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Abstract Numerical modeling approaches with varying complexity were explored to investigate coupled
groundwater ﬂow and geochemical processes in saline basins. Long-term model simulations of a playa system gain insights into the complex feedback mechanisms between density-driven ﬂow and the spatiotemporal patterns of precipitating evaporites and evolving brines. Using a reactive multicomponent transport
model approach, the simulations reproduced, for the ﬁrst time in a numerical study, the evaporite precipitation sequences frequently observed in saline basins (‘‘bull’s eyes’’). Playa-speciﬁc ﬂow, evapoconcentration,
and chemical divides were found to be the primary controls for the location of evaporites formed, and the
resulting brine chemistry. Comparative simulations with the computationally far less demanding surrogate
single-species transport models showed that these were still able to replicate the major ﬂow patterns
obtained by the more complex reactive transport simulations. However, the simulated degree of salinization
was clearly lower than in reactive multicomponent transport simulations. For example, in the late stages of
the simulations, when the brine becomes halite-saturated, the nonreactive simulation overestimated the
solute mass by almost 20%. The simulations highlight the importance of the consideration of reactive transport processes for understanding and quantifying geochemical patterns, concentrations of individual dissolved solutes, and evaporite evolution.

1. Introduction
Saline basins are ubiquitous in arid and semiarid areas and are found in both coastal and inland areas
[Yechieli and Wood, 2002]. In the absence of surface waters that drain such systems, evaporation of inﬂowing
surface and groundwater is the major water sink, resulting in increasingly saline waters in the zone of evaporation. Depending on the local water budget, saline basins can be dry or water-ﬁlled. In the latter case,
they can be an important biological habitat for halophilic organisms. Saline basin sediments and underlying
aquifers also host a rich diversity of stygofauna [Humphreys, 2006]. Sediments in saline environments form
important archives for the reconstruction of paleoclimate conditions [e.g., Teller and Last, 1990].
Groundwater resources in the vicinity of saline basins can be endangered by salinization. For these and
other reasons, such as the potential salinization of nearby well ﬁelds, natural groundwater salinization processes related to saline basins have been closely investigated over the last decades [e.g., Macumber, 1992;
Herczeg et al., 1992; Warren, 1997; Ojiambo et al., 2001; Cartwright et al., 2009; Tweed et al., 2011; reviews in
Fan et al., 1997 and Yechieli and Wood, 2002]. Also, ﬂow dynamics below nonnatural, i.e., constructed saline
disposal basins have been intensively studied due to their importance for local water management solutions [e.g., Simmons and Narayan, 1998; Simmons et al., 2002a] and the risk of undesired salinization of the
underlying fresh groundwater resources [Chambers et al., 1992].
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Besides advective solute transport, the two key processes that typically induce salinization below saline systems are density-driven convection and molecular diffusion. Convection results from unstable density stratiﬁcation when dense saline water overlies less-dense fresh groundwater [Holzbecher, 1998; Nield and Bejan,
2006]. Free convection below saline systems has been observed in the ﬁeld [e.g., Bauer et al., 2006; Stevens
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et al., 2009; Van Dam et al., 2009] and reproduced under controlled laboratory conditions [e.g., Elder,
1967a,b; Wooding, 1969; Wooding et al., 1997a,b; Simmons et al., 1999; Simmons et al., 2002b; Post and
Simmons, 2010]. Furthermore, the phenomenon has been intensively investigated by mathematical modeling. The focus for most of the modeling studies was either to determine the conditions for the onset of free
convection [Wooding, 1969; Nield and Simmons, 2007; Simmons et al., 2001], to investigate the evolution of
ﬁngers or plumes [Wooding et al., 1997a,b; Simmons et al., 1999; Post and Kooi, 2003; Wooding, 2007; Nield
et al., 2008], or to explore the impact of aquifer properties and boundary conditions in theoretical
[Holzbecher, 2005; Prasad and Simmons, 2003; Sharp and Shi, 2009; Xie et al., 2010] or ﬁeld systems [Duffy
and Al-Hassan, 1988; Fan et al., 1997; Konikow and Arevalo, 1993; Rogers and Dreiss, 1995a,b]. Kiro et al.
[2008] investigated the effect of a salt lake level drop on the groundwater system.
A general assumption made in almost all modeling studies is that the inﬂuence of geochemical processes
on the groundwater density is negligible. However, Zhang and Schwartz [1995] and subsequently Zhang
et al. [1998] demonstrated how density variations brought about by geochemical reactions may affect the
ﬂow ﬁeld. To investigate the importance of such feedback mechanisms, Freedman and Ibaraki [2002] simulated the effects of calcite dissolution on instability development and permeability changes in a tank experiment. For their experimental conditions, they found that the permeability increases that were induced by
dissolution reactions were too small to have a signiﬁcant impact on the simulated plume shapes. Post and
