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Abstract. Salinization of deep aquifers below salt lakes is a common phenomenon. Potentially 

responsible hydrodynamic processes are diffusion and free convection. These processes have 

been investigated by a large number of numerical variable-density groundwater flow and 

transport model studies. Mostly the density of lake- and groundwater has been computed 

based on the total amount of dissolved compounds. However, the feedback mechanisms 

between chemical reactions and density driven flow are not well understood. To date only a 

few studies have been conducted regarding this issue. Our study extends previous modeling 

studies of salt lakes coupling hydrodynamics below playas with hydrogeochemical reactions 

to investigate the interrelation between brine reflux and the precipitation of evaporites within 

salt lakes and the underlying groundwater systems. For this purpose we conducted a 2D 

coupled density-driven groundwater flow and reactive transport modeling study of a closed 

coastal playa basin with dry lake conditions including the aquifer of the catchment area. For 

solute input to our evaporating basin we selected seawater. In order to be able to compare 

the processes of diffusion- and convection-dominated system we simulated two scenarios with 

a permeability of 1E-12 and 1E-14 m2, respectively. The convection-dominated system shows 

the typical flow pattern with the following temporal development: (i) Brine generation starts 

close to the evaporation zone, (ii) initialization of free convection (fingering) with several 

local convection cells, (iii) merging of local convection cells into one convection cell over the 

entire aquifer. In the diffusion-dominated system no free convection develops and mass 

transport into the deeper aquifer is driven by concentration gradients of the dissolved 

compounds. Regardless of the transport mechanisms the computed mineral precipitation 

initiates within the evaporation boundary layer which is in agreement with observed salt crust 

formations on the surface of playa lakes. Additional precipitation occurs in the deeper aquifer 

at mixing interfaces between different waters, i.e. brine and recharge water. Results show that 

variable flow patterns control the evolution of mineral precipitation and re-dissolution 

patterns. Detailed results for calcite, gypsum, glauberite and halite will be presented. 

Keywords: Salt lakes, evaporation, reactive transport modeling, density driven flow, mineral 

precipitation 
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1. INTRODUCTION

Salinization of deep aquifers below salt lakes is a common phenomenon in arid and semi-arid 

regions worldwide. As a consequence the already limited amount of available usable 

groundwater is still more restricted. Two key processes that typically induce the salinization 

are diffusion and free convection. The latter has been intensively investigated by a large 

number of numerical variable-density groundwater flow and transport model studies. 

Depending on the investigated aquifer system the salinity may be modified by chemical 

reactions such as mineral dissolution and/or precipitation (Wigley & Plummer, 1976; 

Sanford & Konikow, 1989). To investigate the potential importance of feedback mechanisms 

between physical processes and geochemical reactions Freedman & Ibaraki (2002) simulated 

the effects of calcite dissolution in a mixed convective transport tank experiment. Post & 

Prommer (2007) defined and analyzed a numerical experiment based on the classic Elder 

problem. In addition, Bauer-Gottwein et al. (2007) studied the influence of chemical reactions 

on the onset of free convection under islands in the Okavango Delta, Botswana. Mao et al. 

(2006) simulated a tank experiment in which seawater intrusion was accompanied by cation 

exchange.

The aim of the present study was to attain a more refined understanding of the temporal and 

spatial patterns that characterize the hydrodynamics and geochemistry below salt lakes. This 

includes (i) the identification of temporal and spatial varying evaporite deposition patterns 

and how they differ between diffusion and convection dominated systems, and (ii) the 

establishment of generally valid hydraulic and hydrogeochemical prerequisites for the 

occurrence of mineral precipitation below salt lakes. 

For the present study our investigations are restricted to dry basins, so-called playas, i.e., 

systems where the evaporation is greater or equal than the sum of recharge, surface water 

and groundwater inflow. 

2. METHODS 

To simulate the density-driven flow and reactive transport processes a numerical 2D vertical 

model was set-up (Fig. 1) according to the conceptual model for a closed basin discharge 

playa (B2 in Yechieli & Wood, 2002). Recharge and evaporation rate are identical (0.1 m/y). 

