading to increased evapotranspiration rates
and soil salinities and subsequently impacting floodplain vegetation (Jolly et al., 1992, 1993; Overton &
Jolly, 2004; Stewart et al., 2010; Thorburn et al., 1992). In some areas, diffuse evaporative discharge has
led to the formation of salt pans (EAAWE, 2008; Thorburn et al., 1992; Woods, 2015).

10.1029/2019WR026380Water Resources Research

AMERICA ET AL. 2 of 21



The current research aims to explore the degree to which evaporation and its modification by salt efflor-
escence alter previous conceptual models of riparian freshwater lenses (e.g., Laattoe et al., 2017;
Werner, 2017; Werner et al., 2016; Werner & Laattoe, 2016). These studies were inspired by the occur-
rence of freshwater lenses within the floodplains of the MDB. We hypothesize that evaporation and the
accumulation and precipitation of unsaturated zone salts in floodplain soils are critical to the behavior
of riparian freshwater lenses. It is likely that evaporation has two opposing effects on riparian floodplains.
First, it is expected that evaporation will lower or even reverse the hydraulic gradient toward the river,
potentially changing the river's condition from gaining to losing. This may form fresh groundwater bodies
that differ to the riparian freshwater lenses of Werner and Laattoe (2016) and others and, rather, that
have similar attributes to freshwater lenses observed by Cartwright et al. (2010), who studied floodplain
aquifers adjacent to alternating losing and gaining river systems of the MDB. Second, salt accumulation
at the soil surface by evaporation may cause density‐driven transport of high‐salinity groundwater into
the aquifer and possibly reduce the lateral extent of the lens. The complex effects of vegetation, including
characterization of vegetation assemblages and root growth (Slavich, 1997), and interrelationships
between root water uptake and soil and aquifer salinity levels (Cramer et al., 1999; Thorburn et al., 1995),
were neglected in the current analysis, which aims to provide stepwise improvement to previous research
(e.g., Werner et al., 2016; Werner & Laattoe, 2016) by adding a relatively simple representation of eva-
poration. It should also be noted that significant regions of bare soil occur within floodplains such as
those of the MDB (e.g., Holland et al., 2013), and therefore, the lack of vegetation in the conceptual mod-
els of this study is consistent with at least some parts of real‐world settings, albeit most near‐river riparian
zones are more likely vegetated.

We conduct numerical simulations of density‐coupled water flow and salt transport within both saturated
and unsaturated zones of simplified (e.g., homogeneous, isotropic) floodplain subsurface systems to

Figure 1. (a) Riparian freshwater lens conceptual model (adapted from Werner, 2017). Saltwater flows at a rate qs
through the inland boundary, where the water table elevation (ha) exceeds the river water level (hb). The aquifer
and river base are z0 below the horizontal land surface. The current study includes evaporative salt accumulation
processes in bare soils, as shown in (b) (after Zhang et al., 2014).

10.1029/2019WR026380Water Resources Research

AMERICA ET AL. 3 of 21



explore the effects of evaporation processes on salt dynamics. Parameters are adopted primarily from pre-
vious studies (e.g., Werner et al., 2016; Werner & Laattoe, 2016), which represent alluvial, riparian zones
in arid‐to‐semiarid environments that host riparian freshwater lenses (e.g., Laattoe et al., 2017), including
but not limited to the MDB. We neglect subsurface heterogeneity and 3‐D effects and focus on the interpre-
tation of general findings from simplified situations.

2. Methods
2.1. Conceptual Model

The adopted conceptual model is shown in Figure 1a and is based partly on previous analyses of riparian
freshwater lenses by Werner and Laattoe (2016) and Werner et al. (2016, 2017), who used two‐dimensional
cross‐sectional models (perpendicular to the river axis) of a fully penetrating freshwater river and adjacent
floodplain aquifer. The riparian lenses in these studies contain recirculating freshwater from the river that
“floats” above saltwater due to buoyancy forces. They neglected all surface effects (e.g., vegetation, flooding,
and evaporation) and adopted steady‐state conditions. The floodplain aquifer was assumed homogeneous,
isotropic, and horizontal (uniform geometry) to eliminate the complications of macropore flow, microtopo-
graphy, and other heterogeneities. This allowed the interplay between aquifer properties, buoyancy forces,
and river‐aquifer exchange fluxes to be explored. These prior studies are extended in the current research
by adding the effects of evaporation (from bare soils) to the previous conceptual models, including
evaporation‐induced salt accumulation and precipitation. The effect of evaporation on the salt distribution,
riparian freshwater lens extent, rates of saltwater discharge to the river, and freshwater lens circulation are
evaluated.

The river fully penetrates the aquifer, which is underlain by a horizontal impermeable base at hb (m) below
the river water level and z0 (m) below the land surface. The freshwater lens in Figure 1a reaches a distance xL
(m) from the riverbank. As will be shown in later subsections, evaporation creates freshwater bodies with a
wide variety of shapes, and therefore, we distinguish between the extent of freshwater at the top (xL_top)
and bottom (xL_bot) of the aquifer. Saline water flows through the vertical landward boundary at a flux qs
(m3/day) and saturated thickness ha (m). An evaporation boundary condition is applied to the land surface
that includes the option to simulate evaporative salt accumulation and precipitation (Figure 1b). Due to the
high temperatures and low relative humidity in semiarid and arid regions, potential evaporation (Epot) can
reach up to 10 mm/day (Mellouli et al., 2000).

2.2. Numerical Simulations
2.2.1. Model Setup
Whereas Werner et al. (2017) adopted the saturation‐only modeling code SEAWAT, the current study uti-
lizes SUTRASET, which is an adapted version of the finite‐element model SUTRA (Voss & Provost, 2008).
SUTRASET is able to simulate variable‐saturation, variable‐density groundwater flow and solute transport
in combination with evaporation, salt precipitation, and the influence of salt precipitation on evaporation
fluxes (Shen et al., 2018). The formulation of SUTRASET is described in detail by Zhang et al. (2014), and
therefore only a summary of the mathematical development within the code is provided here.

Evaporation through the horizontal land surface occurs at a rate Eact, which varies in time and location
according to (Zhang et al., 2014):

Eact ¼ ρsshss − ρrhr
ρf ra þ rss þ rscð Þ (1)

where ρss (kg/m
3) is the saturated water vapor density at the soil surface; hss (–) is the relative humidity at

the soil surface; ρr (kg/m
3) is the saturated water vapor density at the atmospheric reference point (i.e., 2 m

above the soil surface); hr is the relative humidity at the atmospheric reference point; ρf (kg/m
3) is the

density of freshwater; ra (day/m) is the aerodynamic resistance of water vapor transported from the soil
surface to the atmospheric reference point; rss (day/m) is the surface resistance, which represents resistance
to water vapor release from pore spaces in the surface soil to the free atmosphere and is dependent on the
water saturation of the surface soil (van de Griend & Owe, 1994); and rsc (day/m) is the mulching resistance
to water vapor release due to salt precipitation on the soil surface (i.e., thickness of efflorescence).
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The concentration of evaporated water (Ce) differs between scenarios, as described below. In applying
Equation 1 to the evaporation stages of simulations, the variables ρss, ρr, hr, ρw, and ra were set constant
in time, whereas hss, rss, and rsc depend on soil conditions as simulated by SUTRASET. Note that the
saturation and concentration at the soil‐air interface used in Equation 1 were obtained from the closest
soil node, which has a finite volume. Such an approximation may overestimate evaporation because soil
near the surface tends to be wetter and less saline as depth increases. Varying discretization suggested
that our choice of top node thickness (0.05 m) had a negligible impact in terms of overestimating eva-
poration, as moisture and salinity distributions across the floodplain were close to those with smaller
top node thicknesses.

