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Abstract

Multicomponent transport with cation exchange induces a separation of cations during displacement of waters in
aquifers. The spatial separation is due to different retardations of the various cations which originate from differences in
selectivity of the exchange complex. The composition patterns are complex, and calculated mostly with numerical models.
However, z basic notion of features such as salinity fronts, chromatographic sequence, and front type is useful for general
understanding of the processes. These aspects have not obtained the level of generality in hydrochemical studies that they
deserve, and are introduced and applied in-the paper. Demonstrated are: (1) the calculation of 2 multicomponent exchange
complex from solution composition with the law of mass action; (2) the front type (broadening, indifferent, sharpening) that
develops in relation to the slope of the sorption isotherm; (3) the calculation of a chro matographic pattern for the case of
sharp fronts; (4) the effects of salinity changes on solution composition. All these features are illustrated with examples and
then applied to calculate and compare water compositions in an observation well from two field studies, one of a salt-water
injection which displays the salinity effects very clearly in accordance with theory, and one of a fresh-water injection for which

the complete sequence of three ions Na', Mg3+, and Ca’" can be calculated simply with a quadratic equation.

Introduction

Time and again it turns out that cation exchange is an
important regulator of water quality in aquifers. The reac-
tion is evident when water is injected (Valocchi et al., 1981,
Ceazan et al., 1989; Bjerget al., 1993), and also prominent on
a larger scale in aquifers that are salinizing or freshening
(Back, 1966; Chapelle and Knobel, 1983; Plummer ¢t al,
1990; Stuyfzand, 1993). A typical aspect is the multicom-
ponent nature of cation exchange, as it involves the adap-
tion of adsorbed and solute concentrations of various ions in
response to a change in water quality. Natural cation
exchangers exhibit different selectivity for different cations.
This leads to varying sorbed over solute concentration ratios
for the individual cations, and this in turn implies vanable
retardations. The result is that a spatial separation occurs of
the solute cations while waters with different compositions
are moving through the aquifer. The principles of this
phenomenon are studied under the heading of ion chroma-
tography (Sillen, 1951, Helfferich and Klein, 1970; Pope
et al., 1978; Valocchi et al., 1981; Charbeneau, 1981, 1988;
Bond and Phillips, 1990; Schweich et al., 1993).

A variety of numerical models has been developed to
calculate the complex chromatographic patterns (e.g.,
Valocchi et al., 1981; Appelo et al., 1990; Friedly and Rubin,
1992), and it is clear that these are necessary to make a rapid
progress. Still, basic theory can be useful to comprehend the
effects of salinity changes, or to calculate the approximate
retardation of a front, The methods to do these calculations
are not yet part of the standard toolbox of hydrochemistry,
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at least not for multicomponent problems. It is the purpose
of this paper to illustrate that the basic equations can find an
important application in our discipline. It is shown how the
exchange complex can be calculated, and how front type
can be deduced by consideration of the slope of the iso-
therm. The case of sharpening fronts, which is normally
valid for fresh-water injections, ailows caiculation of the
chromatographic patterns if the effect of dispersion is ne-
glected. The formulae are illustrated with the sait-water
injection by Ceazan et al. (1989) and the fresh-water injec-
tion of Valocchi et al. (1981).

Exchange Caicuiations

The law of mass action and electroneutrality allow the
calculation of exchangeable cations from given solution
composition when exchange coefficients are known, and
vice versa. It is easy to start with Aomovalenr exchange. and
then apply the same egquations to heterovalent exchange.
For the exchange reaction of Na” and K”

Na" + K-X <—> Na-X + K~ (1)
the mass action equation is:
[Na-X] [K']
Na\K — v 2
[K-X] [Na']

where Ky, is the exchange coefficient, with the ions in
subscript written in the order of appearance as solure cations
in the reaction (i.e., Na' is lost from solution, K" is gained by
the solution). The bracketed species denote activities, which
are concentration measures expressed as 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 moi/kg H20, to provide a number that is con-
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Fig. 1. Calculated composition of the exchange complex in equi-
librium with pure Ca{HCUO0;); water admixed with sea water.

veniently comparable to the molal concentration, Activities
of the exchangeable ions are often equaled to the equivalent
fractions of total exchangeable cations {Gaines and Thomas,
1953). The equivalent fraction i1s obtained from 8; =
meq-x/ CEC, where meq-x is milliequivalents of I per 100
gsediment and CEC 15 the cation exchange capacity, also in
meq; 100 g. By putting [I-X] = B, it is assumed that the
activity coefficient of the exchangeable ¢ation is equalto 1.
Since activities are dimensionless, the exchange coefficient is
dimensionless as well,

Example 1

Consider aclay with CEC =4 meq/ 100 gand Ky,.x =
0.2, in equilibrium with a solution with | mol/kg H-O 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 Bna + 8k = I and
therefore, with equation {2):

BN:
(I = Bna)
Hence Bxa=0.167 and 8k =0.833. The amount of exchange-
able Na' is Bn, CEC = 0.667 meq/ 100 g.