Prommer [2007] deﬁned a numerical experiment in which they converted the classic Elder problem [Elder,
1967b] into a reactive multicomponent transport problem. Their analysis indicated that the simulated mineral equilibrium of aqueous solutions with calcite and ion exchange had a considerable impact on the convective ﬂow regime in cases where density contrasts were small, but that for larger density contrasts (e.g.,
fresh water versus seawater), the impact of reactions on ﬂow patterns was considerably less or insigniﬁcant.
Bauer-Gottwein et al. [2007] studied the impact of chemical reactions on the onset of free convection in
evaporation-exposed groundwater under islands in the Okavango Delta, Botswana. The model results
showed that carbonate mineral precipitation as well as CO2 degassing delayed the onset of density-driven
ﬂow that was induced by evapoconcentration. Due to the speciﬁc groundwater ﬂow conditions below the
studied islands, which were strongly impacted by forced convective ﬂow-through conditions, a continuous
removal of solutes from the evaporation zones occurs, which limits the increase of solute concentrations.
The previously reported variable-density reactive transport modeling studies were restricted to groundwater of which the concentration did not exceed the salinity of seawater. Feedback mechanisms between
chemical reactions and density-driven ﬂow may also play an important role in saline basin systems, where
highly concentrated brines (with salinities that greatly exceed seawater salinity) occur. In particular, the
removal of solutes caused by precipitation of highly soluble evaporites, e.g., gypsum, halite, and trona, is
expected to have an impact on the convective ﬂow patterns and may need to be accounted for when quantifying both long-term groundwater salinization and the geochemical evolution of saline systems.
In several saline basins, the so-called ‘‘bull’s eye’’ patterns have been observed [e.g., Jones, 1965; Rosen and
Warren, 1990; Rosen, 1991; Rodriguez Jimenez et al., 1993], which are characterized by a spatial succession of
precipitated evaporites with increasing solubility from the rim to the center of the saline basin, whereby the
type of evaporites depends on the ambient water composition. For salt lake systems with an ephemeral or
perennial surface water body, the bull’s eye geometries were explained by the salinity increase that occurs
in conjunction with decreasing surface water volume [Langbein, 1960]. For the case of dry basins, Duffy and
Al-Hassan [1988] explained the gradual TDS (total dissolved solids) increase in Pilot Valley, U.S., by the evapoconcentration that occurs in shallow groundwater during its ﬂow from the surroundings toward the central part of the basin. Rosen [1991] considered the occurrence of a bull’s eye pattern at Bristol Dry Lake
playa, U.S., as evidence for diffuse groundwater discharge to the basin. Yet, to date, the qualitative conceptual models for bull’s eye pattern formation have not been tested quantitatively.
Chemical divide effects [Hardie and Eugster, 1970] have been found to control the evolution of the water
composition during evapoconcentration and the associated evaporite formation. That is, the solute concentration of the lattice ion of the evaporite with the higher equivalent concentration (e.g., SO4 for gypsum) further increases with ongoing evapoconcentration, while the solute concentration of the lattice ion with the
lower equivalent concentration (in the case of gypsum, Ca) decreases. This is due to the fact that the ion
activity product of the evaporite remains constant and equal to its solubility product [Drever, 1997]. Sanford
and Wood [1991], who investigated the impact of leakage on the chemical brine evolution in saline basins,
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clearly demonstrated the effects of chemical divides. To our knowledge, however, only Rosen and Warren
[1990] have previously described the consequence of a chemical divide effect on spatial concentration patterns. They inferred that the Ca-SO4 chemical divide was responsible for a spatially conﬁned gypsum precipitation zone at the margin of the Bristol Dry Lake playa.
The objectives of this study were (i) to investigate the impact of mass removal by evaporite precipitation on
groundwater ﬂow and salinization in saline basins over geological time scales, and (ii) to enhance understanding of the interrelationships between groundwater ﬂow, physicochemical evolution of brines, and
evaporite precipitation patterns. To evaluate and quantify the relevance of the feedback mechanisms, we
conducted comparative numerical simulations of reactive and nonreactive systems. The consideration of
evaporite reactions delivers insight into the necessity and/or beneﬁts of multicomponent reactive transport
models. This study advances earlier modeling studies that adopted a single-species density-driven transport
model in which evapoconcentration was implicitly incorporated through a ﬁxed predeﬁned concentration
[Duffy and Al-Hassan, 1988; Rogers and Dreiss, 1995a,b; Fan et al., 1997; Holzbecher, 2005; Kiro et al., 2008,
2012]. An explicit treatment of evaporation in reactive transport models by prescribing an evaporation rate
was to our knowledge only conducted by Bauer-Gottwein et al. [2007]. The present study adopts a much
wider range in salinities than considered by Bauer-Gottwein et al. [2007].