Further details of the model are given by Zhang et al. (2014) and Shen et al. (2018), whereas the constitutive
relationships within SUTRASET that are additional to those in SUTRA (to achieve the interplay between
evaporation and salt accumulation) are summarized in Appendix A.

Numerical experiments were conducted to analyze the effects of evaporation on riparian freshwater lenses
using two‐stage simulations. In Stage 1, evaporation was initially neglected and the model was run to
steady‐state conditions, producing freshwater lenses that can be compared with the previous results of
Werner and Laattoe (2016) and Werner et al. (2017). This stage was intended to provide verification of the
SUTRASET code in modeling riparian lenses (without evaporation) and insight into the influence of the
unsaturated zone on lens extent. In Stage 2, evaporation was added to the land surface, and the model
was run for 50 years, after which somewhat stable conditions (although not steady state) were reached.
The head and solute conditions from Stage 1 were adopted as initial conditions for Stage 2. Also, the flux
at the floodplain boundary (left boundary in Figure 1) was obtained from Stage 1, in which the floodplain
boundary was a specified‐head condition, and this flux was adopted as a specified‐flux condition in Stage
2. This procedure was intended to allow heads at the inland boundary to vary with the addition of evapora-
tion while maintaining a steady saltwater flow rate toward the river regardless of evaporation, reflecting
extensive aquifers receiving long‐term recharge beyond the inland limit of the model. This choice of inland
boundary condition in evaporative simulations is arguably an arbitrary model choice, but nonetheless,
specified‐head conditions are expected to impose artificial boundary effects on the model more so than
specified‐flux conditions. Furthermore, a specified‐head condition requires a feature on the floodplain that
controls the groundwater level, which, under arid or semiarid conditions, seems less likely than a specified
rate of groundwater inflow from aquifers beyond the scale of our model.

Figure 2 illustrates the numerical model geometry and model boundary conditions, showing the base case
simulation, which adopts parameters from Case 1 in Werner et al. (2017). That is, the floodplain is consid-
ered in cross section, with uniform geometry of length 200 m and depth 5.2 m (z0). A structured grid with
a resolution of 0.05 m × 0.05 m was adopted. The selection of grid size was a trade‐off between model com-
putation times and numerical accuracy. It is noteworthy that many vertical 1‐Dmodels simulating the effect
of an atmospheric boundary on heat and mass flow in soils adopt finer meshes (e.g., Novak, 2010; Saito
et al., 2006). However, Such a refined grid resolution is not practical, in terms of computational cost, for
the simulation of a 2‐D floodplain of 200 m length. Simulations adopting 0.05 m grid resolution still took
around 30–60 days to complete on an Intel(R) Xeon(R) CPU E5‐2630 v3, and therefore our models are at
the upper limit of the number of cells, considering the model domain size, simulation period, and the com-
plex nonlinear nature of the subsurface processes that we considered.

The river fully penetrates the aquifer at the right‐hand side of the domain with a river water depth (hb) of
4.99 m and is represented by a hydrostatic pressure boundary. The concentration at the boundary depends
on the flow direction, whereby solute leaves the model at the ambient concentration but enters the model
with a freshwater concentration (Cf) of 0 ppt, following the approach of Werner et al. (2017). As mentioned
above, saltwater enters the left‐hand boundary in Stage 2 of each simulation via a specified‐flux condition
with inflow rate qs (Figure 2b) and concentration of inflowing saltwater (Cs) of 35 ppt (similar to that
adopted by Werner, 2017). qs was determined from the non‐evaporative Stage 1, in which the inland bound-
ary is a fixed saltwater head (ha) of 5.0 m and concentration Cs of inflowing water (Figure 2a).

In Stage 2, evaporation was applied to the land surface of the base case with a value of Epot of 4 mm/day,
which is a typical potential evaporation rate in semiarid zones, such as the MDB (BOM, 2016). To achieve
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this potential evaporation, ra was set to 0.002 day/m, based on the selected values of average air temperature
(Tair) of 20°C, average soil temperature (Tsoil) of 20°C, and hr of 0.147. These values are typical of semiarid
zones (e.g., BOM, 2016). The limiting condition of Eact = Epot applies when soil water is not a limiting
factor (rss = 0); salt is not present in the pore water at the soil surface (hss = 1) and no salt precipitation
occurs (rsc = 0).
2.2.2. Numerical Experiments and Model Parameters
The base case (Case 1) adopted a saturated hydraulic conductivity (Ks) of 10 m/day (reflecting that of a sandy
soil, Bear, 1972, and consistent with the base case of Werner, 2017). The Ks for sandy loam (Case 5) reflects
the lowest value considered by Werner et al. (2017), while the coarse sand (Case 6) Ks represents the highest
value used byWerner and Laattoe (2016). Themoisture retention functions describing pressure saturation in
the unsaturated zone apply a form of the van Genuchten (1980) relationships that is modified to allow the
moisture content (θ) to fall below the residual moisture content (θr), as per Fayer and Simmons (1995).
The relevant formulae are given in Appendix A. Moisture retention parameters were modified from values
given by Carsel and Parrish (1988) in the following ways: (a) the porosity (Φ) of 0.24 in Werner's (2017) Case
1 was used as the saturated moisture content (θs) in the current study, (b) the van Genuchten (1980) para-
meters α (m−1) and n (–) for sand and sandy loam were chosen to optimize the match with Carsel and
Parrish (1988) moisture retention curves, and (c) coarse sand moisture retention variables were approxi-
mated from extrapolation from sandy loam and sand values. θr for sand and sandy loam was taken from
Carsel and Parrish (1988), while the coarse sand θr was estimated by extension from the sand and sandy
loam values. Note that Table 1 refers to the residual saturation (Swr), which is θr/θs. More generally, Sw is
θ/θs. Thus, the resulting moisture retention variables, as given in Table 1, are somewhat based on published
curves, except with adjustments to match as much as possible the earlier riparian lens modeling of
Werner et al. (2017). Figure 3 shows the water retention curves and Ku for the three soil types considered
in this study.