}= 0.2 3)

Example 2
For heterovalent exchange of cations with unlike
charge, the same equations apply. For the exchange of Na”
vs. Ca®* the reaction is:
Na' + 14Ca-X; <—>> Na-X + }4Ca™ (4)
and the corresponding mass action equation:
_ [Na-X][Ca™7]"
M [Ca-Xa) [Na']

(5)

Consider again a clay with CEC = 4 meq/ 100 g and K.\,
=1.4 that s in equilibrium with a solution which contains 1
mol; kg H20 of Na" and Ca™ as the only cations. From the
mass action equation we obtain

I (=
Poe = T - Ky ©

Similar to the Na'; K" example, this relation is introduced in
the sum SBc. + S = 1, but in this case 8~, is solved from a
quadratic equation. [t provides Bx. = 0.328, and subse-
quently Bc. = 0.672. The amount of exchangeable Na” in
this case is S5, CEC = 1.312 meq, 100 g.

In multicompenent solutions the procedure is com-
pletely similar. The equivalent fraction 81 of any cation [ is
expressed as a function of B, with the mass action equa-
tion, and introduced in the sum Y8 = 1. This gives an
equation with B, as the only unknown, that allows for a
solution. Subsequently the other fractions are obtained. For
example, if sea water is mixed with pure Ca(HCOs); water,
the theoretical fractions on the exchanger will change from
pure Ca-X; to a mixture of K-X, Na-X, Mg-X; and Ca-X:
as depicted in Figure 1. The figure illustrates that the
exchanger in equilibrium with sea water will contain about
60% Na{X, while the remainder is made up of ca. 309
Mg-X;, and smaller amounts of K-X and Ca-X.. It is
interesting to note that Mg-X; increases upon dilution of sea
water down to a fraction of ca. 0.15, even though the diluting
solution does not contain Mg™. The increase is at the
expense of Na-X, and is due to charge effects that will be
discussed more fully later on.

Table 1 gives the exchange coefficients that were used
for Figure 1. These are commonly observed values for fresh-
water conditions (Bruggenwert and Kamphorst, 1982), but
solute activity corrections have been neglected when the
water composition changes from fresh water to sea water (or
rather, it was assumed that the activity coefficient for the
exchangeable and the solute cation is equal). The calculated
percentage of Na-X in equilibrium with sea water is about
10-209% higher than normally observed in Dutch sediments
(Van der Molen (1958) gives 409 Na-X), and the calculated
fraction of Ca-X; is relatively low compared to observed
values in Dutch sediments (about 156z). There are princi-
pally three reasons for these deviations. First. a sediment
consists of a mixture of exchangers, each of which will
exhibit a different selectivity for the different cations in
solution. The exchanger with a high selectivity for Ca® will
become relatively more important when Ca™ is at relatively
low concentrations as is the case in sea water. Second, for
the plot of Figure 1, activity corrections have been assumed
equal in solution and the exchanger, but these undoubtedly
can be quite different. Interestingly, if only the solute activity
correction was made in the standard way, the activities of
Ca™ and Mg would reduce more than of Na”, and the
calculated fraction Na-X would become even greater, Third,
there are often analytical problems with the determination
of a sea-water exchange complex due to the relatively large
contribution of solute ions (especially Na”) to the totai of
solute and exchangeable lons which is displaced with an
alien cation. Also, due to desorption of protons by a rela-
tively concentrated displacing solution, calcite may dissolve

Table 1. Average Exchange Coefficients for the Reaction
Na' + 1/il-X; <—> Na-X + 1/il"

Na+ K+ Mg2+ Ca2+
Kot 1.0 0.2 0.5 04
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and contribute to the measured Ca-X. Still, the basic idea
emerges that the above formulae can provide a reasonable
first estimate of the exchangeable cations.

