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ABSTRACT 

Buffer reactions between sediment and groundwater occur if amounts of exchangeable cations are relati
vely high compared to concentrations in water. Characteristic concentrations of elements develop in both 
time and space during dispersive intrusion of fresh and salt water as a result of cation exchange, and 
may be used to derive paleohydrological information (e.g. location of historical fresh- and salt-water 
interfaces). Experimental data on fresh- and salt-water intrusions are rarely available, This is consi
dered a limiting factor for multicomponent transport modelling. 

Column experiments were performed at varying concentration levels in order to obtain such information. 
Fresh- and salt-water intrusions were repeatedly simulated, with good reproducibility, by percolating a 
sediment filled column with both sea-water (once diluted) and fresh groundwater. The material used 
comprised a fine-grained unconsolidated sand from Holocene perimarine gully-deposits in the western part 
of The Netherlands. Calculated dispersivity values were found to be three times larger during the fresh
water intrusion in sea-water equilibrated sediment than for the reverse situation. Additional experiments 
with synthetic solutions indicated a chemical explanation for these differences. 

Selectivity coefficients were determined for fresh-, diluted sea-water and the synthetic sodium-calcium 
solutions. 

Using calculated selectivity coefficients and dispersivity values as input, a geochemical transport model 
was applied to simulate the multicomponent ion exchange during fresh- and sea-water intrusions. The 
results show that sea-water intrusion in fresh-water equilibrated sediment can only be modelled when the 
selectivity of calcium over magnesium decreases by a factor of two during the breakthrough. In the 
case of fresh-water intrusion in sea-water equilibrated sediment, the appropriateness of fit is less sensi
tive to selectivity changes during breakthrough and calibration is thus easier to perform. 

I. INTRODUCTION 

Salt-water intrusion is often accompanied by 
cation exchange with aquifer sediment. The 
process can be explained in terms of a Piper
diagram (BACK, 1966; APPELO & GEIRNAERT, 
1983). A quantitative index has been introduced 
by STUYFZAND ( 1986). The index gives the 

amount of cation exchange as the positive or 
negative excess of Na + K + fllg over the amount 
calculated from conservative mixing of fresh and 
salt water. The ions Na + I{ + ~.lg are lumped 
together since these are the major exchanging 
ions which are not influenced by other geochemi-
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cal processes in Dutch sandy (quartz-rich) aqui
fers. 

However, the ions are sequentially exchanged, 
depending on strength of adsorption. This 
principle is used in ion chromatography as a 
separation mechanism (HELFFERICH, 1962). The 
separation of individual ions depends also on 
path-length and volume of flow. This dependence 
on path/volume creates a space-time relationship 
of exchanging ions which has potential use as a 
paleohydrological tracer. APPELO & WILLEMSEN 
(1987) showed how characteristic concentrations of 
Na, K and Mg develop during salt-water intrusion 
and during refreshening. 

Appfication of the chromatographic principles to 
salt-water intrusions requires knowledge of the 
exchange capacity of aquifer sediment and of the 
selectivity of adsorption of different cations. 
Selectivities are known to vary for different 
natural exchangers (clay minerals, oxides/hydro
xides, organic matter), and may also depend on 
solution composition. In order to describe salt
water intrusion or refreshening properly, multi
component transport description is needed. 
Information about selectivity of adsorption from 
binary exchange, where only two cations are 
involved, (BRUGGENWERT & KAI\JPHORST, 1979) 
can be used as a basis for the modelling. 

Only recently have multicomponent transport 
models been applied to groundwater studies (VA
LOCCHI et al., 1981; APPELO & WILLEMSEN, 
1987). At the previous (9th) SWIM in 1986 in 
Delft, a model was presented which could evaluate 
salt-water intrusion and refreshening. At this 
SWIM in Ghent, we are presenting results of 
laboratory experiments which were set up to gain 
further experimental evidence of processes and to 
validate the model. 