Table 1 defines modifications to the base case (Case 1) to produce a series of numerical experiments that
explore the response of the freshwater lens to evaporation under alternative conditions, in particular those
expected to affect the water availability at the soil surface. As Table 1 shows, relatively small values of

Figure 2. Numerical model layout for the base case, which includes two stages: (a) Stage 1 (non‐evaporative, steady‐state
simulation), and (b) Stage 2 (addition of evaporation at the land surface, transient simulation for 50 years). Red
and blue boundaries represent hydrostatic pressure conditions with heights ha and hb and concentrations of Cs and Cf
(kg/kg), respectively. The green boundary represents evaporation, which is calculated by the model depending on various
factors (see section 2.2.2). The concentration of evaporated water is Ce. The purple boundary in (b) represents a
specified‐flux boundary with inflow rate qs and concentration of inflowing water of Cs.
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longitudinal and transverse dispersivity (i.e., αL = 0.2 m, αT = 0.02 m) were adopted in the base case because
scales of interest over which evaporative salt accumulation occurs are small (i.e., near‐surface processes in
the unsaturated zone) (Shen et al., 2018). Our discretization was distinctly finer (Pe = 0.25, where Pe is
the grid Péclet number) than the Pe‐criterion that demands grid sizes smaller than two dispersivities
(Daus et al., 1985). We tested finer discretizations, and ascertained that water and salt distributions were
hardly affected. In Case 2, dispersivity parameters were increased to match those of Werner et al. (2017)
(αL = 1 m, αT = 0.1 m) to explore dispersion effects on soil salinization processes within the floodplain.
This also allowed the variably saturated SUTRASET simulations to be compared to the saturation‐only
SEAWAT results of Werner et al. (2017). The influence of the water table depth below ground surface was
investigated by rerunning the base case with different values of z0, that is, 5.2 m (base case/Case 1), 5.8 m
(Case 3) and 6.0 m (Case 4), which created depths to the water table (i.e., below the land surface) at the
inland boundary of 0.2, 0.8, and 1.0 m, respectively (see Table 1). All cases adopted the same grid
resolution as the base case (i.e., 0.05 m by 0.05 m). A maximum unsaturated zone of 1 m (i.e., Case 4,
Table 1) was simulated in this study, despite that deeper water tables are likely to be common under field
conditions, because preliminary simulations showed that for a sandy soil, surface evaporation ceased
when groundwater depths were equal to, or larger than, 1 m. This cessation of surface evaporation arose
mainly in extremely dry upper soil nodes where capillary forces could not facilitate the upward
movement of water under extremely low unsaturated hydraulic conductivity (Ku) values.

Lower values of Epot were tested by modifying ra, which was increased from 0.002 day/m (Case 1) to
0.081 day/m and 0.0081 day/m, to create Epot values of 0.1 mm/day (Case 7) and 1 mm/day (Case 8), respec-
tively (Table 1). This allowed for Eact values to be assessed that are commonly presumed to apply to the MDB
(e.g., Woods, 2015).

Table 1
Simulation Cases and Adopted Parameter Values

Description

Case number and parameters

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Unsaturated zone thickness at
the inland boundary (m)

0.2 — 0.8 1.0 — — — —

Soil type Sand — — — Sandy
loam

Coarse
sand

— —

Ks (m/day) 10 a — — — 1a 30 b — —
Van Genuchten (1980),
α (m−1)

4.35 c — — — 2.0 c 6.0 c — —

Van Genuchten (1980), n (–) 2.2 c — — — 1.4 c 2.6 c — —
Residual saturation, Swr (–) 0.105 c — — — 0.159 c 0.090 c — —
Porosity, Φ (–) 0.24 a — — — — — — —
Longitudinal dispersivity,
αL (m)

0.2 1a — — — — — —

Transverse dispersivity, αT (m) αL/10 0.1a — — — — — —
Molecular diffusion,
Dm (m2/day)

8.64 × 10−5 — — — — — — —

Freshwater density, ρf (kg/m
3) 1,000 a — — — — — — —

Saltwater density, ρs (kg/m
3) 1,025 a — — — — — — —

Parameters below apply to simulations where evaporation is considered
Relative humidity, hr (–) 0.147 d — — — — — — —
Air temperature, Tair (°C) 20 d — — — — — — —
Soil temperature, Tsoil (°C) 20 d — — — — — — —
Aerodynamic resistance,
ra (day/m)

0.002 — — — — — 0.081 0.0081

Note. Parameters correspond to those used in the base case unless stated otherwise. Case descriptions are as follows:
Case 1 = base case, Case 2 = higher dispersivity, Case 3 = 0.8 m depth to water table, Case 4 = 1.0 m depth to water
table, Case 5 = sand loam, Case 6 = coarse sand, Case 7 = Epot = 0.1 mm/day, Case 8 = Epot = 1 mm/day.
aData obtained from Werner et al. (2017). bData obtained from Werner and Laattoe (2016). cData obtained from
Carsel and Parrish (1988). dData obtained from BOM (2016).
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In addition to the variations in parameters shown in Table 1, three different approaches to the treatment
of solute in evaporated water were considered (i.e., in evaporation stages of simulations; Stage 2), as (a)
water evaporated at the ambient salinity and thus salt was removed from the system (i.e., Ce = Css, where
Css is the solute concentration at the soil surface), and therefore, neither evaporation‐induced salt accu-
mulation nor salt precipitation was considered; (b) both evaporation‐induced salt accumulation and salt
precipitation were incorporated, although the resistance effect of salt crusting on evaporation was
neglected (i.e., rsc = 0); (c) the resistance effect of the efflorescence layer on evaporation was added to the
other evaporation processes considered in (b). The Evaporation Approach (a) was included to provide
insight into the effect of removing salt from the land surface, for example, as would be expected to occur from
flooding (without physically accounting for this flooding). Relative to the complex processes accompanying
flooding, Approach (a) is highly idealized and offers only a rough approximation of the effect of surface salt
removal, including assumptions that salt is removed continuously (with the evaporated water) rather than
episodically, and the hydraulic forces of flooding are neglected. Approach (b) represents the most severe
evaporative effects, because the mitigating influence of removing the salt (i.e., Approach (a)) and the
resistance created by salt crusting (i.e., Approach (c)) are not considered. In the following, we add the let-
ters n, a, b, and c to the case numbers to represent “no evaporation” and Evaporation Approaches (a), (b),
and (c), respectively (e.g., “Case 1n” signifies the base case with no evaporation).

3. Results and Discussion
3.1. Simulations Without Evaporation

The steady‐state salinity distributions and flow streamlines of numerical models are shown in Figure 4,
along with the sharp interface of the analytical solution of Werner (2017) (referred to as ‘analytical solution’
hereafter). Note that Werner (2017) applied a correction to the previous nondispersive solution of Werner
and Laattoe (2016) to account for dispersion effects. Appendix B lists the freshwater lens extent at the top
(xL_top) and bottom (xL_bot) of the aquifer, freshwater lens volume (Vf), saltwater inflow rate (qs), and fresh-
water recirculation rate (qf_in) for the different scenarios (as defined in Table 1). xL_top, xL_bot, and Vf were
defined by the 17.5 ppt contour (50% of the concentration of saltwater entering the model through the inland
boundary).

Figure 4 shows that the middle of the dispersive mixing zones from the numerical model match reasonably
well with the analytical solution, most notably in the middle parts of the lens. Similar toWerner et al. (2017),

Figure 3. (a) Water retention curve, and (b) unsaturated hydraulic conductivity of soils applied in the study. Parameters
and their sources are listed in Table 1.
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the analytical solution tended to overestimate the distance to the lens tip, which has a more truncated shape
in the numerical solution (Figure 4). Werner et al. (2017) attributed this to enhanced dispersion in areas
where the mixing zone is perpendicular to the flow direction (due to αL > αT), such as at the lens tip. More
generally, higher dispersion parameters (e.g., αL = 0.2 m in Case 1n; αL = 1 m in Case 2n) enhance
dispersive freshwater entrainment, causing smaller riparian freshwater lenses, larger freshwater
recirculation rates (qf_in; Appendix B), and shorter freshwater travel times, as observed by Werner
et al. (2017).

