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Abstract 

A geochemical computer model has been developed to simulate chemical 

processes which occur with salt water intrusion or with refreshening of 

aquifers. The model is based on the geochemical computer model EQ3/6 

(Wolery, 1982). The version proposed here includes cation exchange 

reactions. The model is used in a mixing cell-concept to simulate one

dimensional flow. Dispersion or diffusion is calculated with 

mixfactors. Model calculations show that unique concentrations develop 

as a result of cation exchange when salt water intrudes into a fresh 

water aquifer with dispersive flow. With diffusion on the other hand, 

concentration gradients are smoothed out. The model is applied to a 

specific flow situation in a dutch polder. Volumes of groundwater flow 

are estimated from observed cation exchange reactions and sediment 

exchange capacities. 
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1. Introduction 

Two different views have been expressed to explain the occurrence of 

salt water in aquifers in the western part of The Netherlands. One is 

based on the observation of Cl-diffusion profiles in the Zuiderzee area 

(Volker, 1961), and relates the salt water to either diffusion from sea 

water flooding during pleistocene and holocene times, or from diffusion 

of salt water in deeper pre-pleistocene, marine layers in the dutch 

subsoil (Volker, 1961; Meinardi, 1974). This view contrasts with the 

idea that salt water in the upper aquifers is a remnant of disastrous 

flooding events, during which sea water intruded fresh water aquifers 

by density flow (Engelen, 1981). In the former case diffusion is the 

important mechanism, in the latter case it is active flow with 

dispersion. In both cases, fresh water aquifers are spoilt by salt 

water, and hence cation exchange should be manifest in the salt water 

composition. 

Cation exchange reactions can indicate the water type being replaced, 

and whether refreshening or salt water intrusion takes place (Appelo 

and Geirnaert, 1983). In addition to cation exchange, other reactions 

commonly occur, vis. COz/CaC03-reactions, oxidation of organic 

material, or methane-production, reactions with sulfurous compounds, 

iron-oxidation/reduction, and other reactions (Stuyfzand, 1985). These 

reactions can be realistically modelled with geochemical computer 

models. When combined with a flow model, a very complete description of 

water qualities is possible. A combined model is presented here, based 

on the EQ3/6 geochemical model (Wolery, 1982), used in a mixing cell 

flow model. The model is used to calculate composition changes which 

occur with salt water intrusions in fresh water aquifers. Both 

dispersive flow and diffusion are modelled. It is then applied to 

calculate fluxes from known cation-exchange in water and sediment in 

the polder Groot Mijdrecht. 

2. A combined geochemical/mixing 

cell model 

A number of computer models have been developed which allow the 
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calculation of watercompositions when minerals dissolve, watertypes 

mix, temperature changes, or redox reactions occur. Well known is EQ3/6 

(Wolery, 1982). The program is a model of batch experiments : in a 

glass of water on a laboratory bench, geochemical reactions are 

performed by calculations. Flow is not permitted, a stagnant situation 

is considered. Flow models of chemical transport are simpler in 

chemical reactions (Van Beek and Pal, 1978; Schulz and Reardon, 1983); 

these models often focus on adsorption reactions which are only poorly 

described in the geochemical models. 

It is necessary to include some 200 species in the geochemical model 

for a realistic description of natural water quality and possible 

geochemical reactions. Tracking of individual solutes is no longer 

feasible, and a mixing cell approach suggests itself. The basic concept 

of the model is shown in figure 1. 

After 1 timestep: 

watervolumes 

After 3 timesteps: 

original composition 

porevolumes 

composition after· combination of 
water- and porevolumes 

Figure 1. Operation of the mixing cell model. 

With each timestep, water volumes are transported to the next cell, and 

equilibrated with pore volumes. The pore volumes have specific chemical 

properties, like a cation exchange capacity, minerals with which water 

equilibrates, gas pressures, etc. These are included in the geochemical 

model. Dispersion can be simulated by mixing cell contents with each 

timestep (Dance and Reardon, 1983). A mixfactor is used to mix part of 

each cell with the two neighbouring cells. Table 1 gives a summary how 

concentrations are calculated. 
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Introduction of a mixfactor relates cell dimensions to the situation 

that is modelled. Each flushing is related to a number of days, 

according to the field situation from which the specific dispersivity 

is obtained. When diffusion is modelled, the timelength of each mixing 

operation is set by the choice of mixfactor and cell length, and the 

diffusion coefficient in the field situation (see table 1). 

Table 1. Formulas to calculate concentrations in the mixing cell model. 

Mixing cell formulas 

Dispersive flow: 

ci+1 = f*ci + (1-f)*0.5*(ci+1+ci_ 1) 

f = 1 - 2" 
6X 

Diffusion: 

ci = f*c, + (1-f)*0.5*(ci+1+ci_ 1) 

6t 
f = 1 - zoc::;:x)z 

a= dipersivity, m.; D =diffusion coeff., m2/day 

f = Mixfactor; tc,x cell size, m. 

ci =concentration in cell i 

For dispersion or diffusion of conservative ions, this offers unique 

relations. With non-conservative ions, there is still a scale

dependency. This can be easily adstructed with an example with cation 

exchange : ten cells need more flushes for equilibrating the exchange 

complex of all ten cells, than a single cell (with appropriately 

adapted mixfactor so that dispersivity remains the same). Scale 

problems are even more difficult when water equilibrates with minerals. 