A total time of 10000 years was simulated. To explore diffusion- and convection- controlled 

conditions two scenarios were simulated using different hydraulic conductivities (1E-5 and 

1E-8 m/s). For the initial and recharge model water seawater was chosen, as published in 

Sanford and Wood (1991). Therefore the model configuration represents most likely a coastal 

or continental discharge playa fed by seawater or aerosol seawater. The simulations were 

performed using a density-driven reactive transport model coupling SEAWAT-2000 

(Langevin & Guo, 2006) and PHREEQC-2.18, published in Post & Prommer (2007). The 

density calculation within this version is realized using the algorithm from Millero (2001) 

taking into account all dissolved species considered in the present study (Ca
2+

, Mg
2+

, Na
+
,

K
+
, Cl

-
, Br

-
, SO4

2-
 and bicarbonate). 
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Fig. 1 Model domain and boundary conditions

3. RESULTS AND DISCUSSION 

3.1 General flow patterns 

The groundwater density in the initial state is uniform. Therefore the groundwater flow is 

directed according to the hydraulic gradient from the recharge to the evaporation zone. In the 

convection controlled system fingering initializes due to the increasing density gradient at the 

evaporation boundary after 2 years. After 10 years fingering is highly developed with several 

convection cells merging to only one convection cell after 50 years (Fig. 2). Over time the 

convection cell expands laterally until reaching the left boundary. Therefore in the course of 

convection the brine, which is produced continuously at the evaporation boundary, spreads 

over the whole aquifer (Fig. 2). 

d
e
p
th

[m
]

10 years

0 10 20 30 40 50 60 70 80 90 100
-10

-5

0

1.1

1.2

1.3

d
e
p
th

[m
]

50 years

0 10 20 30 40 50 60 70 80 90 100
-10

-5

0

1.1

1.2

1.3

distance [m]

d
e
p
th

[m
]

10000 years

0 10 20 30 40 50 60 70 80 90 100
-10

-5

0

1.1

1.2

1.3

Fig. 2 Simulated groundwater flow and density distribution pattern after 10, 50 and 10000 years. Density units 

are in kg/l. 

In the diffusion-controlled system the initially prescribed advective flux remains constant until 

the end of simulation. Convective flux can not arise due to the low hydraulic conductivity. 

Solute spreading is therefore controlled solely by diffusive flux. In the presented case diffusive 

flux is higher than advective flux resulting in brine propagation into the aquifer. 

3.2 Evaporite precipitation patterns 

In the convection-controlled case precipitation of calcite (cc), gypsum (gy), glauberite (gl) 

and halite (ha) occurs at the evaporation boundary, caused directly by evaporative 
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salinization. Under natural conditions these minerals precipitate as efflorescent crust at the 

playa surface. Whereas cc and gy precipitate at the whole evaporation boundary gl and ha 

only precipitate at the right side representing the centre of the playa. This pattern concurs 

with the general concept of the bull eye structure observed in natural salt lakes. In the course 

of time, however, gy and cc also precipitate in deeper, saturated zones of the aquifer below 

the central part of the playa in a zone where evaporative salinization and mixing with reflux 

brine enhance the gy and cc saturation. In addition, cc precipitates by mixing of refluxing 

brine and background water (Fig. 3). The reason for reaching cc saturation at these mixing 

interfaces is the calcium enrichment in the brine during the brine formation at the 

evaporation boundary. According to the chemical divide concept, due to an initial 

calcium/bicarbonate ratio > 1, the primary cc precipitation caused by evaporation leads to 

decreasing bicarbonate and increasing calcium concentrations in the brine, while the brine 

remains saturated in cc (SI=0). Owing to convective mixing, the calcium-rich brine comes in 

contact with background water with higher bicarbonate contents leading to cc oversaturation 

and precipitation in the mixing zone. Therefore this kind of cc precipitation is not primarily 

associated with evaporation. 
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Fig. 3 Simulated calcite distribution pattern after 20, 50, 100 and 10,000 years (Units in mol/kgH2O, log scale).

Though the flow pattern in the diffusion-controlled system is different, primary evaporation 
and secondary diffusive (not convective) mixing of brine and background water also result in 

adequate mineral precipitation patterns. 

4. CONCLUSIONS 

The simulations show that at salt lakes among mineral precipitation caused by evaporation 

also precipitation by convective and diffusive mixing of brine and background water occurs. 

The latter process is related to the chemical divide concept. That implies that mineral 

precipitation at the playa surface due to evaporation of pristine groundwater, which contains 

evaporite-forming dissolved anion-cation pairs (e.g. calcium and bicarbonate forming cc) in 
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different equivalent concentrations, is resulting in brine with an enriched and a depleted 

component of this pair. In principle mixing of this brine with the pristine groundwater can 

lead to further precipitation of the same mineral, wherever in the aquifer mixing occurs. 
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