The following reports of laboratory columns filled 
with aquifer sediment, in which fresh groundwa
ter is displaced by sea water, and vice versa. 
Synthetic solutions in the same column were 
displaced to obtain selectivity coefficients between 
Na and Ca. The selectivity coefficients were 
used to model the multicomponent displacements 
with natural waters. We will first show how a 
single elution experiment can be interpreted to 
give an almost complete exchange isotherm. 
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2. SELECTIVITY COEFFICIENTS FROM 
COLUMN EXPERIMENTS 

The selectivity coefficient expresses the relative 
bonding strength of an exchanger for two cat
ions. For example between Na and Ca : 

Na + ea.s-x <---> Na-x + l/2Ca; 

K = ------------- (1) 

[Na+) [Ca.S-X) 

where K is the selectivity coefficient and -X is 
the fixed anion of exchanger. When written as in 
eq. (1), it is termed the Gapon constant by soil 
scientists. The "constant" has an approximate 
value of 0,5 (mol/1)-0 ' 5 • The value shows that 
Ca is selected (favoured) by soil exchangers over 
Na, when both ions are at concentration 1 mol/1. 
Selectivity coefficients can be calculated from an 
analysis of the pore solution and of the composi
tion of the exchange complex. The obtained 
values are valid for the given set of data only, 
but may change as a function of solution composi
tion. 

It is possible to obtain selectivity coefficients for 
binary exchange over a large range of solution 
compo~itions from a single column displacement 
(SILLEN, 1950; EKEDAHL et al., 1950). 

Within a certain flow regime, the shape of an 
elution curve of an ion which is more strongly 
held than the displacing ion, is determined by the 
selectivity coefficient. The flow regime is re
stricted by equilibrium conditions between solution 
concentration and adsorbed concentration, and 
equal dispersion for both the conservative and 
the de sorbed (later arriving) element. Equilibri
um is maintained when flow velocities are low; 
however, too low a velocity leads to diffusion in 
the breakthrough curve, and gives a time-depen
dent broadening of the desorbed substance break
through. The lowest flow velocity where disper
sion is still the major front broadening process is 
at Peclet numbers of ¢ 1 (BEAR, 1972). This 
means that flow velocities of 40 up to about 100 
m/yr are most appropriate for column elution 
experiments. Fortunately, this flow velocity 
seems low enough for equilibirum to be reached in 
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sandy (non aggregated) sediments (JAMES & 

RUBIN, 1979). A lower flow velocity gives front 
broadening of the de sorbed substance, and so 
does a higher flow velocity which is too high to 
attain equilibrium between solution and solid 
surface. 

Conservation of matter along a volume part d v of 
a flow tube requires that an increase in the 
solution concentration c•dV; dv·{ac/av}•dV, be 
equal to the decrease in the adsorbed concentra
tion q • d v; -dV • { a q/ a V}· d v, which gives the well 
known formula : 

where : 

aq 
+(--) = 0 av v 

c = concentration in solution in meq/1, 
q = adsorbed concentration in meq/1, 

(2) 

V = volume of pore fluid that has passed the 
flow tube in 1, 

v = volume of pore fluid along the flow tube in 
1. 

[j]•[i-X] 

Kij 

[i]•[j-X] 

If (3) is inserted into (2), one obtains 

aai a~i 

ao·<-> + sa·(--> 0 

av v av v 

or: 

aai a~i 

+ ( ) = 0 

B(s0•v) v aca0·v) v 

Considering the binary exchange reaction between SILLEN ( 1950) has introduced the combination of 
i and j : variables in : 

+ j - X <---> i-X + j 

it is convenient to scale the ion-exchange equa
tion by introducing fractions : 

(3) 

where a
0 

is the total concentration of exchanging 
ions in solution (meq/l), and s

0 
is the exchange 

capacity of the sorbent (meq/1 pore volume). 

The sum of fractions equals unity . 

A binary exchange between i and j can be written 

Insertion of (4) and (3) into (2) gives 

----•(----- ~) a 0 

d~ 

completely in terms of i : which means that either 

(4) 
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Fig. 1. Effect of the exchange isotherm on elution curve. 
(la) Ions A and B have given exchange isotherm with j. (lb). 