Proper choice of cell lengths should then also be related to the scale 

of water quality-changes. In other words, to the scale at which water 

samples can be obtained which show differences in water quality that 

need modelling. 
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3. Simulation of sea water intrusion 

Figure 2 shows how salt water composition changes when it intrudes a 

fresh water aquifer. Concentration of the salt water is three times 

diluted sea water, which approximates former Zuiderzee water. The water 

is equilibrated with calcite at a C02-pressure of 0.01 atm. The cation 

exchange capacity is set to 200 mequiv/1, which is equal to about 2.5 

me/100 g sediment. Results in figure 2 are shown after 5 and 15 flushes 

in successive cells : composition changes are shown in the aquifer at 

specific times. 
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Figure 2. Simulation of salt water intrusion; dispersive flow. 

With respect to the conservative Cl~ion, Na+ is retarded. It is 

exchanged for ca2+ from the fresh water sediment. The resulting 

increase of ca2+ is conspicuous in figure 2. Part of the exchanged ca2+ 

is precipitating as calcite, as can be seen from the decrease of Hco3-. 

The increase of Ca2+ is still so high that 

Mg 2+ is also driven from the exchange complex. Note that the common 

opinion is, that Mg2+ is depleted from seawater in exchange for Ca, 

whereas actually, it may be driven off the exchange complex through 

initially high Ca-concentrations. An interesting pattern of 

concentrations develop, which seems to give unique 
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Figure 3 shows on the other hand how concentrations develop when the 

same salt water diffuses into the fresh water aquifer. The following 

calculation gives an indication of the time necessary for such 

concentration profiles to develop : the mixfactor is 0.1; with a 

diffusion coefficient = 7 10-5 m2/d, and a cell size of one metre, the 

timestep is equal to 17.6 years. Fifteen timesteps as shown in Figure 

3, are then equal to 264 years. 

Figure 3 indicates that with diffusion of salt water, there is no 

concentration buildup of exchanged Ca2+ as occurs with dispersive flow. 

Rather, a gradual mixing of salt and fresh water seems to take place, 

on which cation exchange has no influence. On hindsight, it seems 

indeed reasonable that diffusion smooths out concentration gradients as 

fast as they develop. 
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Figure 3. Simulation of salt water intrusion by diffusion. 

If in fact, dispersive flow stops, diffusion tends to bring 

concentration gradients to a level. 

The conclusion from this modelling exercise is that diffusion of salt 
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water in a fresh water aquifer (or the reverse, refreshening) gives 

"mixed" concentrations. Also if groundwater flow stops, or becomes slow 

in the order of diffusion (i.e. less than 1 m/year) "mixed" water types 

will develop. In a former publication (Appelo and Geirnaert, 1983) we 

attributed such "mixed" water types, in which no signs of cation 

exchange are visible, to repeated flushing of the aquifer sediment by a 

mixed surface water source (an estuary for example), so that adsorbed 

Legend 

/ Polder Groot Mijdrecht 

+ new borehole 31 E 176 

• test well with piezometric level in m below msl at a depth at around 25m 

~ countours of piezometric surface in m belov.r msl 

/section 

~lcke 

Figure 4. Situation sketch of the polder "Groot Mijdrecht", The 

Netherlands. 
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cations are in equilibrium with the "mixed" source, and cation exchange 

no longer takes place. We now add, that diffusion in stagnant flow 

situations should be considered another possible origin for "mixed" 

watertypes. 

4. Application of the dispersive 

flow model to a field situation 

In dispersive flow, unique concentrations or concentration-ratios may 

be found, and it is of interest to apply this concept to a field 

situation. 

In the polder Groot Mijdrecht in The Netherlands (Figure 4), upward 

seepage is 2 m water/year, on the average over the polder area. In the 

eastern part the water comes from the Vinkeveensche Plassen (fresh 

water lakes) to the east of the polder. In the centre part, upconing of 

salt water occurs. The pattern is reflected in the Electrical 

Conductivity of ditch water shown in figure 5. 
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Figure 5. Electrical Conductivity of water in ditches in the polder 

"Groot Mijdrecht". 
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In boring 176 (figure 4), water sampled at 23 and 80 m below surface 

has a lake water origin. This follows from 18o values of -3 %o 

(Boekelman 1983), similar to lake water, and indicating surface water 

of which part has evaporated. The ion concentrations are also similar 

to lake water concentrations, with exception of Ca- and Mg

concentrations. In lake water, the Ca-concentrations are 2 to 3 times 

higher than Mg-concentrations. In water sampled from boring 176, the 

Mg-concentrations are almost twice as high as Ca-concentrations. This 

indicates that cation exchange is still active in changing the 

composition of groundwater. 