[n the preceding examples, 2 CEC of 4 meg/ 100 g has
been assumed. This can be related to pore-water concentra-
trons by multiplying by 10 oy €, where py is the bulk density
of the sediment, and e is the water-filled porosity. This gives
atotal of exchangeable cations of about 240 meq/ lfor pp =
1.8 kg/dm’ and € = 0.3. These are substantial concentrations
compared to fresh water with ca. 10 meq 'l of solute 10ns,
and will even be important for sea water with about 625
meq/1 total cations in solution. Sandy aquifer sediments
may have exchange capacities ranging from 0.5 to 1.5
meq; [00 g (Reardon et al,, 1983; Bjerg et al,, 1993). The
buffering action of the exchange reactions on water quality
can be illustrated for a few simple cases, but first the dif-
ferent front types must be indicated.

Development of Front Type During Displacement

Three types of fronts can develop during the displace-
ment of exchanging cations, viz. broadening, indifferent, or
sharpening (DeVault, 1943; Silién, 1951; Helfferich and
Klein. 1970; Charbeneau, 1981). The condition for a front
type can be obtained from the advection-dispersion-reaction
equation:

der d’c Lo da

=D -y —— — 7
at x| ax @)

where ¢ is solute concentration (mol/1}, t is time (s}, D is the
dispersion coefficient (m’/s), x is distance (m), v is the
pore-water flow velocity {m/s), and q. is the sorbed concen-
tration, expressed in mol;] of pore water. We assume that
D =0, and rewrite the equation as

dq dc: C]Cl
[+ ] = (8)
dey at ax
where dg;dc is the slope of the isotherm that relates sorbed
and solute concentrations. Implicit differentiation of c(x, t)
= constant gives

Jc de
dc=0——dt+—dx (H
at ax
or
(3)--5% (1
gt dc )

where (9x/dt). indicates the travel velocity v, of a specific,
constant concentration. On combining with equation (8),
the travel velocity of a constant cencentration of  can be
expressed as a function of the water flow velocity:

. (1)
Y =
iy} d
E—
dC]

A linear isotherm with constant dq/dc gives constant
velocity for all concentrations. A convex isotherm (with a
derivative that is greater than the curve at all points) shows
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an increasing dq/dc for smaller c. Hence, small concentra-
tions have smaller velocity than large concentrations, and a
broadening front results when the chemical is eluted. In a
concave isotherm dq/dc decreases with ¢, and the velocity of
a smaller concentration increases. 1n other words, smaller
concentrations will tend to overtake higher concentrations,
as they travel more rapidly. This effect counteracts spread-
ing due to dispersion, and leads to sharp boundaries
between the flushing and the flushed cation. Terms such
as “sharpening front,” “shock front,” or “displacement
chromatography™ are logically connected to this behavior.
The isotherms and the related fronts are illustrated in Figure
2

Figure 2 shows elution curves that are related to pore
volumes of a laboratory column, or the aquifer flowline. The
velocities given by equation (11) can be related to pore
volumes, noting that a conservative front will arrive at the
outlet after one pore volume has entered the column. A
retarded concentration needs propotticnally more pore
volumes before arrival, hence we have

dq

v
=l =|+— (12)

v, dc

Pore volumes

A decreasing dg/dc is found in homovalent exchange when
K, < 1, and a sharpening front occurs when I" is flushed by
J*. In heterovalent exchange the concentration levelin solu-
tion has an additional effect, higher charged cations being
preferred more strongly when concentrations decrease: For
most aquxfers the usual preference series is AlY > Ca™ >
Mg > K" > NH," > Na', and sharpening fronts result
when a preferred cation increases in conccntratlon, ie.,
when salt water is displaced by fresh water with Ca™ as
dominant cation, or during acidification, when Al concen-
trations increase.

Illustrative Cases from Column Elutions

Now let us consider, as a substitute for the aquifer
flowline, a laberatory column in which different solutions
are injected and from which the effluent is collected in smail
subsamples, The column has a pore volume Vy (m’). The
exchangeable cations are expressed in terms of pore-water
concentration, as noted above, ie., there is for ion I" an
adsorbed concentration of g, in mmol/] pore water,
Exchangeable 1™ in the column will then amount to gi * Vo
mmol. A solution is injected with J'*, and K., <l so thata
sharpening front develops. On both sides of the front there is
a difference Aqin exchangeable I, It must be flushed from
the column by a difference in solute concentration between
the resident and the incoming solution Aci. When this
concentration difference is invariant for some time, a mass
balance gives the volume V of incoming solution needed for
flushing:

V=V, AqﬁAC] (13)

A sharp front flushing factor V"’ can be defined which
translates the volume V into coelumn pore volumes:

s ¥ A

= 14
Vu AC[ ( )
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Fig. 2. The slope of the isotherm determines the type of front during displacement of an adsorbed ion. Upper: convex isotherm gives
broadening front upon elution; linear isotherm shown for comparison. Lower: concave isotherm gives sharpening front with elution.