2. Methodology
2.1. Conceptual Model
The principle conceptual model underlying the present study is based on the deﬁnition for ‘‘discharge
playas,’’ as suggested by Rosen [1994]. Discharge playas are located within hydrologically closed basins in
which the inﬂux from precipitation, surface water, and groundwater ﬂow is exceeded by potential evapotranspiration. The water table in discharge zones remains below the ground surface, and no permanent
open water body exists.
The hydrodynamic patterns below discharge playas are characterized by a combination of forced and free
convection [Duffy and Al-Hassan, 1988; Simmons and Narayan, 1997]. Forced convection is the transport of
solutes by groundwater ﬂow from the recharge zone toward the discharge zone, driven by topographic gradients. Evapoconcentration and the associated increase in ﬂuid density of shallow groundwater can lead to
free convection, i.e., downward advective ﬂow driven by density gradients. In our model setup, the evaporation rate was prescribed to decrease by up to 30% with increasing distance to the playa shore according to
measured correlations of the evaporation rate with salinity [Harbeck, 1995; Turk, 1970; Panin and Brezgunov,
2007] and assuming a continuous lateral concentration increase in the shallow part of the playa, as shown
in Lines [1979] for a natural playa environment. Correlations between evaporation and the depth to the
water table [Thorburn et al., 1992] were neglected.
Precipitation and redissolution of evaporites act as sinks and sources for dissolved components. Following
the approach of Sanford and Wood [1991], atmospheric and groundwater-dissolved carbon dioxide was
assumed to openly exchange at the groundwater surface, maintaining equilibrium with atmospheric carbon
dioxide in the recharge and discharge zone. Clearly, this assumption is not always warranted and in such
cases, e.g., in the presence of low permeable muds, the partial pressure of carbon dioxide could be higher
than in the atmosphere.
Despite the fact that under natural conditions, a wide range of playa systems exist with a broad range of relevant parameters, e.g., basin volume, salt input, and evaporation rate [Yechieli and Wood, 2002], we only
investigated one discrete set of parameter values without considering ranges or parameter combinations.
2.2. Numerical Modeling Framework
2.2.1. Numerical Codes and Employed Governing Equations
All simulations of ﬂow and nonreactive solute transport were carried out with the USGS variable density
multispecies transport model SEAWAT-2000 [Langevin and Guo, 2006], which combines the groundwater
ﬂow model MODFLOW-2000 [Harbaugh et al., 2000] and the solute transport model MT3DMS [Zheng and
Wang, 1999]. To consider reactive processes, the variable density version [Post and Prommer, 2007] of the
reactive multicomponent transport model PHT3D [Prommer et al., 2003] was used. This version couples the
geochemical reaction model PHREEQC-2 [Parkhurst and Appelo, 1999] with SEAWAT-2000 through a
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Figure 1. 2-D model domain and boundary conditions. Note that the border between recharge and discharge zone is spatially stable.

sequential operator-splitting approach. The ﬂuid mass balance equation solved by SEAWAT-2000 is [Langevin and Guo, 2006; Post and Prommer, 2007]:
@ ðnqÞ
1r  ðq~
q Þ5qqS
@t

(1)

where n is the porosity, q is the ﬂuid density [M L23], q is the density of water entering from recharge or
leaving through evaporation [M L23], qS is the volumetric ﬂow rate per unit volume of aquifer representing
recharge and evaporation [T21], and ~
q is the Darcy velocity [L T21], which is computed from
k
~
q 52  ðrp1q~
gÞ
l

(2)

where k is the intrinsic permeability tensor [L2], l is the dynamic viscosity [M L21 T21], p is the ﬂuid pressure
[Pa], and ~
g is the gravitational acceleration [L T22]. The general form of the solute transport equation [Zheng
and Wang, 1999] was used:


@ ðnC Þ
5r  n~
D  rC 2r  ð~
q C Þ2qs CS 1R
@t

(3)

*

where C is the component concentration [M L23], D is the hydrodynamic dispersion coefﬁcient tensor [L2
T21], Cs is the solute concentration of water entering from recharge or leaving through evaporation [M L23],
and R is a reactive sink/source term [M L23 T21]. The ﬁrst three terms are solved by the MT3DMS code sections within SEAWAT-2000. In the case of reactive simulations, the fourth term is additionally computed by
the PHREEQC-2-based sections of the coupled code. The implicit ﬁnite difference scheme with central in
space weighting [Zheng and Wang, 1999] was applied for solving the advection term.
The equations for density-driven groundwater ﬂow and solute transport are coupled through the groundwater density. In the nonreactive simulations, we used the linear equation of state as implemented in
SEAWAT-2000 [Langevin and Guo, 2006], which represents ﬂuid density as a linear function of the
concentration:
q5qf 1

@q
S
@S

(4)

where qf is the density of the ambient groundwater [M L23] and S is the total salinity. In the reactive simulations, the VOPO algorithm [Monnin, 1989, 1994] was employed to compute densities based on the aqueous
2
22
concentrations of Na1, K1, Ca21, Mg21, Cl2, SO22
4 , HCO3 , and CO3 .
2.2.2. Model Setup
An idealized, two-dimensional cross-sectional model was deﬁned (Figure 1). The selected model extent was
chosen to be in the range of natural playa dimensions while maintaining computational efﬁciency. The spatial extent of the recharge and evaporation zone was assumed to be the same. The hydraulic properties of
the aquifer (Table 1) were chosen such that free convection would occur during the early stages of the
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overall simulation period based on
hydraulic parameter values for natural
Domain length (x direction)
(m)
100
aquifer materials. The hydrodynamic
Domain depth (z direction)
(m)
10
Length of the evaporation zone
(m)
50
dispersivity parameters aL and aT are
Length of the recharge zone
(m)
50
within the range of other saline basin
Horizontal discretization (x direction)
(m)
1
Vertical discretization (z direction)
(m)
1
studies [Bauer-Gottwein et al., 2007;
Hydraulic conductivity
(m/s)
1e-5
Simmons et al., 2002a] or lower [HolzHydraulic anisotropy ratio
1
becher, 2005; Fan et al., 1997, Rogers
Effective porosity
0.25
Speciﬁc storage
(1/m)
0
and Dreiss, 1995a].
(m)
2
Longitudinal dispersivity (aL)
2.2.3. Spatial and Temporal
(m)
1
Transversal dispersivity (aT)
Discretization
2
1e-9
Diffusion coefﬁcient
(m /s)
To eliminate numerical oscillations, the
Recharge rate
(mm/y)
80
Evaporation rate
(mm/y)
68–92(1 80)
horizontal resolution of the model grid
was set to Dx 5 1 m near the playa
margin with a gradual reﬁnement to
0.1 m toward the playa center. Using this discretization, the commonly applied grid Peclet number criterion
[Diersch and Kolditz, 2002] of
Table 1. Model Parameters of the 2-D Models

