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ABSTRACT 
The effect of discrete low-permeability lenses on seawater intrusion by free convection was 
investigated using a numerical model. It was found that upward vertical flow components retard 
salinization of the lenses as these counteract the penetration of dissolved salts by diffusion and 
convection from above. Surprisingly, salinization of the low-permeability structures 
predominantly takes place from below as salt water is dragged upwards due to the upward flow 
field that is established within them. 
 
INTRODUCTION 
Numerous coastal areas throughout the world experience episodic flooding by seawater. Such 
events may be regular and anticipated (e.g. tidal flooding) or catastrophic (e.g. the 2004 tsunami 
in southeast Asia or the 2005 hurricane Katrina in New Orleans). Flooding potentially leads to 
deterioration of water resources when fresh groundwater becomes contaminated with seawater 
that infiltrates into the soil and enters the aquifers. Of particular importance in the case of 
seawater flooding is the unstable density stratification that develops when seawater is carried on 
top of fresh groundwater. This may give rise to the process of free convection during which the 
more saline water migrates vertically downward under the influence of its high density compared 
to the underlying fresh water. Typically, plumes of salt water form during this process which can 
sink down into the aquifer at considerable rates. 
 
Natural porous media always contain at least some degree of permeability stratification. Previous 
studies of free convection have addressed this using a stochastic permeability field (e.g. 
Simmons et al. 2001). To date, no studies have been published that focus on the effect of discrete 
low-permeability structures on the free convection process at the (smaller) scale of the lense nor 
on the precise solute transport mechanisms that affect solute exchange between the layers of 
lower and higher permeability. It is expected that the presence of low-permeability lenses retards 
free convection and that salinization of the low-permeability zones occurs at a different rate than 
in the high-permeability zone. 
 
The objective of the present study is to establish how structured permeability distributions affect 
the dynamics of convective-flow for characteristic natural geologic systems. We focus on small-
scale systems (based on an accompanying laboratory experiment that is not shown here) where 
the length scale of permeability changes is in the order of decimeters. The intent is not to develop 
a universal theory but rather to demonstrate how salinization works in these systems. 
 
METHODS 
For the numerical experiments, the variable-density flow simulator SEAWAT-2000 was used 
(Langevin and Guo 2006). The model grid measured 110 by 60 cm (based on the dimensions of a 
laboratory tank experiment) and consisted of 180 columns in the horizontal and 164 rows in the 
vertical direction. The top model boundary was a fixed head, fixed concentration boundary, 
allowing water and solutes to enter and exit the model domain. The left, right and bottom 
boundaries are closed for both flow and solute transport. In nature, the left and right boundaries 



20th Salt Water Intrusion Meeting 
 

206 

are thought to represent flow lines and the bottom boundary a practically impermeable clay 
layer. 
 
The initial solute concentrations of all the cells in the model domain were assigned a 
concentration of 0. A density contrast of 2.0 g/cm3 between the saline and fresh water was used. 
This relatively low value was used to prevent very small plume dimensions that can not be 
resolved by the model grid. The fresh water hydraulic conductivity of the high-permeability zone 
of the model domain was 90 m/d; the conductivity of the low-permeability lenses was varied 
during the simulations. The total simulation time was 30 days with a transport numerical time 
step of approximately 3 seconds.  
 
Three realizations of permeability fields where used that are thought to be representative for field 
conditions: horizontal lenses (discussed in this paper), vertical lenses and square blocks. For each 
of these configurations, simulations were performed with different permeability contrasts 
between the low and the high-permeability zones, i.e. 1:90, 1:900 and 1:9000. Due to the space 
constraint, only the results of the simulation with horizontal low-permeability lenses with the 
1:90 permeability contrast are discussed in detail. 
 
RESULTS 
The panels in Figure 1 show the development of the solute concentration pattern and the flow 
vectors for the simulation (1:90 permeability contrast) . Initially, salt plumes emanate from the 
seafloor and move downward into the aquifer. After 0.8 days, the plumes in the central part of 
the domain reach the top of the uppermost low-permeability lens and further downward 
migration is hampered. Consequently, horizontal migration of the salt plumes starts to occur as 
well as diffusive salinization of the lens. On both sides of the uppermost lens salt plumes 
continue to sink down unhindered until they reach the top of the lower lenses where similar 
patterns develop.  
 
The salt plumes reach the bottom of the model domain after 4 days. By that time, a fairly 
constant flow pattern has been established in which salt water essentially flows downward near 
the left- and, to a lesser extent, right-hand boundaries and fresh water moves upward in the 
central part of the model domain. Particularly strong vertical upward flow occurs in the high-
permeability part of the model domain, immediately adjacent to the vertical sides of the fresh 
water lenses. Jets of fresh water can be seen to escape upwards on a regular basis. 
 
The larger scale convection pattern also drives flow within the lenses as reflected by the 
development of upward flow components inside them. Initially, if the vertical flow component is 
still very small, diffusion of salt from above occurs. This saline water, however, is pushed back 
upwards as the magnitude of the upward flow component increases. At the same time, salt water 
that has flowed around and underneath the lenses starts to be dragged into the lenses from below. 
 
After approximately 20 days, when concentration gradients in the high-permeability part of the 
model domain become increasingly smaller, the convective flow cell becomes weaker. Upward 
flow inside the lenses and the associated dragging up of salt water remains an important process, 
however, due to the buoyancy of the entrapped fresh water. Ultimately, as density gradients 
disappear, diffusion becomes the dominant transport mechanism. Flow becomes progressively 
weaker as diffusion begins to dominate transport behaviour and ceases altogether upon complete 
salinization of the system. 
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Figure 1.  Concentration patterns and flow vectors after 0.8, 2.0, 4.0, 10.0, 16.0, 20.0, 25.0 

and 30.0 days for the simulation with horizontal lenses. Darkest shading represents highest 
concentrations. Flow vector length within the low-permeability lenses has been increased 

by a factor of 10 compared to the surrounding area. 
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DISCUSSION AND CONCLUSIONS 
The results discussed above demonstrate the importance of the presence of low-permeability 
structures for the convection cells and concentration patterns that develop during free 
convection. The large scale convective flow pattern that develops is mainly controlled by the 
permeability distribution. In response, vertically upward flow occurs within the low-permeability 
lenses, which causes them to become saline from below, even thought the intrusion of salt water 
is through the top of the model. This is mainly due to the dragging upward of salt water from 
below but partly also due to the counteracting action to diffusion through the top of the low-
permeability structures. 
 
Comparable behavior was observed for the simulations with different permeability distributions 
(not shown in this paper), although not as pronounced as in the simulation discussed above. 
These results indicate that salinization of the low-permeability structures in soils and aquifers 
may be significantly retarded due to the action of upward flow. It is expected therefore that for 
pulses of short duration (i.e. in the order of days) little salt water penetrates into the immobile 
parts of the sediment and hence the retarded delivery of salts during the freshening phase is 
abated. 
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