Elution of A and B can be constructed from the exchange isotherm, or alternatively, 
the exchange isotherm can be obtained from the elution curve (see text). 

or 

a. = constant, 
1 

a2 a2 

~1 - ~2 • l ~·da a ao/so·l v*·da 
1 1 

(5) which allows calculation of S2 (as illustrated in 
fig. 1 for ion B). The selectivity coefficient K . 
for a

2 
is then obtained from : BJ 

where 1Ji is now the slope of the exchange iso
therm. Equations (4) and (5) show that a direct 
relation exists between the exchange isotherm and 
the amount of solution required to obtain a cer
tain change in concentration. An elution curve 
can therefore be constructed when an ion is 
displaced by a less tightly bound ion (unfavoura
ble exchange), as ~hown in fig. 1. The number 
of pore volumes V = V/v (i.e. V = v is the 
amount of water in the column) required to flush 
the column until fraction a2 is reached, is found 
from the slope of the adsorption isotherm at a2 (= 

ljl
8

), multiplied by the ratio s
0
/a

0
. 

It is also possible to obtain a complete exchange 
isotherm from a single unfavourable exchange 
elution ("j" less tightly held than B or A). The 
fraction which has been exchanged is : 

Kaj = ------- (6) 

It may be noted that in fig. la the exchange is 
stronger for B than for A, both with respect to 
the same eluting "j". As a consequence, initial 
flushing of B is faster than of A (the slope lJi for 
higher a

8 
is maller than for a ) . Total area 

under the curves A or B with re\pect to a con
servative element must be equal, however. Small 
concentrations of a

8 
therefore need much longer 

flushing, as indicated for point a
3

. 
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From the given equations an increase of a
0 

(total 
concentration in flushing solution) and of s 
(total exchangeable cations) is immediately clear~ 
Doubling of a

0
, halves the volume which is need

ed to flush to the desired concentration, etc. 
Another interesting feature illustrated in fig. 1, 
is that a low concentration of the exchanged ion 
(which needs to be flushed) can be reached with 
fewer pore volumes when the exchange is more 
"unfavourable". 

3. MATERIAL AND EXPERIMENTAL SET-UP 

The material for the column experiments was 
obtained by pushing a coring device down to a 
depth of 9 m below ground level in the saturated 
zone of the Holocene perimarine gully-deposits 
near Alphen in the Netherlands. It consisted of 
fine- grained unconsolidated sand. 

Table I summarizes the main properties of the 
sediment. The average particle diameter amoun
ted to 0,24 mm. Ignition losses were less than 
one percent weight and the total carbonate con
tent was below the detection limit. Clay minera
logical analyses of a gel on a 0, 45 11m membrane 
filter, collected during one of the experiments, 
indicate the presence of illite, kaolinite and 
montmorillonite. 

Table I. Physical and chemical properties 
of the sediment. 

Percent weight (1) (PW) 
Size fraction A B c 

(11m) (%) 

1500 - 500 7 7 
500 - 100 82,5 71 
100 - 50 6,5 17,5 

50 - 0 5 4,5 
< 2 0,6 0,1 

Moisture content 24,1 17,1 (PW) 

( 1) A, B : Top and bottom of sediment prior to the 
experiments; 

C : analysis of core after the experiments. 

The experimental set-up consists of a closed 
column, 5, 8 em in diameter and 7, 5 em in length, 
which is immersed vertically in a thermostated 
waterbath. A vessel, with injection fluid, is 
connected to the column via a peristaltic pump. 
The outlet is connected to a fractio~ collector via 
a 0, 45 11m membrane filter. Before thawing the 
frozen sediment core, which is placed in the 
column, the inlet to and outlet from the column 
was filled with the original pore water, sampled 
from the same depth in the field. 

Aliquots of approximately 5 ml of the effluent 
were collected, weighed to determine the exact 
displaced volume and analysed for chemical compo
sition. 