Pe 

Dx
2
aL

(5)

was fulﬁlled for a longitudinal dispersivity value aL of 2 m. The vertical discretization was set to
Dz 5 1 m, except for the upper layers, where in the vicinity of the evaporation boundary layer evapoconcentration leads to the formation of an exponential concentration proﬁle. The maximum thickness of
the evaporation boundary layer (d) can be deﬁned as [Wooding, 1960; Zimmermann et al., 2006; BauerGottwein et al., 2007]:


ne D0 1aL ET
ne
d
(6)
ET
where D0 is the effective diffusion coefﬁcient [L2 T21], ne is the effective porosity [dimensionless], and ET is
the evaporation rate [L T21]. Based on the chosen model parameters (Table 1), it follows from equation (6)
that d  2 m. To conﬁrm that grid convergence was achieved by our selected vertical discretization, three
preliminary simulations with evaporation boundary layer thicknesses of 1, 0.062, and 0.016 m were conducted. Identical instability patterns for the two ﬁner discretization levels conﬁrmed grid convergence.
Therefore, an evaporation boundary layer thickness of 0.062 m was used for the simulations.
The selected length of the simulation period (6000 years) was chosen such that the simulations extended
well beyond the point where halite saturation was reached in the developing brines, which is a typical
occurrence for many saline basins. The selected user-deﬁned temporal discretization was Dt 5 0.1 year for
the ﬁrst 1000 years and Dt 5 1 year for the remaining simulation period. Transport time step lengths were
furthermore internally calculated and, where necessary, adjusted by the transport code, depending on the
Courant number [Zheng and Wang, 1999]. The total number of grid cells was 1117. With an Intel Xeon CPU
E5-2687W (3.1 GHz), the computational time of a reactive multicomponent simulation was about 30 days.
2.2.4. Initial and Boundary Conditions for Flow and Physical Transport
No ﬂow or dispersive solute ﬂux was allowed across the lateral and bottom boundaries. The lateral boundaries represent the groundwater divide in the recharge area and the center of the basin, respectively. The
model bottom represents the boundary with an underlying, impermeable layer (Figure 1). Spatially and
temporally constant ﬂuxes of meteoric recharge and evaporation at the playa surface, respectively, were
applied as a Neumann boundary condition at the upper grid cells. In and outﬂows were the same by setting
the recharge and evaporation rates to the same value (Table 1). The speciﬁed mean evaporation rate of
2.2 3 1024 m/d lies within the typical range of playas (0.8 2 2.7 3 1024 m/d; Allison and Barnes [1985]; Tyler
et al. [1997]). A Dirichlet boundary condition for heads was set as a reference level at the upper left model
cell. With regards to the solutes only inﬂux was allowed.
2.2.5. Specific Initial and Boundary Conditions for the Individual Simulations
The selected initial concentrations are representative for a system of homogeneously distributed brackish
water with a TDS of 3.5 g/kg, as it occurs, e.g., at the Fuente de Piedra saline basin, Spain [Kohfahl et al., 2008].
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Choosing such a high TDS, in contrast to the low TDS in freshwater,
b
facilitated a relatively fast attainParameter
Unit
Model Water
ment of evaporite saturation indiCa
mmol/kg water
5.885
ces by evapoconcentration of the
Mg
mmol/kg water
8.260
Na
mmol/kg water
31.66
recharging water. In order to use
K
mmol/kg water
0.2054
realistic water compositions, we
Cl
mmol/kg water
45.90
adopted the composition of ambiTIC
mmol/kg water
0.5951
mmol/kg water
6.792
SO4
ent water from Fuente de Piedra
Br
mmol/kg water
0.06281
[Kohfahl et al., 2008] (Table 2) to
TDS
g/kg solution
3.48
deﬁne the initial and the recharge
pH
7.949
pe
4
water composition in eight differ0.99987
Density
g/cm3
ent transport simulations. Evapor(VOPO)
ites identiﬁed by Rodrıguez Jimenez
Speciﬁc conductance
mS/cm
6138
Calcite, gypsum, polyhalite, hexahydrite,
Mineralsc
et al. [1993] at the surface of the
halite, bischoﬁte, mirabilite
Fuente de Piedra basin (i.e., calcite,
a
The water represents a typical ambient water at the Fuente de Piedra basin,
gypsum, polyhalite, hexahydrite,
Spain [Kohfahl et al., 2008].
halite, bischoﬁte, mirabilite) were
b
Equilibrated with Phreeqc 2.18 using the Pitzer database, the aqueous solution is
all included in the reaction network
in equilibrium with CO2 (pCO2(g) 5 1023.5) and calcite.
c
As identiﬁed at the Fuente de Piedra basin by Rodrıguez Jimenez et al. [1993].
and allowed to precipitate and (re)dissolve during the simulation
RWM. All of these minerals were assumed to be absent at the start of the simulations. With the focus of our
study being the understanding of the coupling of the primary ﬂow and geochemical patterns, trace elements
and their evaporites were not considered at this time. Br was treated as an ideal tracer (neglecting any reactions such as halite coprecipitation, bounding to organic matter, and volatilization) and was used as a basis
for the computation of mass balances.
Table 2. Composition of the Equilibrated Initial and Recharge Water As Well As the
Implemented Mineralsa