Werner et al. (2017) partly attributed differences between the analytical solution and numerical results to
the minor amount of artificial dispersion in SEAWAT, which led to slightly smaller lenses than would
otherwise occur in completely nondispersive conditions. The effect of artificial dispersion is also apparent
in the results of SUTRASET. That is, by comparing Case 2n simulated in SUTRASET (Figure 4b) to the
corresponding case simulated using SEAWAT by Werner et al. (2017), and also considering the Werner
et al. (2017) analytical solution results, it is apparent that the lens simulated by SEAWAT is slightly
larger than the lens simulated by SUTRASET. In addition, qf_in for Case 2n simulated in SUTRASET
(e.g., 0.039 m3/day) is significantly larger than that obtained using SEAWAT (e.g., 0.0132 m3/day;
Werner, 2017), while qs for both cases was the same (e.g., 0.018 m3/day). The higher freshwater circulation
values suggest that artificial dispersion in SUTRASET simulations is larger than that of SEAWAT.
Nevertheless, we consider the SUTRASET results are sufficiently similar to SEAWAT (and the analytical
solution of Werner, 2017), to indicate the code's validity, as concluded from other SUTRA benchmarking
analyses (e.g., Voss & Provost, 2008).

Distributions of soil saturation (not shown for brevity) in Cases 1n and 2n show that the capillary fringe is
located near the surface, which means that both cases act as almost fully saturated aquifers. Cases 3n and
4n have thicker unsaturated zones due to larger water table depths (see Table 1). In all cases, freshwater
lenses extend above the water table (Figure 4) but are more truncated (relative to the analytical solution)
in Cases 3n and 4n compared to Cases 1n and 2n. Despite differences in salinity distributions between
Cases 1n, 3n, and 4n, the saltwater and freshwater fluxes were otherwise similar (within 98%; see

Figure 4. Steady‐state salinity distributions (colors) and flow streamlines (solid white lines) for cases with an unsaturated zone but without evaporation
(see Table 1 for case descriptions): (a) Case 1n, (b) Case 2n, (c) Case 3n, (d) Case 4n, (e) Case 5n, and (f ) Case 6n. Black dashed lines show the sharp‐interface
location from the analytical solution (Werner, 2017). Numbers on streamlines indicate the residence time (in years) of each flow path, which originate at
vertical boundaries.
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Figure 5. Surface salinity (orange lines), salt crust layer (black lines), surface saturation (blue lines), surface evaporation rate (green lines), salinity
distributions (colors), and flow streamlines (solid white lines) after 1 year (left plots) and 50 years (right plots) for Case 1a (no salt accumulates by evaporation;
subfigures a and b), Case 1b (salt accumulates by evaporation; subfigures c and d), and Case 1c (salt accumulates by evaporation, considering efflorescence
resistance to evaporation; subfigures e and f ). The initial, no‐evaporation condition is shown in Figure 4a. Numbers on streamlines indicate travel times (in years).
Development of horizontal freshwater lens extent at the bottom of the aquifer (xL_bot) is shown in (g) for Cases 1a–1c.
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Appendix B). This means that while the saltwater and freshwater interface is slightly truncated when unsa-
turated zone processes are considered, the freshwater and saltwater fluxes are unaffected.

The difference between the lens extent variable, xL_top, predicted from the analytical solution and that
by numerical simulation was largest for the sandy loam aquifer (Case 5n; Figure 4e) and smaller for
the higher‐permeability aquifers (Cases 1n and 6n; Figure 4). Comparing numerical modeling results for
cases with different soil types (Cases 1n, 5n, and 6n; Figure 4) indicates that higher‐permeability aquifers
(i.e., Cases 1n and 6n; Figure 4) produce narrower mixing zones and smaller lens truncation and subse-
quently more closely resemble analytical estimates.

3.2. Simulations With Evaporation

Figure 5 illustrates the model results from the three different evaporation conditions (that differ in the way
salt in the evaporating water is treated) on riparian groundwater flow and salinity patterns. Though it is not
easily discernible in Figure 5, groundwater evaporation lowers the water table within the inland part of the
flow domain; from 5.0 m initially (Case 1n), to respectively 4.3, 4.25, and 4.45 m for Cases 1a to 1c. Since the
saltwater inflow from the inland area is constant and the same as the inland inflow for the initial non‐eva-
porating scenario (Case 1n), the incorporation of evaporation leads to water table drawdown and a net
increase in influx from the river (equal to the additional evaporation flux, given constant flow from inland).
This causes the initially gaining river conditions to change to losing conditions, which leads to significant
differences in the shape of the freshwater bodies, that is, from lenticular in the absence of evaporation, to
fully penetrating freshwater bodies with evaporation.

Salt accumulation in Cases 1b and 1c led to thin hypersaline zones forming above the freshwater lens that
does not occur when salt is removed by evaporation in Case 1a. This reduces the extent where the water table
is fresh. The distance from the river where the water table is fresh is important because it controls the influ-
ence of fresh groundwater on soil salinities, which is critical for vegetation health (Jolly et al., 1992, 1993;
Overton & Jolly, 2004). The freshwater volume in Case 1n of 175 m3 (per metre of river reach) is increased
considerably by evaporation in Cases 1a, 1b, and 1c to 645, 686, and 714m3, respectively. Therefore, the addi-
tional salinization arising from evaporative salt accumulation in Cases 1b and 1c (relative to Case 1n) does
not lead to lens shrinkage (our initial hypothesis), but rather, evaporation causes expansion of the freshwater
lens and evaporative salinization is restricted to near‐surface soils. The distance from the river to the 17.5 ppt
contour (50% of the concentration of saltwater entering themodel through the inland boundary) at the water
table is 84.8 m in Case 1n and is 137.2, 88.4, and 97.0 m in Cases 1a, 1b, and 1c, respectively. These results
show that while the inclusion of evaporation expands considerably the freshwater volume, apparent by com-
paring Figures 4a and 5, the lateral extent that the water table is fresh is lengthened by evaporation to a lesser
degree, especially when evapoconcentration is considered (i.e., Cases 1b and 1c; Figure 5).

Evaporation causes other changes to groundwater behavior. For example, freshwater flows counterclock-
wise within the lens and discharges through the lower part of the river boundary in the non‐evaporative
case, whereas in cases with evaporation, freshwater flows landward and is eventually removed by evapora-
tion at the surface. This leads to much shorter travel times than those in the non‐evaporative scenarios (com-
pare Figures 4a and 5). In non‐evaporative conditions, saltwater flows to the river, whereas evaporation
leads to saltwater discharge to the land surface after flowing laterally until it reaches the freshwater‐salt-
water mixing zone (i.e., after 50 years; Figures 5b, 5d, and 5f).

