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SUMMARY 

Solute cations become separated in space when salt water is flushed by fresh water in an 
aquifer because exchange reactions with the aquifer will occasion a different retardation for 
the various cations. The chromatographic separations can be exemplified with calculations 
on column elutions in which the incoming cation is more selected than the resident cations 
(favorable displacement, or displacement chromatography, applicable to the case that Ca2

• 

from fresh water displaces Na•, K+ or Mg2•). A flushing factor is defined as the change in 
adsorbed concentration over solute concentration of an ion in a given situation. The flushing 
factor equals the number of pore volumes that must be displaced from the column, and is 
particularly useful for calculating plateau lengths or zones in the chromatographic pattern 
that develops in the column effluent. · 

Another effect of equilibrium among solution and an ion exchanger is related to salinity 
variations. A salinity decrease (freshening) induces the relative increase in solution of the 
monovalent cations over the divalent ones, while a salinity increase entails the reverse. 
Salinity effects follow from the law of mass action, and should be attributed hereto rather 
than to ion exchange. The NH4Br 'injection described by Ceazan et a!. (1989) serves as an 
illustrative case. 

Naturally more complex conditions require to account for dispersion, mineral solution/ 

precipitation triggered by the exchange reactions, or unfavorable displacement. A numerical 
model PHREEQM has been developed which can simulate the full spectre of processes. It 

is briefly described and an application is provided with a simulation of the freshening 
chromatographic pattern in the Aquia aquifer using data of Chapelle and Knobel (1983). 

1. INTRODUCTION 

Solute cations may become separated in space during fresh or salt water displacements in 

aquifers because of cation exchange. The principles of this phenomenon are studied under 
the heading of ion chromatography [1,2,4,9,11-13]. Basic to the chromatographic theory is 
the fact that natural cation exchangers, which are part of the aquifer, exhibit different select

ivity for different cations. This leads to varying sorbed over solute concentration-ratios for 
the individual cations, and this in turn implies variable retardations. The chromatographic 



194 CHEMICAL ASPECTS 

patterns are quite complex for natural waters which contain various cations of unlike charge, 
but a simplification is possible in the case of displacement chromatography, i.e. when 
cations in the displacing solution are selected (preferred) over cations which are already 
present in the soil. 

The following provides examples of displacement chromatography of simple situations, 
as an introduction to the more intricate ion chromatographic patterns found in nature. 
Subsequently, we embark on a fuller description with the geochemical transport model 
PHREEQM (10]. This numerical model allows for a simulation of almost all hydrogeo
chemical processes, as will be illustrated with an application to water quality data of the 
Aquia aquifer published by Chapelle and Knobel [7]. 

2. CHROMATOGRAPHIC PATTERNS: INTRODUCTION 

A requisite for calculating the transport parameters of cations affected by exchange 
processes is the definition of the chemical equilibria among solution and exchanger. 
Different conventions exist for these equilibria [1,2], but the one proposed by Gaines and 
Thomas (8] is probably the most commonly applied one, and it will be used here as well. 
The following subsections present examples of the calculation of exchangeable cations from 
given solution composition when exchange coefficients are known, and vice versa, and how 
chromatographic patterns can be derived for a column. 

2.1 Calculation of exchanger composition 

Homovalent exchange 
For the exchange reaction of Na+ and K+ 

Na+ + K-X <---> Na-X + K+ (1) 

we use the mass action equation: 