To explore the impact of evaporite precipitation on the solute mass balance, a further reactive simulation
(RNM) was conducted where precipitation of evaporites was prohibited.
The upper model boundary was assumed to be in constant equilibrium with atmospheric CO2 gas
(PCO2 5 1023.5 atm). Prior to the density-driven simulations, the initial water composition was equilibrated
with PHREEQC-2, thereby assuming equilibrium with calcite [Kohfahl et al., 2008] as well as with gaseous
CO2 (PCO2 5 1023.5 atm). The Pitzer interaction model was used for all calculations of the solute
compositions.
Kohfahl et al. [2015] suggested that a single-species, nonreactive ﬂow and transport model with an appropriately parameterized equation of state (equation (4)) could be used in lieu of a reactive model when an
explicit consideration of geochemical reaction processes is beyond the scope of the study. According to
Kohfahl et al. [2015], the slope @q=@S in equation (4) should be based on available density and TDS measurements, or, in the absence thereof, on geochemical simulations. Here, a set of single-species transport
simulations was conducted to assess the feasibility of this approach. The slope @q=@S for the water compositions in the RWM/RNM simulations (Fuente de Piedra water) was quantiﬁed based on a PHREEQC-2 batchtype evaporation model. A value of @q=@S5 0.67 was calculated using linear regression (Figure 2a), which is
within the range for salt lake brines of 0.64–0.75 reported by Kohfahl et al. [2015]. This simulation is referred
to as NRU.67. Detailed examination of the values for @q=@S at various stages of the simulation reveals that
values range from @q=@S5 0.81 (at low TDS values) to @q=@S5 0.61 (at halite saturation, Figure 2b). Two
additional, single-species simulations (NRU.61 and NRU.81) were conducted to test the sensitivity of the
model to this parameter.
In natural systems, the salinity increase is limited by the precipitation of evaporites. Therefore, an additional
single-species reactive scenario (NRL.67) with an upper concentration limit equal to the onset of halite saturation (321 kg/m3 based on PHREEQC simulations of evaporation of the water in Table 2) was simulated. This
limit was implemented in the SEAWAT simulation by a Langmuir isotherm for the evaporation boundary.
Using negative values for the Langmuir parameters (Langmuir equilibrium constant 5 20.00311 m3/kg; maximum sorption capacity of the soil matrix 5 21.0 kg/kg; bulk density 5 0.25 kg/m3) provided an effective
mechanism to limit the ﬂuid concentration.
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2.3. Measurable Characteristics of the
Simulations
To compare the simulations, similar quantitative measures as Post and Prommer [2007]
were adopted. The average density contrast
(ADC) was deﬁned as
ð
ð
1 x5W z5H
ADC5
Dqdxdz
(7)
WH x50 z50
where W and H are the width and height of
the model [L] domain and Dq is the spatially
and temporally variable density difference
with the ambient water [ML23]. The amount
of solute present in the model (SP) was
deﬁned as
ð x5W ð z5H
SPi 5n
ðmi 2m0 Þdxdz
(8)
x50

z50

where mi is the concentration of aqueous
component i [ML23], which varies with
space and time, and m0 is the initial concentration of component i [ML23].

3. Results and Discussion
3.1. General Flow and Density Patterns
The simulations results show that ﬂow patterns evolve in three distinct phases, henceforth referred to as the initial ‘‘forced
convection phase,’’ the intermediate ‘‘ﬁngering phase,’’ and the ﬁnal ‘‘single-convectioncell phase.’’ The evolution of the ﬂow pattern
below the playa for both reactive and nonreactive simulations are exemplarily shown
Figure 2. Graphs of density versus TDS (a) as well as the derivative of denfor RWM, NRL.67, NRU.67, NRU.81, and
sity with respect to TDS (b) for evaporating Fuente de Piedra water. qmax
NRU.61 (see Table 3 for a description of the
represents the prescribed maximum density in the nonreactive simulation
NRL.67.
simulations) in Figure 3 and supporting information Figure S1–S4, respectively. In the
forced convection phase, the groundwater ﬂow regimes in all simulations are driven solely by forced convection directed from the recharge zone toward the evaporation zone (Figure 3a). Evaporation at the evaporation boundary causes a steady increase of the vertical density gradient. After 20 years, the ﬁngering
phase follows with instabilities emerging in the form of a convective ﬁnger with adjacent downward and
upward directed ﬂow (Figures 3b and 3c). After 70 years, the ﬁnger has moved to the center of the playa,
resulting in one convection cell, which characterizes the ﬁnal single-convection-cell phase (Figures 3d–3f).
Throughout this phase, the shallow subsurface ﬂow near the evapTable 3. Short Description of the Model Simulations
oration boundary is directed
Simulation
Description
mostly laterally from the margin
RWM
Multicomponent reactive (R), with mineral precipitation (WM)
toward the center of the playa.
RNM
Multicomponent reactive (R), no mineral precipitation (NM)
Over time, the convection cell conNRU.67,
Single-species (NR), unlimited evapoconcentration (U),
tinuously expands laterally until it
NRU.61,
concentration-density-relation @q/@S
NRU.81
(equation (4)) 5 0.67, 0.61, and 0.81
reaches the drainage divide. Brine,
NRL.67
Single-species (NR), limited evapoconcentration (L),
which is continuously produced at
concentration-density-relation @q/@S (equation (4)) 5 0.67
the evaporation boundary, ﬁlls up
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Figure 3. Vertical distribution patterns of the density (units in kg/m3) and path lines in the reactive simulation (RWM) at different time
steps (a: 1, b: 20, c: 40, d: 70, e: 2000, and f: 6000 years). Notice the nonuniform color scale in the density patterns. Notice that the path lines
can be interrupted in areas of high ﬂow velocities, where the path line density increases. The white arrows show the ﬂow direction.