Evaporation from the surface boundary (green lines; Figure 5) shows complex patterns. For example,
whereas evaporation is reduced effectively to 0 near the inland boundary in Cases 1a and 1b, salt crusting
in Case 1c allows significant evaporation to persist across the entire surface. Evaporation distributions are
the result of multiple complicated processes acting interdependently. First, Eact is weakened by increased
osmotic potentials that suppress the surface vapor density where salt concentrations are high. This leads
to the somewhat inverse relationship between surface salinity and evaporation in all cases in Figure 5, more
prominently in Case 1c after 50 years (Figure 5). Second, where evaporation rates are not limited by salt
crusting (Cases 1a and 1b), the soil moisture content falls to extremely low levels (blue lines, Figures 5b
and 5d). The corresponding fall in Ku restricts the flow of water to the surface (and hence soil moisture avail-
able for evaporation), breaking the hydraulic connection between the surface and the saturated zone and
effectively eliminating evaporation. This process is apparent in Case 1b, in which salt accumulated in the
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upper soil zone near the left boundary prior to the cessation of evaporation after 1 year (Case 1b, 1 year,
Figure 5). However, the lateral movement of saltwater from the left boundary and buoyancy forces served
to both dilute and flush this initial salt buildup once evaporation was eliminated by soil dryness, so that after
50 years the soil salinity levels in this area were approximately equal to concentrations of incoming ground-
water from the left boundary (Case 1b, 50 years, Figure 5). Third, the temporal development of salt crusting
is shown by differences between salt crust thicknesses after 1 year (Figures 5c and 5e) and 50 years
(Figures 5d and 5f). Without the mulching effect of the salt crust (i.e., Case 1b), salt precipitate accumulates
to an extraordinary thickness (i.e., 65 cm; Figure 5) compared to Case 1c, where its thickness is limited to
around 20 cm at the left‐hand boundary. Salt accumulation through crusting is precluded by evaporative salt
removal in Case 1a.

In Cases 1b and 1c, near‐surface, hypersaline salt plumes form soon after the start of evaporative simulations
(i.e., after 1 year in Cases 1b and 1c, Figure 5). The evaporation‐driven upward flow of groundwater that
leads to these plumes is sufficiently high to resist the development of salt fingers that would otherwise be
expected to create downward salt transport (i.e., in an aquifer containing immobile freshwater), similar to
the free convective salt patterns of other density‐inverted (i.e., saltwater overlying freshwater) situations
(e.g., Xie et al., 2010). As a result, hypersaline groundwater persists above fresher groundwater throughout
the duration of Cases 1b and 1c. This phenomenon is a form of evaporation‐driven salt plume stasis, which
we refer to as “salt entrapment” hereafter. Its occurrence means that any vegetation growing in the hypersa-
line unsaturated zone may not benefit from the freshwater in the deeper aquifer, unless their roots can reach
the deeper freshwater reservoir. However, periodic flood events, which are neglected in the current analysis,
might partially remove these excessive salts from the floodplain soils and shallow aquifers (Holland et al.,
2013; Jolly et al., 2008; Overton et al., 2006).

After 50 years, only Case 1a reached a steady‐state condition, demonstrated by salt influx through the
landward boundary that matched the salt losses from the surface. In Cases 1b and 1c, salt is not dis-
charged from the system given that the river is losing and salt inputs occur through the left boundary,
and hence, a steady‐state condition is not reached. However, as shown in Case 1b (50 years, Figure 5),
the salt wedge is almost stable after 10 years, shown by horizontal freshwater lens extents, xL_bot, that
were effectively stationary. In Cases 1b and 1c, the amount of salt accumulating near the surface is vir-
tually balanced with the amount of salt entering through the left boundary after 50 years, supporting
the observation of near‐stable groundwater salinity distributions. There is some evidence that continued
salt accumulation will cause lenses to slowly contract (e.g., by approximately 2 m in 30 years in Case 1c);
however, longer‐duration simulations are needed to ascertain the final steady‐state condition. This will
require greater computational resources than are currently available, given the long run times for the
cases presented in this article.

Figure 6 presents salt distributions and surface conditions after 50 years for all cases, while outputs are
given in numerical form in Appendix B. The volume of freshwater in Cases 1a and 2a (no evaporative salt
buildup) are similar, with the exception of a wider mixing zone in Case 2a and minor differences in travel
times. However, when evapoconcentration was allowed (i.e., Cases 2b and 2c), the volume of freshwater
was significantly reduced, as salt entrapment was eliminated and freshwater underneath the previous
entrapment zone was replaced by the wider mixing zone. The outcomes of Cases 2b and 2c (Figure 6)
are caused by enhanced dispersive spreading of the near‐surface hypersaline layer, which led eventually
to stronger density‐driven downward movement of solute, allowing the hypersaline water to sink to the
base of the aquifer. This is evident by flow lines in Cases 2b and 2c that show vertical downward flow fol-
lowed by circulation upward toward the region of highest surface salinities, driven by evaporation (orange
lines; Figure 6).

The evaporation pattern for Cases 1a and 2a are similar (Figure 6), where high evaporation was main-
tained above the freshwater table while no evaporation occurs from the saline water table. In Case 2b,
evaporation, saturation, and salt crust thickness were found to be spatially discontinuous at the hypersaline
surface (i.e., 130 m < x < 150 m). Specifically, evaporation occurs from “wet” surfaces with thick salt layers
but is restricted from “dry” surfaces with thin salt crusts. Such patchy evaporation distributions are primarily
attributed to enhanced buoyancy‐driven free convection, which led to uneven surface soil salinity distribu-
tions and consequently evaporation distributions. As a result, surfaces with low salinity are associated with
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Figure 6. Surface salinity (orange lines), salt crust layer (black lines), surface saturation (blue lines), surface
evaporation rate (green lines), salinity distributions (colors), and flow streamlines (solid white lines) after 50 years for all
simulation cases that consider evaporation. Numbers on streamlines indicate travel times (in years) for flow paths.
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higher evaporative demand, which may disrupt the hydraulic connection between the surface and the satu-
rated zone, leading to the eventual termination of evaporation. These evaporation‐free regions allow the
water table to rise thereby leading to sustained evaporation from neighboring areas.

In Case 2c, the increased dispersion caused a region of limited evaporation (150 m < x < 200 m) near the left
boundary that was otherwise subjected to evaporation in Case 1c (Figure 6). This occurs because in Case 2c,
saltwater is removed from surface soils with increased dispersion (and, consequently, enhanced saltwater
circulation), thereby reducing osmotic restrictions to evaporation and allowing extreme soil dryness and
hydraulic disconnection to develop. As salt tends to accumulate at the bottom of the saltwater region rather
than at the surface, as observed in Cases 1b and 1c, and given that salt cannot discharge from the domain
under losing river conditions, Cases 2b and 2c have not yet reached steady‐state condition after 50 years.
Therefore, the mixing zone will keep moving toward the river, albeit extremely slowly, until salt eventually
leaves the domain through the river boundary.