4. Ca/Na EXCHANGE 

The exchange between Ca and Na as written in 
eq. (1) is probably the most important in sea
water intrusions. The value of the selectivity 
coefficient has been determined according to 
Sillcn's theory. The sediment was saturated with 
Ca, and then eluted with Na-solutions. Selectivi
ty coefficients obtained with eqn. 6, are shown in 
fig. 2. The coefficient shows a certain constan
cy, but changes drastically when the adsorbed 
fraction of Na is large. It moreover is different 
for different solution normalities. 

It can be seen that the selectivity coefficient is 
near 0, 5, which is a value traditionally accepted 
by soil scientists (BOLT, 1967). The variation 

:~ 0 .5 
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-~ 

Jj 
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o NaCI04 'lusr- : 0'-3~, 
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Fig. 2. Selectivity coefficients K-Na, Ca 
from column elution experiments. A Gapon 

equation is used; enveloping curves indicate 
experimental precision at 2 %. 
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could be corrected with activity coefficients for 
ions on the exchanger (HOGFELDT, 1952), or a 
so-called "thermodynamical meaningful constant" 
(GAINES !a THOMAS, 1953) can be calculated, but 
for a natural mixture of exchanging materials, 
like the sediment we used for our experiments, it 
would amount to curve fitting. 

For multicomponent ion exchange however, more 
ions compete for the exchanger sites. Assuming 
constant selectivity coefficients multi-component 
ion exchange can be studied : differences be
tween calculated and experimental values give 
insight into the magnitude and variability of the 
selectivity coefficients. 

5. MULTICOMPONENT CATION EXCHANGE 
DURING FRESH- AND SEA-WATER 
DISPLACEMENTS 

Following equilibration of the sediment with fresh 
water, the pore water was displaced by a sequen
ce of injections of once diluted sea water and 
fresh water. Concentrations in fresh water and 
the once diluted sea water are given in table II. 

Table II. Concentrations of major cations and 
anions for fresh water and once diluted sea 
water, used in the displacement expe~ments. 
Also given are exchangeable amounts of cations of 

the sediment in equilibrium with the solution. 

Composition 

Solution Exchangeable 
(mmol/1 H20) (meqs) 

Fresh 1/2 Sea Fresh 1/2 Sea 

pH 7,02 7,40 

Na 6,1 180,9 0,05 1,33 
K 0,7 3,9 0,35 0,64 
Mg 1,9 20,6 1,64 1,96 
Ca 2,0 4,2 1,95 0,39 
NH4 

1,9 0,0 0,41 0,00 

Cl 4,2 212,0 
Alk. 12,1 1,1 
so4 0,1 11,1 
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Results of a sea-water "intrusion" are presented 
in fig. 3. Experimental points for NH 

4
, K, 1\'Ig, 

Ca, Na and Cl-concentrations are sfiown, the 
latter to indicate conservative transport. It can 
be seen how Ca-concentration in water increases, 
when the ion is driven off the exchange complex 
upon sea-water "intrusion" in the column. It is 
interesting that Mg increases concomitantly with 
Ca in water, although with sea-water intrusion Mg 
is taken up by the sediment (see table II). The 
reason is that Ca-concentrations become high in 
the initial section of the column through exchange 
with Na from sea water. In later sections the 
high Ca-concentrations drive off Mg from the 
exchange complex. When Ca is exhausted, Mg 
must be taken up again from the sea water, as 
shown by the drop in Mg-concentrations. It can 
also be seen how NH 

4 
is driven off th~ exchange 

complex, and how K is taken up, to increase as 
one of the last ions towards final sea-water 
concentrations. 

Drawn lines in fig. 3 are modelled concentrations 
from a multicomponent transport model (APPELO !a 

WILLEMSEN, 1987). Selectivity coefficients are 
constant in this model, usirig the Ca/Na coeffi
cient K = 0, 4 from earlier mentioned experi
ments, fad a selectivity for Ca twice as large as 
the selectivity for Mg. However the results show 
that more Mg is adsorbed in the experiments, 
than is calculated. Increasing the Cation Exchan
ge Capacity by 15 % could still not explain the 
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Fig. 4. Salt-water displacement by fresh water. 

drop in observed Mg-concentrations. It appears 
that the selectivity of Mg over Ca increases at 
higher adsorbed Na-concentrations, so that more 
Mg is adsorbed. This is in agreement with 
results of SPOSITO & LEVESQUE (1985). 

