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SIMULATION OF HIGH-CONTRAST DENSITY-DRIVEN TRANSPORT 
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Abstract. Subsaturated groundwater in contact with evaporitic rock formations results in 

rapid subsurface dissolution or subrosion of evaporites. The process leads to both karst 

development and salinization of aquifers with high fluid density contrasts. To address the 

problem, results of experiments and modeling approaches are presented, including: (1) a 

combination of flow tank and modeling experiments to study the effect of density-driven flow 

in heterogeneous media, and (2) a series of 2D density-coupled solute transport simulations 

along an approximately 1000-m long and 150-m deep 2D cross section, which represents a 

setup of two aquifers connected by subvertical normal fault zones. The resulting high 

contrasts in groundwater density were simulated at both laboratory and field scale with a 

numerical model based on Mixed Finite Elements for the fluid flow problem and a 

combination of Discontinuous Galerkin Finite Element and Multi-Point Flux Approximation 

methods for the transport. The experimental flow tank data are presented as benchmark 

problems to evaluate numerical codes. Simulation results of the 2D field scale cross section 

indicate that the upconing process of saline groundwater from a lower aquifer into the main 

aquifer occurs under different distributions of subsurface parameters and hydraulic boundary 

conditions. The simulations also revealed that the salt dissolution rate is tightly related to the 

structure or dip of the halite formation, with an increase of dissolution rate with increasing 

dip. As a result of the increased density of the brine, an independent flow dynamic develops 

that follows the direction of the dip. 
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1. INTRODUCTION

Simulation of saltwater transport is an essential tool to understand environmental problems 

such as saltwater intrusion in coastal aquifers, landfills leakage, radioactive disposals in salt 

rock formations and subsurface dissolution of evaporites. Subsaturated groundwater in 

contact with evaporitic rock formations results in rapid subsurface dissolution or subrosion of 

evaporites. Depending on the geological setting the subrosion may cause widespread land 

subsidence. A crucial point is to understand the role and pathways of water subsaturated with 

NaCl, or CaSO4 and its driving energy, such as provided by a hydrostatic head differences, or 

density gradients, which causes groundwater to flow through the system. The mixing of highly 

concentrated brines with freshwater results in high density contrasts, which pose a challenge 

for efficient numerical simulation. 

2. LABORATORY SCALE EXPERIMENTS OF VARIABLE DENSITY FLOW 

A series of 2D laboratory-scale porous media tank experiments were conducted to study 

density driven flow problems based on well-defined experimental parameters and boundary 

conditions. The experiments were carried out in a flow tank with a geometrical setup of two 

horizontal aquifers connected by one vertical zone (Fig. 1), which represents a conceptual 

model of the investigated field scale structures (see next chapter). A photometric method was 

used to study the temporal and spatial plume evolutions (Konz et al., 2008). This method is 

suitable for deriving isolines for 2, 10, 50 and 80% salt concentration with appropriate 

accuracy. The temporally high-resolution image analysis technology facilitated the 

assessment of breakthrough curves (BTCs) at relevant positions in the tank.

The comparison of saltwater and freshwater experiments with equal flow boundary conditions 

demonstrated the value of the experiment as a benchmark for density-coupled models (Konz 

et al., 2009). The experimental salt plume displayed little dispersion at all observation points. 

Therefore, the comparison of simulated versus measured BTCs is very sensitive to numerical 

dispersion and enables a reliable assessment of the codes.

Numerical simulations were performed with a robust numerical model based on Mixed Finite 

Elements (MFE) for the fluid flow problem and a combination of Discontinuous Galerkin 

(DG) and Multi-Point Flux Approximation (MFPA) methods for the transport. Good 

agreement was obtained for isolines and BTCs at different points using a mesh of 8000 

elements, and even specific patterns of the isolines were well reproduced (Fig. 2). The 

simulation with a variant of the code using the FV method instead of DG on a finer mesh of 

20000 elements accurately reproduced the 50% isoline. However, due to numerical diffusion, 

large inaccuracies are obtained for the 2 and 10% isoline and BTCs. This shows the necessity 

to use robust numerical schemes for the simulation of density-driven flow problems and, at 

the same time, highlights the quality of the very detailed experiments for benchmarking 

numerical codes. 
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Fig. 1: Flow tank (left) with setup for 2D benchmark experiments comparing tracer and density-driven 

saltwater transport in porous media after 18, 25, and 75 min duration of the experiment. 

Fig. 2: Evaluation of codes for 2D density-coupled simulation of benchmark experiments (BTCs left, 

and location of 2% (C/Cmax) isolines right). 

3. 2D FIELD SCALE SIMULATIONS OF HIGLY VARIABLE DENSITY 

TRANSPORT 

The effects of increased hydrostatic gradient due to both groundwater withdrawal and fluid 

density contrasts were evaluated with a series of 2D density-coupled solute transport 

simulations along an approximately 1000 m long and 150 m deep 2D cross section (Zechner 

et al., 2011). Simulation results indicate that the upconing process of saline groundwater into 

the main aquifer occurs under different distributions of subsurface parameters and hydraulic 

boundary conditions (Fig. 3). For the presented setup the simulations also revealed that the 

most sensitive factor for the dissolution rate is the structure or dip of the halite formation, 

which leads to an increase of dissolution rate with increasing dip. Due to the increased 

density of the brine, an intrinsic flow dynamic develops following the direction of the dip.

The effect of variable permeability, which is due to fracture opening in the evaporitic rock 

formation, is simulated with a discrete fracture approach, which includes small fractures and 

bedding partings of a karstic, or fissured aquifer directly into a porous flow model. The 

fracture aperture, or void opening, is time-dependent and a function of salt dissolution. The 

results demonstrate that the total dissolved mass with time-variable permeability is more than 

25% larger compared to the dissolved mass with constant permeability. The effect of the 
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normal fault zone thickness of higher permeability is studied by simulating fault zone 

thicknesses between 10 cm and 40 m. The corresponding simulated dissolution rates sharply 

increase with fault widening before they apparently start to level out at 40 m. Finally, the 

range of the unknown lower aquifer thickness above the rock salt ranged from 10 cm to 10 m. 

Simulated density-driven flow velocities are directly related to the imposed aquifer thickness: 

if the lower aquifer thickness decreases, then the flow velocity will increase, which leads to 

more dissolved salt, and vice-versa. 

Fig. 3: Field scale cross-section with simulated NaCl concentration from 2D density-coupled 

transport model after 30 years. Lower boundary represents saturated saltwater conditions. 

4. CONCLUSIONS 

The experimental flow tank data of variable density induced flow was used as benchmark 

problem to evaluate numerical codes. The code based on Mixed Finite Elements (MFE) for 

the fluid flow problem and a combination of Discontinuous Galerkin (DG) and Multi-Point 

Flux Approximation (MFPA) methods for the transport performed very efficiently. The tested 

code was used to simulate mixing of highly concentrated brines with freshwater results in a 

2D field scale cross section. The simulations over 30 years showed that the upconing process 

of saline groundwater from a lower aquifer into the main aquifer occurs under different 

distributions of subsurface parameters and hydraulic boundary conditions. 
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