Note that this equation is similar to equation (12), the only
difference being that the flushing factor starts after the
conservative front Vo. A few examples may illustrate how
easily the development of water quality can be calculated
using the flushing factor.

Example 3a: Flushing Factor Calculated
for a Single lon

A column with | mmol;l NaCl in solution and 2
mmol/1 Na-X on the exchanger is injected with 1 mmol;|
KNO:s (Figure 3). After injection of one pore volume, CI™ is
flushed and the concentration drops to zerc in the effluent
(we assume that dispersion is nil). NOy” from the injection
solution has arrived at the column outlet and takes over.

-y
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£

NaC! NaNo, KNO,
{4 g S s
CI | NO; Na' { K-
e Vv >
4] 1 2 3

Pore Volumes
Fig. 3. A column with 1 mmol/1 NaCi and 2 mmol/l Na-X js
eluted with 1 mmol/l KNO;. Concentrations at the outlet are
plotted as functions of the column paore volumes.

However, K" has not yet arrived there, because it is adsorbed
by the exchanger where it displaces Na*, The outlet solution
therefore will be an NaNO; solution for a time period given
by the flushing factor V' = Ag;jAc = 2/1 = 2.

Example 3b: The Effect of Ac
on the Flushing Factor

Now the same column is injected with 2 mmol,;1 KNO,
solution. After one pore volume has been injected, the anion
concentration in the effluent increases from 1 meq/1Cl to 2
meq/1 NO;. The anions must be balanced by cations, of
course, which means that Na“ should increase to 2 meq; .
The flushing factor V' = Ag/Ac=2;2 =1, and K" arrives
twice earlicr at the outlet than in the former case (Figure 4).

NaNQ, KNO,
2
- NO; Na® i K*
o
£

NaCf
f R TR T HE= Vi—
[

% i ' 2 ’ 3

Pore Volumes

Fig. 4. Anidentical column as used for F igure 3, but the displacing
solution is 2 mmol/1 KNO;.
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We see that the flushing factor also gives the retardation R=-

1+ Vv,

Example 4: Multicomponent Solutions

A similar reasoning can be applied to calculate the
«lution pattern of a column with a mixture of cations in
suelution and on the exchanger. For exampie, a column
which has | mmol; { NaCl and 0.2 mmol; I KCl in solution
and 2 mmol/1 (Na + K)-X, is flushed with 0.6 mmol/i
Ca(NO:): solution. The exchangeable fraction of Na“ can
be calculated as before, and yields Bx. = 0.5, and Sx = 0.5.
The exchangeable cations therefore amount to Na-X = K-X
= 1 mmol/1. After one pore volume has been eiuted from the
column, the Cl” concentration falls to zero, and the NO;
congentration increases from 0 to 1,2 mmol/l. Again, the
incoming cation Ca™ 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
nitially, because equilibrium with the exchanger dictates
that ratio. Since the initial ratio of exchangeable Na-X:K-X
= (.5:0.5, it 1s clear that Na-X 1s exhausted before K-X.
When Na-X has been flushed the Na” concentration must
become zero, and K is the only cation that compensates the
anion charge of 1.2 mmol/1 NO,'. It is then also the only
exchangeable cation, K-X = 2 mmol/]. After removal of
K-X the Ca(NO;); solution will appear at last as injected.

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

_ (qra)i — {Qnra)z _ 1—0 _
(Cna)t —{Crna): [ — 0

(Vi I (15)

Or, alternatively from changes in the K" concentration over
the front:

(V5)| — {qr) — (gx): _

[
= =1  (153)
(ck) — {ck)r 0.2 — 1.2

The second front arrives when K-X 1s exhausted, 1.,

c - 2—0
V') = (9x)2 = (qr)s _
(CK): - (CK)J 1.2—10

The same V" can be calculated using Ca’". Note that the
fronts are accompanied by changes in concentrations of aff
the ions that are present and participate in the exchange
reaction, both in solution and exchangeable. The chromato-
graphic pattern of concentrations is depicted in Figure 5.