an increasingly larger part of the model domain, except for the near-surface areas below the recharge zone.
As a consequence, two ﬂow systems evolve, the near-surface freshwater system ﬂowing to and evaporating
at the evaporation boundary, and the brine system circulating below. Both systems are coupled by dispersive mixing along the interface and by downwelling of this mixed water at the basin center. During the
single-convection-cell phase, the driving force for brine circulation is mainly the advective ﬂow of freshwater to the evaporation zone leading to an entrainment of the brine along the interface. Buoyancy forces
at the basin center caused by evapoconcentration affect the circulation only secondarily. Thus we assume
that circulation would be preserved when evaporation stops, as far as freshwater recharge continues and
mixing is small enough to preserve a density gradient between freshwater and brine. Different densities in
RWM, NRU.81, and NRU.61 are caused by different slopes @q=@S (equation (4)) and by a removal of solutes
by evaporite precipitation in RWM.
While previous salt lake modeling studies [Duffy and Al-Hassan, 1988; Fan et al., 1997; Holzbecher, 2005;
Rogers and Dreiss, 1995a,b] captured the lateral spreading of brine, they did not simulate the shallow horizontal ﬂow below the playa where continual evapoconcentration increases the density, which drives the
convective downward ﬂow. The reason is that these previous studies speciﬁed the head (and concentration)
along the salt lake bottom, thus effectively eliminating the driving force for horizontal ﬂow. The boundary
condition that was selected to represent evapoconcentration in the current study, however, eliminates this
limitation. This results in a simulated shallow horizontal ﬂow, that is consistent with reported ﬂow patterns
inferred from ﬁeld observations [Lines, 1979].
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3.2. Interaction of Evaporite
Precipitation and Brine
Composition
The evapoconcentration at the evaporation boundary and brine migration
pattern drives a sequence of evaporite precipitation: calcite precipitation
starts almost immediately, as the initial water composition was deﬁned to
be in equilibrium with this mineral,
and a noticeable increase below the
evaporation boundary is apparent in
the ﬁrst year (Figure 4). Gypsum precipitation starts in a zone between the
playa shore and the playa center (Figure 4) where the salinity is highest
(Figure 3b) after about 20 years when
the ﬂow transitions to the ﬁngering
phase. As the zone of highest salinity
moves toward the playa center, so
does the gypsum precipitation zone,
and, in its wake, part of the previously
precipitated gypsum redissolves (Figure 4). Within the ﬁrst 2000 years of
the simulation, the reﬂuxing brine
remains saturated with respect to calcite and gypsum, but the ongoing
gypsum precipitation leads to a
chemical divide effect [Hardie and
Eugster, 1970], i.e., dissolved Ca
decreases whereas SO4 increases with
ongoing evapoconcentration. MoreFigure 4. Temporal evolution of the concentration (units in moles/L except for pH)
over, the amount of precipitating gypof selected brine solutes and evaporites in the upper 50 cm of the model evaporasum is about two orders of magnitude
tion boundary in the reactive simulation (RWM).
higher than that of precipitating calcite, which leads to a considerable
removal of dissolved Ca. This leads to calcite subsaturation and redissolution in the central part of the playa
where gypsum precipitates. Redissolution of calcite also occurs near the shore of the playa due to migration
into this region of the brine, which is subsaturated with respect to calcite. Precipitation of halite starts near
the playa center after 4000 years (Figure 4).
These results quantitatively illustrate and conﬁrm the formation of the so-called bull’s eye pattern that was
previously observed by Rosen [1991], and how it is controlled primarily by the solubility of the evaporites
and the concentration increase along the ﬂow path at the evaporation boundary as well as by chemical
divide effects. Beyond the formation of the bull’s eye pattern, our model also illustrates how secondary
effects due to chemical divides and brine reﬂux modify the zonation of evaporites. The relationships
between ﬂow pattern, evapoconcentration, and evaporite precipitation along the ﬂow path and redissolution due to chemical divides are shown schematically in Figure 5. Gypsum and halite precipitation are
restricted to the near-surface model region closest to the evaporation boundary. Calcite precipitation, however, can also occur at other locations (e.g., after 6000 years, Figure 6). The mechanism driving calcite precipitation beneath the evaporation boundary results from supersaturation caused by nonlinear mixing
effects [Wigley and Plummer, 1976] in mixture of brine with freshwater or brines with altered compositions.
Control batch simulations with PHREEQC-2 of mixing conﬁrm this effect. The contribution of nonlinear mixing effects to calcite precipitation is small though compared to the amounts precipitated at the evaporation
boundary.
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The chemical composition of the
brine becomes highly variable with
time as a consequence of the interactions between the evolving ﬂow patterns, differing evaporite solubility
and chemical divides induced by
evaporite precipitation. As illustrated
in Figures 4 and 7, the early-stage
brine evolution is characterized by
increasing concentrations of all solutes, except for total inorganic carbon
(TIC), which diminishes due to the
chemical divide associated with calcite precipitation. SPBr, SPMg, and SPK
increase linearly throughout the entire
simulation period because Br was
assumed not to participate in any prescribed reaction, and minerals containing Mg and K remained below the
saturation index. The observed linear
increase validates the correct mass
balance of the model. In contrast,
SPSO4 follows a parabolic trend, as
gypsum precipitation poses limits its
solubility. SPCa increases until about
1000 years simulation time, and then
levels off after 2000 years, which is
caused by the removal of dissolved
Figure 5. Schematic representation of the evolution of near-surface mineral precipitation zones according to the ﬂow pattern and the brine composition. a: 20–70
Ca by calcite and gypsum precipitayears, b: 70–2000 years, c: 2000–6000 years. Abbreviations: cc: calcite, gy: gypsum,
tion. The chemical divide associated
ht: halite, SIcc: saturation index of calcite, SIgy: saturation index of gypsum. The
with gypsum leads to depletion of Ca
black lines represent mineral precipitation zones, the black-dotted lines mineral
redissolution zones. Blue lines and arrows show the groundwater ﬂow direction.
and thus SPCa decreases during the
The gray zone represents the brine.
remainder of the simulation. Another
chemical divide becomes apparent after 5000 years, when halite starts to precipitate, and makes that
SPNa, which increased linearly prior to the onset of halite precipitation, decreases, whereas SPCl continues to
increase, but at a slower rate.
With respect to the classical nonmarine brine evolution scheme after Hardie and Eugster [1970], our modeled water composition follows initially the path of HCO3 poor water, such as the Dead Sea brine, but separates after gypsum precipitation from the Dead Sea path, because of the lower Ca-SO4 ratio, and ends up as
a Mg-SO4-Cl brine. While in our model setup, we assumed an open system with respect to CO2, we expect a
similar brine evolution for a closed system. Indeed, the ratio Ca/CO3 > 1 in the recharge water leads to a
depletion of CO3 during calcite precipitation, whether the system is open or closed.
3.3. Impact of Evaporite Precipitation on the Brine Propagation
As shown in Figure 2b, the computed slope @q=@S (equation (4)) is higher than 0.67 until a TDS concentration of 150 kg/m3 (corresponding to q 5 1.1 kg/m3) is reached, which starts to occur locally between 1000