Figure 6 (and Appendix B) also shows that when the groundwater depth increases (i.e., initial water table
depths of 80 and 100 cm for Cases 3 and 4, respectively), evaporation rates are smaller than those found
in Cases 1 (initial water table depth of 20 cm), as expected given dryer surface soils under deeper water table
conditions. Case 4 led to almost non‐evaporating conditions, allowing freshwater circulation similar to that
of Case 1n. The cessation of evaporation again occurred over the inland region, covering larger distances in
Cases 3a and 3b relative to Cases 1a and 1b. This was caused by greater lengths of surface with very low
saturation levels (leading to hydraulic disconnection), an anticipated outcome of deeper water tables in
Cases 3 and 4. In Case 3c, the efflorescence layer weakened the evaporative demand, allowing evaporation
to occur above the region of saline groundwater, at least within the limits of the lower hydraulic connection
(arising from the deeper water table).

Case 3c exhibited a central region (50 m < x < 100 m), which was bounded by saline surface conditions,
where evaporation, soil moisture, and salt crust were limited or absent (Figure 6). This “dry zone” was
caused by the depressed water table and the accompanying hydraulic disconnection. Near the inland bound-
ary, unstable salinity conditions (saltwater overlying freshwater) developed due to salt entrapment, as
occurred in Case 1c. The small isolated salt plume in the middle of the freshwater lens was a remnant of
the initial salinity distribution and arose from patchy evaporation, soil saturation, and salinity distributions,
plus the lower evaporative demand that was not sufficient to resist completely the downward buoyancy
forces acting on the saline groundwater (surrounded by the freshwater of the lens), similar to the processes
observed in Case 2b. It is likely that this area would freshen over time frames longer than the 50 year period
of simulation.

When a lower hydraulic conductivity aquifer was considered (i.e., Ks of 1 m/day for Case 5), evaporation
rates were smaller compared to those found in Case 1 (i.e., Ks of 10 m/day), as expected. Similar to Case 3,
the cessation of evaporation over the inland region was caused by lower saturation levels (i.e., arising from
extremely small values of Ku), leading to hydraulic disconnection. The salt plume overlying freshwater in
Case 5c is disrupted by an area where both evaporation and salt are absent (around x = 50 m). This zone
was formed after groundwater levels were lowered due to high evaporation rates at earlier times, which
led to small Ku values and eventually hydraulic disconnection. Evaporation to the left of this dry zone is
maintained because evaporation rates are restricted by the resistance created by salt accumulation at the sur-
face. The isolated plume of saline water (around x = 30 m) in Case 5c is remnant of the initial extent of salt-
water, as occurred in Case 3c (Figure 6). The persistence of soil salt buildup after 50 years, in a location where
the underlying groundwater is fresh highlights that decades‐long time frames may be required to flush soils
through changes to freshwater lens extents.

When a high‐permeability aquifer was considered (i.e., Ks of 30 m/day, Case 6; Figure 6), evaporation rates
were larger compared to those found in Case 1 (i.e., Ks of 10 m/day), as expected. Evaporation was main-
tained along the complete transect because increased Ks (and therefore Ku) precluded hydraulic disconnec-
tion. The enhanced evaporation drew freshwater further landward in Cases 6a and 6b (compared to Cases
1a, 1b, 5a, and 5b) as a result. In Case 6c, the opposite occurred, and the extent of freshwater was reduced
with the higher value of Ks. Additionally, the salt concentrations were significantly higher throughout the
saltwater region (i.e., not just the near‐surface soils) in Case 6c. This arose because of the larger saltwater
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influx (see Appendix B), and because the higher Ks enhanced downward buoyancy‐driven flow of saltwater,
which was no longer balanced by the upward evaporative flow. That is, the density‐inverted system became
unstable, overcoming the salt entrapment that was otherwise found in Case 1c. The “wiggles” in the flow
lines reflect the unstable fingering that arose from this process, noting that similar effects were also appar-
ent, albeit to a lesser degree, in Case 5c (Figure 6). The higher salt concentration in the aquifer caused the salt
wedge to move toward the river, leading eventually to gaining river conditions. Thus, we observed the
eventual hypersalinization of the aquifer and, consequently, enhanced salt loads to the river in this case.
This is in contrast to all previous evaporative cases (except Cases 4a to 4c, in which evaporation was effec-
tively excluded by the deep water table conditions), in which losing river conditions occurred (after 50 years).
However, had other cases been run for longer periods, the same outcome (gaining river conditions due to
hypersalinization) may have arisen for other parameter combinations. Thus, we encounter important
threshold behavior here, whereby under certain conditions, evapoconcentration leads to density‐driven
downward convection of hypersaline groundwater (i.e., salt entrapment is overcome by buoyancy forces),
and this creates gaining river conditions and significant salt loads to the river compared to other situations
of otherwise similar (i.e., lower Ks) conditions.

In the two lower‐Epot cases (Cases 7 and 8), evaporation remained active across the entire transect length.
The reduced rate of evaporation led to limited salt entrapment, with only minor areas of the density‐inverted
situation of hypersaline groundwater overlying freshwater. Rather, the reduced rates of upward flow allowed
hypersaline groundwater to sink into the aquifer, causing elevated salinities in Cases 7b, 7c, 8b, and 8c,
compared to Cases 1b and 1c, in which Epot was higher and salt entrapment persisted over much of the
region. Gaining river conditions occurred in Case 7, which showed other characteristics similar to those of
non‐evaporative cases, as expected given the low Epot, although Case 7 showed some evidence of
evaporation‐driven free convective fingering (i.e., contour wiggles).

3.3. Field Observations of Salinity Variations

The idealistic simulations of evaporating floodplain aquifers in the current study are compared here, at least
qualitatively, to a limited number of field observations from the MDB. For the bare soils of the Chowilla
floodplain in the MDB, Jolly et al. (1993) estimated Eact to be between 9 and 11 mm/yr, based on soil water
deuterium profiles from two sites. Compared to Epot values for this region of approximately 1,500 to
2,500 mm/yr (BOM, 2016), there are clearly strong limits to Eact at Chowilla. Jolly et al. (1993) related the
small Eact to the soil texture and the depth of the water table (as was summarized by Thorburn et al., 1992).
The same qualitative observations are apparent from themodeling of this study, which showed that evapora-
tion rates are reduced considerably under conditions of deep water tables, low soil permeability, and high
Epot. In addition, this study supports the conclusion from previous studies (e.g., Bonython, 1956; Doble &
Crosbie, 2017; Turk, 1970) that Eact can be reduced significantly by soil salinization and surface salt crusting.
These processes in combination can lead to virtual elimination of soil evaporation (Eact ≈ 0), similar to Jolly
et al.'s (1993) findings.

Jolly et al. (1993) measured the salinity profiles of multiple plots on the Chowilla floodplain, South
Australia, including at one site where chloride was high near the surface, relatively low within the under-
lying soil while high again in the deep soil layer. At another site, Jolly et al. (1993) found salinity to be
low at the surface while very high in deep soil layers. The former salinity profile resembles somewhat
the simulated condition in the middle of the floodplain in Case 1c (e.g., 90 m < x < 160 m, Case 1c,
Figure 6), where entrapped salt by evaporation occurs above the freshwater lens, while salinity deeper
in the aquifer is high due to density effects. The second salinity profile appears to be similar to that in
the freshwater region in Case 4c (0 m < x < 80 m, Case 4c, Figure 6), where surface salinity remained
low due to the restriction of evapoconcentration processes while salinities increase with depth (within
the mixing zone).