(Na-XJ(K '] 
KNa\K = -'-----'.-"--"-

(K-XJ[Na '] 
(2) 

where KNa\K is the exchange coefficient, with the ions in subscript written in the order of 
appearance as solute cations in the reaction (i.e. Na+ is lost from solution, K+ is added to 

the solution). The bracketed species denote activities, which are concentration measures 
expressed as dimensionless fractions with respect to a predefined standard state. These 
standard states may be different for different phases. For example, solute activities in water 
are calculated with respect to a standard state of 1 mol/kg HzO, to provide a number that 
is conveniently comparable to the molal concentration. Activities of the exchangeable 
species (Na-X], [K-X], etc. are often (though not always) equaled to the equivalent fractions 
of total exchangeable cations (8]. The equivalent fraction is obtained from~~= meq1_y)CEC, 
where meq1_x is milliequivalents of I per 100g sediment and CEC is the cation exchange 
capacity, also in meq/100g. By putting (/-X] = ~1, it is assumed that the activity coefficient 
is equal to 1. 
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Example 
Consider a clay with CEC = 4 meq/lOOg and KNa\K = 0.2, in equilibrium with a solution 
with 1 mol/kg Hp of Na+ and K+ as the only cations; the activity coefficients for solute 
cations are also assumed to be equal to 1. The sum of the exchangeable cations (fractions) 
is ~Na + ~K = 1 and therefore, with eqn. 2: 

Hence ~Na = 0.167, and ~K = 0.833. The amount of exchangeable Na+ is ~N.CEC = 0.668 
meq/100g. 

Heterovalent exchange 
For the exchange of Na+ vs. Ca2

• the reaction is: 

Na+ + YzCa-X2 ...... Na-X + YzCa2• 

and the mass action equation: 

Example 

[Na-X] [Ca 2•]112 

[Ca-X2P12 [Na '] 

(3) 

(4) 

Consider again a clay with CEC = 4 meq/lOOg and KNa\Ca = 0.4 that is in equilibrium with 
a solution which contains 1 mol/kg H20 of Na+ and Ca2

• as the only cations. From the mass 
action equation we obtain 

~ca 
[Ca 2•] 2 

2 2 ~Na 
[Na '] 'KNa\Ca 

Similar to the Na•;K+ example, this relation is introduced in the sum ~ca + ~Na = 1, but in 
this case ~Na is solved from a quadratic equation. It provides ~Na = 0.328, and subsequently 
~ea = 0.672. The amount of exchangeable Na+ in this case is ~N.CEC = 1.312 meq/lOOg. 

In multicomponent solutions the procedure is completely similar. The equivalent 
fraction ~1 of any cation p+ is expressed as function of ~Na with the mass action equation, 
and introduced in the sum r~ = 1. This gives an equation with ~Na as the only unknown, 
that allows for a solution. Subsequently the other fractions are obtained. 

2.2 Illustrative cases from column elutions 

It is important to understand the dynamic variations in water qualities in response to cation 
exchange in fresh/salt water displacements when water is sampled along a flowline in an 
aquifer, or when a single well is sampled in time. The latter condition is similar to a 
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laboratory column filled with sediment, in which different solutions are injected and from 
which the effluent is collected in small subsamples. Such a column has a pore volume V0 

(m3
). It is advantageous to express the exchangeable cation in terms of pore water concen

tration, by multiplying the concentration in meq/100g with bulk density of the sediment Pb 
(kg/dm\ and dividing by the porosity E and the charge i (i.e. by 10· pJei). This provides 
q1 in mmol/1 pore water. Exchangeable f• in the column will then amount to q1• V0 mmol. 

Now consider the situation where the influent solution contains a cation Ji• which 
exhibits higher affinity for the exchanging sediment than the resident cation f• in the 

column (it means, in first instance, that Kw < 0; the full validity of the calculations can be 
obtained as described in [2]). The incoming cation will displace part of the resident cation 
from the exchanger, and push it ahead, out of the column. The difference 1'1q1 in exchange
able f• denotes the difference between the initial and the final equilibrium concentration 
on the exchanger. It must be flushed from the column by a difference in concentration 
between the resident and the incoming solution 1'1c1• When this concentration difference is 
invariant for some time, a mass balance gives the volume V of incoming solution needed 
for flushing: 

A sharp front flushing factor vs can be defined which translates the volume V into column 
pore volumes: 

(5) 

A few examples may illustrate the procedures for calculating the development of water 
qualities. 