Figure 6. Vertical distribution pattern of calcite (units in moles/L) and path lines of the reactive simulation (RWM) at 6000 years. Notice that the path lines can be interrupted in areas of
high ﬂow velocities, where the path line density increases.
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Figure 7. Temporal evolution of the solute mass within the model domain (SPBr, SPCa, SPHCO3, SPSO4, SPNa, SPCl, SPcalcite, SPgypsum, and
SPhalite) of the reactive simulation with minerals (RWM). Units in moles.

and 2000 years (Figure 3). It would therefore be expected that up until this point or beyond, ADC remains
higher in simulation RNM than in NRL.67 and NRU.67, as it can be seen in Figure 8. In contrast, ADC for
RWM, is higher only during the ﬁrst 180 years (Figure 8), after which the ADC for NRL.67 and NRU.67
becomes higher than for RWM. This is because the precipitation of calcite and particularly gypsum leads to
a lower total mass of solutes in RWM compared with RNM, NRL.67, and NRU.67. Adopting a smaller value
for @q=@S in the nonreactive simulation does not provide a simple means to compensate for the unconsidered mass removal induced by evaporative precipitation, which is shown by the fact that ADC for the simulation with the lowest @q=@S (NRU.61) also becomes higher than for RWM after 550 years (Figure 8). The
effect is also recognizable in an increase of differences between the simulations in the spatial density pattern (300 years in Figure 9). Nevertheless, the ﬂow patterns of NRU.67, NRL.67, and RWM are very similar
and free convective ﬂow starts within 20 years. That implies that the calcite precipitation and CO2 degassing, which occur during this stage of the simulation in RWM but not in the non-reactive models, does not
play a signiﬁcant role in delaying the onset of free convection. This is in contrast to the ﬁndings of BauerGottwein et al. [2007], where free convection was delayed by about 200 years because of carbonate mineral
precipitation as well as CO2 degassing.
The difference between the ADC values of RWM and NRL.67 initially increases with time, but the curves in
Figure 8 cross as the density in NRL.67 reaches its plateau at the point of halite saturation. The density in
RWM continues to increase because, even as precipitating halite removes Na and Cl from the solution after
about 4000 years, further evapoconcentration of solutes takes place. This concerns solutes that continue to
increase in concentration due to chemical divide effects (in our case SO4, Cl), or solutes not involved in
evaporite precipitation (i.e., Br, K, and Mg). In this context, it should be noticed that under natural conditions
the concentration of the brines might, at least for some elements, be slowed by clay reactions and adsorption onto clay particles. However, we assume that these processes are unable to compensate for the concentration increase by evapoconcentration. The upper concentration limit in NRL.67 leads to a fully steady
state ﬂow pattern after 4000 years. In contrast, the ﬂow pattern continues to change in RWM with a further
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Figure 8. Graphs of average density contrast (ADC, see equation (7) for deﬁnition) versus time of the nonreactive and reactive simulations. The right ﬁgure depicts a zoomed detail of
the early period in the left ﬁgure.