Saltwater overlying fresher groundwater was also encountered by Fitzpatrick and Munday (2009), who
analyzed airborne electromagnetic (AEM) data from the Calperum and Pike Floodplains, also in the
MDB. Figure 7 presents an electrical conductivity transect through the Calperum floodplain interpreted
from the AEM data, showing a lower‐salinity lens (highlighted with the black circle) that surrounds
the River Murray. Higher conductivity values in the upper layers were interpreted by Fitzpatrick and
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Munday (2009) as more saline water, although the occurrence of Coonambidgal clay overlying the
Monoman sandy aquifer (Doble et al., 2006) also contributed to some degree the higher electrical
conductivities. With this in mind, the freshwater lens in Figure 7 (highlighted with the blue circle)
appears to be overlain by higher electrical conductivities near its edges, which might represent higher
salinities near the surface. This interpretation corresponds well with simulated evaporation‐induced thin
hypersaline layers located on top of freshwater lenses in our analysis (Figure 6).

4. Conclusions

Previous studies of the buoyant freshwater lenses encountered near gaining rivers in arid and semiarid set-
tings neglect the effects of evaporation. The current research builds on earlier work by Werner and
Laattoe (2016) and Werner et al. (2016, 2017) by considering unsaturated zone processes and evaporation,
including evaporation‐induced salt accumulation and salt precipitation. The conceptual model is limited
to situations involving bare soil.

Figure 7. RESOLVE HEM survey at Calperum, Australia (Fitzpatrick & Munday, 2009), including (a) overview of the surveyed area, and (b) inversion
of AEM survey data. Borehole conductivity data were used to constrain the inversion. The cross‐section location is identified by the red line in (a), and the blue
circles show the location where saline water overlies freshwater. After Fitzpatrick and Munday (2009), with permission from Tim Munday.
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Models that account for unsaturated flow while ignoring evaporation produced buoyant freshwater lenses
closely matched to those from previous numerical and analytical solutions that neglect unsaturated flow.
With evaporation enabled in the model, river water was drawn into the aquifer, causing a change from
gaining to losing river conditions and the cessation of buoyancy‐driven lens recirculation, in most cases.
Where this occurred, the shape of freshwater bodies was significantly modified, that is, from lenticular in
the absence of evaporation, to fully penetrating freshwater bodies with evaporation. This led, in some
cases, to reduction of the lateral extent of freshwater in the aquifer despite larger freshwater volumes.
Any vegetation growing in the hypersaline unsaturated zone may therefore not benefit from the fresh-
water in the deeper aquifer, unless their roots can reach the deeper freshwater reservoir. Additionally,
our modeling indicates that decades‐long time frames may be required to flush previous saline soils
through human‐induced changes to freshwater lens extents targeted at benefiting floodplain soil
salinities.

Evaporation led to salt accumulation at the water table and within the soil zone to hypersaline levels. The
freshwater flow toward the surface induced by evaporation was large enough in some cases to effectively
counter the downward forces on salt plumes caused by buoyancy effects, leading to salt plume stasis. That
is, evaporation led to freshwater underlying saltwater, whereby hypersaline layers overlying fresh(er) water
were stable in most scenarios because the high salinity restricted evaporation rates and, we expect, transpira-
tion by vegetation. More generally, the opposing forces of density and evaporation controlled the occurrence
of hypersaline groundwater.

Evaporation was maintained only if/where hydraulic connection between the land surface and the saturated
zone was maintained. This required that the water table was not drawn down too much by evaporation,
which occurredwhen there was a shallow initial water table, high soil hydraulic conductivity, small potential
evaporation, and a saline surface layer that did not have a large resistance to water flow. Conditions with a
deep water table, low soil permeability, and high potential evaporation were found to break the hydraulic
connection. Under the floodplain configurations that we considered, gaining river conditions could only
be maintained when Eact rates were reduced to values lower than 0.1 mm/day (e.g., this occurred in models
where either lower potential evaporation or a deeper unsaturated zonewas assigned), or in high‐permeability
aquifers. During these conditions, the dispersive freshwater entrainment and circulation in the aquifer was
strengthened by evaporation processes, resulting in smaller freshwater travel times compared to non‐evapor-
ating conditions.

Unstable fingering of salinity occurred in higher‐K aquifers, leading eventually to gaining river conditions
once salt plumes reached the river. Thus, hypersalinization of the aquifer eventually occurred, and, conse-
quently, salt loads to the river were enhanced in higher‐K cases. This contrasts to most other evaporative
cases, in which losing river conditions occurred (after 50 years). Thus, important threshold behavior was
encountered, whereby under certain conditions, evapoconcentration leads to density‐driven downward con-
vection of hypersaline groundwater (i.e., salt entrapment is overcome by buoyancy forces), and this creates
gaining river conditions and significant salt loads to the river compared to other situations of otherwise simi-
lar (i.e., lower‐K) conditions.

Though consideration of evaporation has been neglected in previous conceptual models of buoyant riparian
lenses, it appears that it has the potential to strongly alter the salt distribution and affect the flow pattern
and water balance in semiarid and arid floodplains. Not only does evaporation potentially impact
floodplain‐aquifer interaction, but it dominates the shape of the freshwater lenses and the distribution of
salt, e.g., as hypersaline layers. There is some evidence of salinity distributions within both the unsaturated
and saturated zones of field settings (i.e., the MDB) that are similar to those observed from the modeling of
the current investigation. Future research into floodplain salinity variations should consider processes
neglected in the current study, including explicit representation of floodplain inundation, gas transfer in
the pore space, and river meander and other effects in three dimensions (e.g., Doble et al., 2006).
Additionally, the roles of soil variability, flood overtopping, and transpiration on salinization processes
should be assessed, given the layering (e.g., surface clay), variation of freshwater level, and vegetation
distributions that are found in floodplains where salinity issues are known to occur, such as the River
Murray system.
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Appendix A: Evaporation Equations Used in SUTRASET
Table A1 lists the relevant equations used in SUTRASET for the simulation of evaporation.

Appendix B: Summary of Modeling Outputs and Observations
Table B1 summarises modeling outputs from numerical experiments.