case 1: flushing factor calculated for a single ion 

A column with 1 mmol/1 NaCI in solution and 2 mmol/1 Na-X on the exchanger is injected 
with 1 mmol/1 KN03 (figure 1). After injection of one pore volume, Cl' is flushed and the 
concentration drops to zero in the effluent (we assume that dispersion is nihil). NOj from 

the injection solution has arrived at the column outlet and takes over. However, K+ has not 
yet arrived there, because it is adsorbed by the exchanger where it displaces Na•. The outlet 
solution therefore will be a NaN03 solution for a timeperiod given by the flushing factor 

vs = l'lq/l'lc = 2/1 = 2. 

case 1 b: the effect of l'lc on the flushing factor 

Now the same column is injected with 2 mmol/1 KN03 solution. After one pore volume has 
been injected the anion concentration in the effluent increases from 1 meq/1 Cl' to 2 meq/1 
NOj. The anions must be balanced by cations, of course, which means that Na• should 
increase to 2 meq/1. The flushing factor vs = l'lq/l'lc = 2/2 = 1, and K+ arrives twice earlier 

at the outlet than in the former case (figure 2). We see that the flushing factor also gives 
the retardation R = 1 + vs. 
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Figure 1. A column with 1 mmol/1 NaCI and 2 mmol/1 Na-X is eluted with 1 r.1mol/l KN03• 

Concentrations at the outlet are plotted as function of the column pore volumes. 
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Figure 2. An identical column as used for fig. 1, but the displacing solution is 2 mmol/1 
KN03• 

case 2: multicomponent solutions 

A similar reasoning can be applied to calculate the elution pattern of a column with a 
mixture of cations in solution and on the exchanger. For example a column which has 1 
mmol/1 NaCI and 0.2 mmol/1 KCI in solution and 2 mmol/1 (Na+K)-X, is flushed with 0.6 
mmol/1 Ca(N03h solution. The exchangeable fraction of Na• can be calculated as before, 
and yields ~Na = 0.5, and ~K = 0.5. The exchangeable cations therefore amount to Na-X = 
K-X = 1 mmol/1. After one pore volume has been eluted from the column the Cr 
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concentration falls to zero and the NOj concentration increases from 0 to 1.2 mmo]/1. 
Again, the incoming cation Ca2+ is sorbed while it displaces Na-X and K-X, and has not 
yet arrived at the outlet. Only Na+ and K+ will be present in solution, in the ratio of Na•:K+ 
= 1:0.2 as initially, because equilibrium with the exchanger dictates that ratio. Since the 
initial ratio of exchangeable Na-X:K-X = 0.5:0.5, it is clear that Na-X is exhausted earlier 
than K-X. When Na-X has been removed the Na+ concentration must become zero, and K+, 
while displaced by Ca2

•. is the only cation that compensates the anion charge of 1.2 mmol/1 
NOj. After removal of K-X the Ca(N03h solution will appear at last as injected. 

Thus, following elution of the conservative cr after one pore volume, a further two 
fronts mark the adaption of the cation concentrations. The first front is found from: 

During flushing of Na-X also a part of K-X is removed in solution, and after the first front 
the exchanger has only: 

(qdl = (qd0 - (V"k t.cK = 1 - 1· 0.2 = 0.8 mmol/1. 

The second front therefore arrives 

pore volumes after the first front. The chromatographic pattern of concentrations is depicted 
in fig. 3. 

2 
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2 

Pore Volumes 
3 

Figure 3. A column with 1 mmol/1 NaCl and 0.2 mmol/1 KCI. and 2 mmol/1 (Na+K)-X is 
eluted with 0.6 mmol!l Ca(N03h. 
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case 3: the effect of a sa/i11ity front ill heterovale11t exchange 

Consider a column which has 1 mol/! NaCI and 1 mol/1 MgCI2 in solution, and 2 mmol/1 
(Na+Mg)-X on the exchanger which is eluted with 0.5 mmol/1 Ca(N03)z. The initial 
exchange equilibrium in the column is governed by 