The situation is modelled in the following way. At boring 176 the 

upward seepage is estimated to be 5 m/year (Darcy velocity, or 20 

m/year pore velocity). With hundred years of polder existence, water 

now found at 23 and 80 m depth can have infiltrated at a distance of at 

most 2000 m to the East of the boring in the Vinkeveensche Plassen. 

(The length of this flow line cannot be longer, since the water has 

surface water characteristics. The flow line might be shorter, however. 
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Figure 6. Simulation of fresh lake water quality as it flows through a 

salt subsoil into the polder "Groot Mijdrecht". Quality

change with time (or flushes in the mixing cell model) are 

shown in cell 5. 
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The boring is situated at a distance of 500 m from the dike, and a 

length of between 500 and 2000 m could be possible). From the mixing 

zone between fresh water and salt water in ditch water it is estimated 

that transversal dispersivity of the subsoil is about 1 m after 2000 m 

flow (Figure 5). The longitudinal dispersivity is estimated to be 10 

times higher, or 10 m. With this value and cell lengths of 100 m, the 

mixfactor is 0.8. (This cell length is feasible since water at 23 and 

80 m depth in boring 176 is identical.) The exchange capacity of the 

soil is estimated to be 2 mequiv/100 g from laboratory determinations 

(Appelo and Geirnaert, 1983), which translates to 160 mequiv/1 in the 

model. The exchange complex is initially brought to equilibrium with 

salt water found at 120 m below surface in boring 176, and then flushed 

with lake water having the same Cl-concentrations as the shallow 

groundwater. Results are shown in figure 6, water analyses are given in 

Table 2. 

From the model-output it was found that concentrations in cell 5 best 

approached the observed groundwater composition, although the model was 

originally set up in such a way that cell 2 would give the groundwater 

samples of boring 176. In earlier cells the difference between Ca- and 

Mg-concentrations remained too low when the Na-exchange (the Na

increase, as shown in figure 10) was almost finished, whereas in later 

(higher) cells the difference between Ca- and Mg-concentrations became 

too high. This is in fact a reflection of the uniqueness of 

concentrations in space and time, when cell length is fixed by 

mixfactor and field-dispersivity. 

Table 2. Quality of groundwater at different depths in boring 176, and 
recent surface water from Lake Vinkeveen. Values in mmoles/1. 

Surface water Groundwater in boring 176 
Vinkeveen model-input 23 m 80 m 120 m depth 

+ 
7.9 5.5 5.4 5.9 125 Na2+ 

Mg2+ 1.0 1.0 1.8 2.2 13.2 
Ca 2.2 2.08 1.1 1.4 10.0 

-Cl 9.3 6.5 6.2 7.8 143 

The results in figure 6 show that cell 5 needs to be flushed 20 to 25 

times before the observed concentrations are obtained. In terms of 

sediment flushing this is not realistic, however. Total flow through 
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the sediment can have been 2000 m in hundred years of polder existence, 

as discussed above. The flowline cannot be shorter than 500 m, so that 

the sediment could have been flushed 4 times at most. It is suggested 

therefore, that only part of the flowline has been flushed 20 times or 

more. That part must be small, perhaps a few tens of metres. It is 

quite probable then that there has not been much salt water along the 

flowline which has been followed by the shallower groundwater sampled 

in boring 176. We take our reasoning one step further, and deduce that 

the salt/fresh water interface in times before polder development, was 

in fact at about the depth of the deepest part of the considered 

flowline. This would be at about 80 m below surface to the immediate 

right of boring 176. Figure 7 illustrates this situation. 
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Figure 7. Cross section over the polder "Groot Mijdrecht", with implied 

former salt/fresh water interface before poldering. 
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5. Conclusions 

A combined geochemical/mixing cell flow model has been developed. The 

geochemical model originally calculates the composition of a single 

volume of water (Wolery, 1982). It is incorporated here in a mixing 

cell model in which dispersion and diffusion is simulated by mixing 

contents of each cell with neighbouring cells. The model is used to 

simulate composition changes in salt water when it enters a fresh water 

aquifer. Two models are given, dispersive flow where the salt water 

intrudes during spasmodic floods, and diffusion from a more stagnant 

salt water body. The model calculations show that dur'ing dispersive 

flow unique concentration of Na, Ca and Mg develop as a result of 

cation exchange in both time and space. With diffusion, concentration 

gradients are smoothed out, and "mixed" compositions occur. In this 

"mixed" water, signs of cation exchange are only marginally visible. 

Diffusion is therefore another cause of "mixed" water compositions, 

besides situations where the sediment has been repeatedly flushed by 

water of a "mixed" composition. 

The dispersive model is applied to a specific flow situation in a dutch 

polder. From the simulation of observed exchange reactions in the 

polder groundwater, conclusions are given about the fresh/salt water 

interface before polder development. 
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