Table A1
SUTRASET Equations Used for the Simulation of Evaporation (Zhang et al., 2014)

Parameter Symbol (unit) Equation Source

Liquid water saturation Sw (m3 m−3)
Sw ¼ 1 − βSwr

1þ αΨmð Þn½ � 1 − 1
nð Þ þ βSwr β ¼ ln −Ψm0ð Þ − ln −Ψmð Þ

ln −Ψm0ð Þ
Fayer and
Simmons (1995)

Saturated vapor density ρ*v (kg m
−3)

ρ*V ¼ 0:001exp 19:819 −
4976

T þ 273:15

� �
Murray (1967)

Relative humidity hr hr ¼ exp
Ψm þ Ψoð ÞgMw

R T þ 273:15ð Þ
� �

Philip and Vries (1957)

Osmotic potential Ψo (m)
Ψo ¼ −

vχCMsR T þ 273:15ð Þ
g

χ ¼ 0:9þ 0:0026ρwC
1 − C

þ 0:0026ρwC
1 − C

� �0:053 Bresler (1981), Fujimaki
et al. (2006)

Relative permeability Kr Kr ¼ Sw1=2 1 − 1 − Sw
n

n − 1
� 	n − 1

n

h i2 Mualem (1976), van
Genuchten (1980)

Surface resistance rss (day/m)
rss ¼ exp 35:63θs 0:375 − Swð Þ½ �

8640
van de Griend and
Owe (1994)

Salt resistance rsc (day/m)
rsc ¼

0; Γ < 0
69 ln 100Γ þ 4:51½ � − 104

86400
Γ ≥ 0

8<
:

Fujimaki et al. (2006)

Mass fraction of solid
salt (mass of solid salt/mass
of soil solid grains and solid salt)

Csc (kg/kg) Csc = 1.24 × 1013C20 Zhang et al. (2014), Shen
et al. (2018), Voss
and Provost (2008)

Water density ρw (kg/m3)
ρw ¼ ρf þ

∂ρ
∂C

C
Voss and Provost (2008)

Note. Swr is the residual liquid water saturation; α is an empirical shape parameter (m−1) related to air entry pressure (van Genuchten, 1980); n is an empirical
shape parameter (–) related to the particle size distribution of the soil (van Genuchten, 1980); Ψm0 (−50,000 m) is the matric potential at which liquid water
saturation reaches 0; T is the temperature (°C); Ψo is the osmotic potential (m); Ψm is the matric potential (m); Mw is the molecular weight of water
(0.018 kg/mol); C is solute concentration in water (kg/kg); g is gravity (9.8 m/s2); R is the ideal gas constant (8.314 J/mol/K); v is the number of icons per molecule
and equals 2 for NaCl;Ms is themolecular weight of NaCl (0.0585 kg/mol); χ is the osmotic coefficient (mol/J; Fujimaki et al., 2006); Γ (kg/m2) is the specificmass
accumulation per unit area of efflorescence (Γ= (1− θs)VssCscAss, whereVss is the volume of the cell at the soil surface (m3), andAss is the surface area of the cell
(m2)); ∂ρ/∂C is a constant (713 kg/m3).

Table B1
Lens Extents (xL_top and xL_bot), Lens Volume (Vf), Flows Rate (Saltwater Inflow qs_in, Saltwater Outflow to River qs_out, Freshwater Inflows From the River qf_in,
and Evaporation qevp_out), and Other Descriptions of Model Results for All Simulation Cases

Case and
status

Vf
(m3)

xL_bot
(m)

xL_top
(m)

qs_in (m
3/

day)
qf_in (m

3/
day)

qevp_out
(m3/day)

qs_out
(m3/day)

Occurrence of
evaporation

Occurrence of
surface salt
precipitation

Distribution
of saltwater
overlying
freshwater

1n, steady
state

175.3 0 84.8 0.018 0.018 — 0.036 — — —

2n, steady
state

111.7 0 47.2 0.018 0.039 — 0.057 — — —

3n, steady
state

229.9 0 93.2 0.018 0.019 — 0.037 — — —

4n, steady
state

251.8 0 97.8 0.018 0.019 — 0.037 — — —

5n, steady
state

133.6 0 56.1 0.002 0.002 — 0.004 — — —

6n, steady
state

171.9 0 80.1 0.055 0.055 — 0.110 — — —
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Table B1
Continued

Case and
status

Vf
(m3)

xL_bot
(m)

xL_top
(m)

qs_in (m
3/

day)
qf_in (m

3/
day)

qevp_out
(m3/day)

qs_out
(m3/day)

Occurrence of
evaporation

Occurrence of
surface salt
precipitation

Distribution
of saltwater
overlying
freshwater

1a, steady
state

645.1 104.8 137.2 0.018a 0.489 0.507 0 Above the lens — No

2a, steady
state

670.0 113.6 139.1 0.018a 0.491 0.509 0 Above the lens — No

3a, steady
state

198.6 12.6 49.5 0.018a 0.158 0.176 0 Above the lens — No

4a, steady
state

248.6 0 87.3 0.018a 0.019 0.001 0.036 Ceased everywhere — No

5a, steady
state

207.2 34.6 42.9 0.002a 0.168 0.170 0 Above the lens — No

6a, steady
state

826.7 124.8 183.9 0.055a 0.621 0.676 0 Occurs everywhere — No

7a, steady
state

244.8 0 104.0 0.018a 0.023 0.019 0.002 Occurs everywhere — No

8a, steady
state

822.1 124.1 183.6 0.018a 0.179 0.197 0 Occurs everywhere — No

1b,
50 years

685.6 116.4 88.4 0.018a 0.488 0.506 0 Above the lens Where saltwater
overlies
freshwater

Near the lens
inland limit

2b,
50 years

529.8 88.2 104.3 0.018a 0.470 0.489 0 Above and near
the lens

Saltwater region
near the mixing
zone

Near the
mixing zone

3b,
50 years

148.2 4.48 21.8 0.018a 0.129 0.147 0 Above the lens Where saltwater
overlies freshwater

Near the lens
inland limit

4b,
50 years

249.3 0 87.6 0.018a 0.019 0.001 0.036 Ceased everywhere None No

5b,
50 years

194.0 32.5 26.1 0.002a 0.156 0.158 0 Above the lens Where saltwater
overlies freshwater

Near the lens
inland limit

6b,
50 years

743.7 110.0 139.5 0.055a 0.583 0.638 0 Occurs everywhere Saltwater region Near the lens
inland limit

7b,
50 years

232.7 0 82.7 0.018a 0.032 0.019 0.031 Occurs everywhere Saltwater region Near the lens
inland limit

8b,
50 years

698.8 100.1 133.4 0.018a 0.163 0.181 0 Occurs everywhere Saltwater region Near the lens
inland limit

1c,
50 years

713.7 107.6 97.0 0.018a 0.432 0.450 0 Occurs everywhere Saltwater region Near the lens
inland limit

2c,
50 years

436.7 70.1 87.5 0.018a 0.421 0.439 0 Above saltwater and
near‐river brackish
water

Saltwater region
near the mixing
zone

Near the
mixing zone

3c,
50 years

797.0 101.7 105.3b 0.018a 0.196 0.214 0 Above near‐inland
saltwater

Saltwater region Near the lens
inland limit

4c,
50 years

247.7 0 87.1 0.018a 0.019 0.001 0.036 Ceased everywhere Absent Near the
mixing zone

5c,
50 years

424.1 75.8 52.5b 0.002a 0.174 0.176 0 Above brackish
water and close to
the river

Where saltwater
overlies freshwater

Near the lens
inland limit

6c,
50 years

185.1 0 42.4 0.055a 0.304 0.337 0.022 Occurs everywhere Near‐inland
saltwater
region

Near the
mixing zone

7c,
50 years

232.6 0 82.7 0.018a 0.032 0.019 0.031 Occurs everywhere Near‐inland
saltwater
region

Near the
mixing zone

8c,
50 years

488.7 57.1 97.2 0.018a 0.131 0.149 0 Occurs everywhere Near‐inland
saltwater
region

Near the
mixing zone

aThe number is a prescribed value. bThe lens extent excludes an isolated salt plume.
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