K ~ ~Na (Mg 2+)1/2 ~ 0.5 
Na\Mg ~~ (Na ') 

(5) 

It permits the fraction of exchangeable Na+ to be calculated as illustrated before. The result 
is ~Na = 0.39 and ~Mg = 0.61, or Na-X = 0.78 mmol/1, and Mg-X2 = 0.61 mmol/1. After one 
pore volume the anion concentration falls from 3.-mol/1 Cl' to 1 mmol/1 NOj. The sum of 
the cations must likewise decline, while the ratios in solution maintain equilibrium with the 
exchanger composition. This induces a shift in the concentration ratio of cations with unlike 
charge, as can be seen as follows. Neglecting the difference between activity and molal 
concentration allows to write: 

(6) 

With the mass action equation 5, [Mg2+) is written as a function of [Na•]: 

which is introduced in eqn. 6 to give a quadratic equation: 

2aM
8
[Na•f + [Na+] - 0.001 = 0. 

Solving for [Na+] yields [Na+] = 0.998· 10·3 and [Mg2+) = 1.0· 10·6 mol/!. The 
exchangeable Na+ will be flushed (V 5

) 1 pore volumes after the conservative front of c1·, 
where 

(V s\ ~ l'>.qNa = 0.78 = 0.782 
l'>.cNa 0.998 

At the same time some Mg2+ is eluted, such that only (qM
8

) 1 remains in the column when 
all Na+ has been flushed: 

(qM
8

) 1 = 0.61 - 0.001(V 5
) 1 = 0.61 mmol/1 

Removal of this Mg-X2 therefore requires 

(v s) = l'>.qMg = 0.61 = 1 ?? 
2 -- -- ·--

l'>.cMg 0.5 

porevolumes more after Na-X has been flushed. The calculated pattern is shown in fig. 4. 
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Figure 4. A column with 1 mol/! NaCI and 1 mol/1 MgCI2 in solution, and 2 mmol/1 
(Na+Mg)-X on the exchanger is eluted with 0.5 mmol/1 Ca(N03h 

It is important to note that the dilution of the solution has induced the ratio of Mg2•:Na+ 
to decrease nearly a 1000 times. It can be shown that a fixed exchanger composition 
dictates that the ratio of the divalent over the monovalent ions in the equilibrium solution 
should vary as 

c, 

-1 + Vl t4bN 

2 
(7) 

where c2• and c. indicate the concentrations of divalent resp. monovalent ions in meq/1, N 
is the normality (i.e. the total anion concentration, eq/1), and b is a coefficient that depends 
on the exchange constant. Natural exchangers in sandy sediment will provide a cation 
exchange capacity of ca. 1 meq/lOOg, which translates to ca. 60 meq/1 pore water. This is 
a large pool compared to the quantity of solute ions in fresh water, and it will make the 
concentration effect of heterovalent exchange a common, though not always recognized 
phenomenon in situiOjtions where total concentrations vary. 

2.3 Salinity effects in well injections 

The salinity effect will be particularly clear when saline water is diluted by fresh water 
since the concentration difference /I.e in solution is small in that case, and the flushing 
factor large. It has been recognized and described by Valocchi et al. [13) who injected fresh 
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water in a brackish aquifer. It can also be observed when salt solutions are injected if the 
exchangeable cations continue to dominate over solute cations. and the case described by 
Ceazan et al. [o] may serve as an illustration. Ceazan et al. [o] injected NH4Br solution in 
an aquifer with low background anion concentrations of ca. 0.45 meq/1. In an observation 
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Figure 5. Concentrations of ions in the NH4Br injection experiment of Ceazan et al. [6). 
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Figure 6. Observed and calculated concentrations of Ca2
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peak in the injection experiment of Ceazan et al. [6). 
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well located 1.5 m downstream from the injection well the passage of the injected fluid was 
monitored. The arrival of Bf from the injected fluid after 2 hours was accompanied by an 
increase of total anion concentrations to 1.8 meq/1, as illustrated in fig. 5. The NH; 
concentration remained unaffected at that time because of adsorption (fig. 5), but the 
divalent cations Ca2