growing brine wedge due to the unlimited concentration increase, even if this increase is lower than before
halite saturation.
Halite and gypsum are the main evaporites that precipitate, which considerably diminishes the rate of mass
increase by evapoconcentration in our study. Therefore, for brines affected by evapoconcentration, the lack
of an upper concentration limit becomes a serious limitation for the applicability of simple single-species
salinity transport models while multicomponent approaches will provide more realistic solutions. In the
case of single-species transport models, even the determination of a discrete point of maximum

Figure 9. Spatial distribution of the deviation of the nonreactive (NRL.67) density from the reactive (RWM) density (units in kg/m3) at different times (20, 100, 300, 3000, and 6000 years). Positive values indicate higher densities in the nonreactive simulation compared to the
reactive simulation, and vice versa. For a direct visual comparison of the density and ﬂow patterns, see Figure 3 and supporting information Figure S1.
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concentration will generally be difﬁcult because the location depends on the speciﬁc chemical evolution of
the water composition. Eventually, various slopes occur during density evolution of salt lakes depending on
the sequence in which speciﬁc minerals reach saturation and subsequently precipitate as evaporites. Therefore, the use of single-species transport models will be limited to providing a ﬁrst-order approximation of
the brine evolution.

4. Conclusions
Numerical experiments were conducted to study the evolution of spatiotemporal hydrochemical patterns
in closed basin playas and to elucidate the importance of various feedback mechanisms between groundwater ﬂow, solute transport, and hydrogeochemical processes. Despite the fact that we investigated, a very
simpliﬁed system a number of important conclusions can be made.
The ﬂow pattern in our investigated ‘‘dry lake’’ or playa setup differs distinctively from previous studies
which conceptualized the lake ﬂoor as a ﬁxed pressure, ﬁxed concentration boundary. In the latter, brine
downwelling takes place near the shore, directly adjacent to the upwelling groundwater, whereas in our
present work the downwelling occurs in the central part of the playa. This difference can be attributed to
the setup of the previous studies that largely eliminated lateral ﬂow directly below the lake ﬂoor.
Our simulations provide a quantitative conﬁrmation of the previously described bull’s eye pattern that has
been described in natural playa systems [Duffy and Al-Hassan, 1988; Rosen and Warren, 1990; Rosen, 1991].
The sequence is the result of an evaporative salinity increase along the shallow groundwater ﬂow path to
the center of the playa and chemical divides. The numerical model elucidates how chemical divides lead to
a competition for lattice ions that subsequently limit the spatial extent of precipitation, or result in redissolution of the more soluble evaporites. The interaction of these effects with brine reﬂux are critical controls
on the formation of the bull’s eye pattern.
Our model setup neglects processes that under some circumstances could affect natural saline systems.
This includes, e.g., deﬂation and cyclic drying and wetting. Deﬂation can remove precipitated salts from
the system resulting in inhibition of redissolution of these salts. Therefore, the demonstrated overestimation of the salinization by nonreactive simulations could be even more pronounced. Cyclic drying and
wetting induces redissolution of highly soluble evaporites, e.g., halite, whereas precipitated gypsum and
calcite probably remain almost unaffected by such short-term events [Smoot and Lowenstein, 1991]. As a
result, freshly precipitating rain water, which gets salinized by halite dissolution, has a lower or equal density compared to the brine that resides in the subsurface. Therefore, stable hydrodynamic conditions are
expected to persist and the impact on brine circulation should remain negligible. Furthermore, the ﬂow
model shows that upwelling of groundwater due to evaporative ﬂuxes takes place, decoupling the surﬁcial processes and the brine circulation. Other currently neglected processes and simpliﬁcations will need
to be addressed in future work to fully understand these complicated saline systems. This includes, for
example, the depth-dependent evaporation rate, clay mineral reactions, adsorption onto clay minerals,
trace elements, their salts and coprecipitation, permeability changes due to evaporite precipitation or dissolution and sedimentation, the impact of geothermal waters on ﬂow patterns and chemical processes,
explicit transpiration by phreatophytes, spatially changing playa coastlines and, of course, physical and
geochemical heterogeneities.
Despite the simpliﬁcations our comparison of model approaches has shown that a single species transport approach, while computationally much more efﬁcient, may mostly be useful for developing a preliminary understanding of ﬂow patterns. However, with increasing evaporite precipitation during the playa
evolution, the single species transport approach will successively overestimate the mass of solutes in the
groundwater and therefore the extent of the brine wedge. It was found that imposing an upper concentration limit in the single-species transport approach cannot compensate this effect. Therefore, the use of
a multicomponent reactive approach remains inevitable for understanding the complex interplay of physical and hydrogeochemical processes in highly saline playa systems and plays an important role in underpinning the development of appropriate simpler surrogate models and to understand the limits of their
applicability.
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