Results of a fresh-water displacement is shown in 
fig. 4. When effluent Cl-concentration has beco
me equal to fresh-water concentration, experimen
tal Cl-points have been omitted from the graph. 
All cations except Na initially decrease in con
centration. The reason for the decrease is the 
initially large Na-concentration (as a result of Ca 
--> Na exchange in the initial sections of the 
column); the other cations need only a low con
centration to fulfil their exchange relationship 
against Na in later sections of the column, and 
are thus adsorbed (releasing still more Na). 

Drawn lines are modelled concentrations of Ca and 
Mg, for an observed total amount of exchangeable 
cations in the column (nr. 1) of 3,80 meq and for 
an increase of 15 %. The initial adsorption of 
cations other than N a is nicely followed, but 
calculated Ca- and Mg-concentrations deviate 
remarkably from the observed concentrations at 
larger displaced volume. Thus the modelled Ca is 
not as much adsorbed as is observed, and Mg is 
not as much released. This again shows that the 
Mg/Ca selectivity during the displacements must 

change in order to explain the differences be
tween computed and observed concentrations : the 
selectivity for Mg over Ca increases when the 
amount of adsorbed N a increases. Repeating the 
sequence of sea-water and fresh-water "intrusion" 
indicated good reproducibility. 

6. DISPERSIVITY DEPENDING ON 
EXCHANGEABLE CATION 

In the binary exchange experiments with Na/Ca
solutions, Cl- and ClO 

4 
-salts were used to obtain 

conservative breakthrough curves from Cl-concen
tration change in the outflow. It was observed 
that consistently higher dispersion coefficients 
were found when a Na-equillbrated sediment was 
flushed with a Ca-solution, than for the reverse 
situation. When sea-water was displaced by fresh 
water a similar 3 times higher dispersivity was 
found than when fresh water was displaced by 
sea -water. Subsequent experiments with equal 
solution densities confirmed these results. At 
previous SWIM meetings it has been communicated 
that hydraulic conductivity may decrease during 
salt-water intrusions (GOLDENBERG, 1985), which 
is known to be related to exchangeable sodium 
percentage (ESP) in soil science (SHAINBERG & 

OSTER, 1978). A change in dispersivity of 
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Peclet number with ESP has likewise been noted 
before (DUFEY et al., 1982) . The Na-dominated 
exchange complex gives a higher dispersivity 
which is related to interlayer space swelling. 
Modelling of salt-water intrusion experiments, 
must therefore take a change in dispersivity into 
account. 

7. CONCLUSIONS 

From experimental work on fresh-/sea-water 
displacements in sediment-filled columns it was 
found that the selectivity coefficient of Na/Ca in 
binary exchange is not a constant. In multicom
ponent exchange there is also an effect on Mg/Ca 
selectivity which seems to be related to the 
relative amount of adsorbed Na. Another 
experimental observation was that dispersiyity 
depends on exchangeable sodium percentage. · A 
theoretical framework is not yet available to 
account for such changes of selectivity 
coefficients nor of dispersivities. 

Dispersivities and selectivity coefficients are 

assumed constant in modelling the experiments but 
can be varied to study the variability of the 
selectivity coefficients. Although in general the 
sea-water and fresh-water displacements in a 
laboratory column can be modelled reasonably 
well, some differences still exist between calcu
lated and observed concentrations due to variable 
selectivity coefficients. When using constant 
coefficients, the maximal deviation between model
led and observed concentrations is about 20 % 
when fresh water is displaced by sea water. Sea 
water displaced by fresh water gives larger 
deviations of about 100 %. It is clear that more 
work still needs to be done to understand and 
accurately describe multicomponent transport in 
aquifers, such as occurs in sea-water intrusions. 