+ and Mg2+ also showed a marked increase (fig. o). The ratio c2)c. 
increased from O.oo in native water to a maximum of 1.53 at the peak of the Bf concen
tration. This increase also follows from the above described concentration effects, when the 
exchange coefficient KNa\Ca = 0.4 (which leads to b = 2150 in eqn. 7 for the resident water 
quality), and permits to calculate the Ca2• + Mg2• concentrations as shown in fig. o. Note 
that in the calculation only the anion concentration enters as a variable, which means that 
the explanation of the phenomenon should be linked to that parameter, and not to cation 
exchange in the strict sense of one cation displacing another one from the exchanger. 

3. PHREEQM, A GEOCHEMICAL TRANSPORT MODEL 

So far, the chromatographic patterns were calculated with neglect of dispersion and for 
displacement chromatography, i.e. with the incoming cation preferred by the exchanger. For 
the incorporation of dispersion, and also for multicomponent exchange where the resident 
ions are more tenaciously held by the exchanger the recourse to numerical models such as 
PHREEQM is necessary. However, we need the chemical insight just obtained to be able 
to master the massive possibilities of PHREEQM. PHREEQM is a one-dimensional 
transport model which uses the geochemical model PHREEQE to calculate geochemical 
reactions such as mineral/gas equilibrations, cation exchange, etc. [ 10]. The transport 
calculations are based on a mixing cell concept which is essentially a finite difference 
solution (forward in time, central in space for dispersion, backwards fo; advection) for the 
advection/dispersion equation: 

ac 
ar 

(8) 

where cis concentration in water (mol/1), tis time (s), vis pore water flow velocity (m/s), 
xis distance (m), DL is the hydrodynamic dispersion coefficient (m2/s, DL = D1 + av, with 
D1 the diffusion coefficient, and a the dispersivity (m)), and q is concentration in solid (ex
pressed on pore water-basis, mol/1). 
Numerical dispersion is minimized by having always: 

(Af)A = t':!..X/1' (9) 

where (At), is the timestep for advective transport, and !:u is the cell length. One such time
step (At), is called a 'shift' in PHREEQM. 
Numerical instabilities (oscillations) in the calculation of diffusion/dispersion are banned by 
having: 

(At)0 s (t'1xl!(3DJ (10) 
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where (1'.1) 0 is the timestep for dispersive/diffusive transport calculations. When eqn. 10 
requires a (!11) 0 that is smaller than (M)A, dispersive transport is timestepped repeatedly 
until (!11) 0 = (!it)A. After each timestep, diffusive as well as advective, a call to PHREEQE 
is made to obtain the distribution over pore water and solid. to dissolve or precipitate solids, 
to exchange solutes and adsorbed ions, to add reactants, in short, to obtain !iq. The explicit 
calculation is necessary because relations among solute and adsorbed ions may be strongly 
non-linear. 

3.1 Freshening of the Aguia aquifer 

Let us apply the program to one of the most beautiful freshening profiles described in the 
literature: the Aquia aquifer. Back (3] and Chapelle and Knobel [7] have related the 
occurrence of NaHC03 type water in this aquifer to cation exchange of Ca2+ for Na+ from 
glauconite, the major clay mineral in the aquifer. They also attributed the typical increase 
of HCOj in NaHC03 water to the dissolution of calcite triggered by the Joss of Ca2+, and 
determined the exchangeable cations in 6 samples of glauconite from the aquifer. 
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Figure 7. Graphs showing concentrations of dissolved Ca2+, Mg2+, K+ and Na+ in Aquia 
groundwater plotted versus distance along the flowpath (from [7]). 

The concentration-distance graphs for the major cations are reproduced in fig. 7, and 
illustrate quite clearly the large increase of Na+ at the end of the sampled flowpath and the 
concomitant Joss of Ca2• and Mg2

•. There is also a conspicuous increase of K+, Mg2
• and 

Ca2
• over a part of the flowpath which was related to dissolution of Mg-carbonates, and 

uptake of Mg2+ by the glauconite (7]. However. the pattern appears to follow the sequential 

order expected for a chromatographic separation that was discussed before, and it is of 

"' 
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interest to see whether the increases and decreases of the cations along the flowpath may 
be explained more simply as due to cation exchange and chromatographic separation. 

From two sediment samples SM DF 71 and SM FE 31 which contained appreciable Na
X (and therefore accurately analyzable Na-X) the Gaines Thomas exchange constants were 
calculated as given in Table 1. 

Table 1. Calculated exchange constants for glauconite from data in [7). 

1 .0.014 0.17 0.17 

The data show that K+ is very highly selected by the glauconite, compared with usual values 
for KNa\K "'0.1 in illite, and that Mg2

• and Ca2+ have equal, and also fairly high selectivity 
with respect to Na•. With these values, and calcite equilibrium imposed, the chromato
graphic pattern could not be reproduced. The main difference is that Mg2

• and K+ are 
displaced together, rather than separated, which is apparently caused by the very high 
selectivity for K+ exhibited by the glauconite. 

However, it may be that NH4-acetate that was chosen as the extractant for the 
exchangeable cations has executed too rigorous action and has forced a dissolution of the 
mineral grains, since the sum of the exchangeable cations is at least twice higher than the 
reported CEC of the samples (Table 1 in [7]). A few runs were made with other selectivity 
coefficients which are more commonly observed in illite-type minerals (5]. and which 
would yield the observed loss from the exchanger for K+ and Mg2

•. The presently selected 
values are given in Table 2, together with the other boundary conditions used for the 
simulation shown in fig. 8. 
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Figure 8. Simulated concentration-distance graph of the major cations and total inorganic 
carbon (TIC) in the Aquia aquifer. 
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Table 2. Parameters used for the simulation shown in fig. 8. 

initial (sea water) 
final (fresh water) 

Na• 

485 
0.13 

10.6 
0.11 

0.083 

55.1 
0.20 

0.17 

10.7 mmol/1 
1.42 

0.32 

CEC = 400 meq/1 pore water; dispersivity a = 0.4 miles; 15 cells; 
60 miles is 12 times flushed (a dispersion free salinity front would be 
at 60x(1 + 12) = 780 miles); calcite equilibrium. 

205 

The simulation does quite reasonably follow the general pattern of ion concentrations (cf. 
fig. 7), and the dissolution of calcite is adequately represented by the im.:rease of TIC. 
However, the selectivity coefficients that could reproduce this pattern are still somewhat out 
of order, as the selectivity for Ca2• is twice lower than for Mg2

•, which is opposite to 
normal observations [5]. This lower selectivity for Ca2

• is the 0nly mechanism which can 
bring about the observed concomitant increase of both Ca2+ and Mg2

• in the upstream part 
of the flowpath (at least in the proposed reaction scheme). In the normal case Mg2

• is also 
displaced by Ca2+, which results in a more pronounced outward bulge of Mg2

•. It is quite 
clear that we are in an urgent need for selectivity coefficients which are representative of 
aquifer conditions, to allow to test the ion chromatography hypothesis more reliably. 

4. CONCLUSIONS 

The expected chromatographic pattern in an aquifer in which seawater is displaced by fresh 
water, entails spatially separated, relative increases of Na•, K+ and Mg2+ along a flowpath 
in the upstream direction from the salinity front. Easy displacement formulae allow to 
calculate the pattern, but for aquifers more complete numerical models must be used. one 
such model, PHREEQM, has been shortly introduced, and is used to simulate the water 
qualities in the Aquia aquifer. Reliable data for the exchange coefficients of the mass action 
equation are badly lacking. This makes the simulation, although producing attractively 
similar patterns as are observed in the field, a somewhat ·haphazardous affair. There is 
clearly a great need for more field studies which incorporate the determination of the acrual 
exchange parameters. 
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