ACKNOWLEDGEMENTS 

The authors would like to thank Mr . Sj. v.d. 
Gaast of the Dutch Institute of Oceanographic 
Research for the clay mineralogic analyses, and 
Freek, Hetty, Tini and Wilma for their help with 
chemical analyses. 

H.E. BEEKMAN & C.A.J. APPELO 

REFERENCES 

APPELO, C.A.J. II GEIRNAERT, W. (1983). 
Processes accompanying the intrusion of salt 
water. GeoZ. AppZ.. IdrogeoZ. 18-11, 29-40. 

APPELO, C.A.J. & WILLEMSEN, A. (1987). 
Geochemical calculations and observations on 
salt water intrusions, I. A combined geo
chemical/mixing cell model. J. HudroZ.. 94, 
313-330. 

BACK, W. (1966). Hydrochemical facies and 
groundwater flow patterns in northern part 
of Atlantic Coastal Plain. GeoZ. Surv. Prof. 
Pap. 498-A, p. 42. 

BEAR, J. (1972). Dynamics of fluids in porous 
media, p. 764. - New York : American Else
vier. 
(Environmental Science Series XX). 

BOLT, G.H. (1967). Cation-exchange equa!ions 
used in soil science - a review. Neth. J. 
AgPic. Sai. 15, 81-103. 

BRUGGENWERT, M.G.M. II KAMPHORST, A. 
(1979). Survey of experimental information 
on cation exchange in soil systems. In : 
Soil Chemistry Part B, Physico-Chemical 
Model8, (ed. G.H. BOLT), p. 141-203. -
Amsterdam : Elsevier. 
(Developments in Soil Science 5B). 

DUFEY, J.E., SHETA, T .H., GOBRAN, G.R. & 
LAUDELOUT, H. (1982). Dispersion of 
chloride, sodium, and calcium ions in soils 
affected by exchangeable sodium. S01,"Z Sai. 
Soc. Am. J. 46, 47-50. 

EKEDAHL, E., H0GFELDT, E. II SILLEN, L.G. 
(1950). Nature 166, 723. 

GAINES, G.L. II THOMAS, H.C. (1953). Adsorp
tion studies on clay. 

GOLDENBERG, L.C. (1985). Decrease of hydrau
lic conductivity in sand at the interface 
between seawater and dilute clay suspen
sions. J. HydroZ.. 78, 183-199. 

HELFFERICH, F. (1962). Ion exchange. - New 
York : McGraw-Hill. 

IIOGFELDT, E. (1952). On ion exchange equili
bria. II. Activities of the components in 
ion exchangers. Arkiv For Kemi 5, 147-171. 

JAMES, R.V. & RUBIN, J. (1979). Applicability 
of the local equilibrium assumption to trans
port through soils of solutes affected by ion 
exchange. In : ChemicaZ Mode71i.ng in Aque
ous Systems, chap. 11 (ed. E. A. JENNE), 
p. 225-235. ACS Symposium Series 93. 

SHAINBERG, I. r. OSTER, J.D. (1978). Quality 
of irrigation water. International Irrigation 
Information Center Bet Dagan , Israel. 

SILL~N, L. G. (1950). On filtration through a 
sorbent layer. IV. The 'f condition, a 
simple approach to the theory of sorption 
columns. V. "Final form" fronts and broa
dening fronts. Arkiv For Kemi 2, No. 34 11 
35, 477-512. 

SPOSITO, G. l LEVESQUE, C.S. (1985). Sodi
um-Calcium-Magnesium exchange on Silver 
Hill Illite. Soil Sai .. Soa. Am. J. 49, 1153-



Laboratory experiments and geochemic-dltransport modelling 

1159. 
STUYFZAND. P. J. ( 1986). Een nieuwe hydro

chemische classificatie van watertypen, met 
Nederlandse voorbeelden van toepassing. 
H 0 23, 562-568. 

VALO<iCHI, A., STREET, R.L. & ROBERTS, 
P. V. ( 1981). Transport of ion-exchanging 
solutes in groundwater chromatographic 
theory and field simulation. Water Resources 
Res. 17, 1517-1527 . 