= 1667 (16)

Example 5: The Effect of a Salinity Front
in Heterovalent Exchange

Consider a column which has 1 mol/} NaCl and 1
mol; 1 MgCl; in solution, and 2 mmol/1(Na + Mg)-X on the
exchanger which 1s eluted with 0.5 mmel/l Ca(NO;).. The
initial exchange : quilibrium in the column is governed by

B,\'g [Mgl+]l:2
ﬁT\f _[-sz_] =03 {(n
Mg

Kuamg =

which permits the fraction of exchangeable Na' to be calcu-
lated as illustrated before, The outcome is Bx. = 0.39 and
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Bum; =.0.61, or Na-X = 0.78 mmol/], and Mg-X; = 0.6]
mmol/l. After one pore volume the anion concentration
falls from 3 mol/1 CI” to | mmol{1 NO;". The sum of the
cations must likewise decline, while equilibrium with the
initial exchanger is maintained. This induces a shift in the
concentration ratio of cations with uniike charge, as can be
seen as follows. From the mass action equation {17), the
ratio Rugna = [Mg™}/{Na"]" is constant:

[Me™] _ Bws
(Na'] B

Negiecting the difference between activity and molal con-
centration allows 1o wnte:

’ K?l\ia'\Mg (18)

[Na']+ 2{Mg™] = [NO;'] = 0.001 (19)
Inserting equation {18) gives a quadratic equation:
2Rugna[Na']? + [Na'] — 0.001 =0 (20)

Solving for [Na'] yields [Na'] = 0.998 « 16~ and [Mg™] =
1.0+ 107 mol/1. The exchangeable Na” will be flushed (V*),
pore volumes after the conservative front of Cl7. where

(v, = @i T (@) 07870
(cxaht — (cxa):  0.998 — 0

Again, (V') could also have been calculated from changes
of the other cation Mg™";

_{amg ) —(gmg)2 _ 0.61 — 1.0
{emgh — (Cv )2 0.001 — 0.5

The second front arrives when Mg-X; has been flushed, i.e.,

170 .0 @
05—0 ’ )

The calcuiated pattern is shown in Figure 6.

=078 (1)

(V) = 0.782 (21a)

s (qmg )2 — (gmg )
Vv = =
V' {Cmg): — (Cae )

Salinity Effects in Well Injections

It is important to note that the dilution of the solution
has induced the ratio of Mg :Na" to decrease nearly a
thousand times. It follows from equations (18) and (19) that
a fixed exchanger composition dictates that the ratio of the
sum of the divalent ions over the Na™ concentration should
vary as

2
(V) ——
< { V‘)) -
< | maxc (NakNO,  KNO,  Ca(NOy,
g 12 ¢rING; K
1
E Na*
' Ca?
. ; ] L
0 1 2 3

Pore Volumes

Fig. 5. A column with § mmol/1 NaCland 0.2 mmol/1 KCl, and 2
mmol/1 (Na + K)-X is eluted with 0.6 mmol/1 Ca{NOQ;):.
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Fig. 6. A column with 1 mol/] NaCl and 1 moi/l Ma(ls in
solution, and 2 mmol/1 (Na + Mg)-X on the exchanger is eluted
with 0.5 mmol/1 Ca(NOQ;);.

Sum Anions

meq/]

Time after injection (h)

Fig. 7. Concentrations of ions in the NH. Br injection experiment
of Ceazan et al. (1989).

¢z _ —1+(1+8RsaN)7”
CNa 4

(23)

where c.. indicates the sum of the divalent cations in mol. |,
R:na 15 the sum of the ratios of the divalent cations as
defined in equation (18), and N is the normality (i.e., the
total anion concentration, eq/1}. The salinity effect will be
particularly clear when saline water is diluted by fresh water
since the concentration difference Ac in solution is small in
that case, providing a large flushing factor which will show
up in extended plateaus of a water quality. This effect has
been recognized and described by Valocchi et al, (1981) who
injected fresh 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. (1989) may
serve as an illustration. Ceazan et al. injected NH.Br solu-
tion in an aquifer with water having low background anion
concentrations of ca. 0.5 meq;L In an observation well
lecated 1.5 m downstream from the injection well, the pas-
sage of the injected fluid was monitored. The arrival of Br™
after two hours was accompanied by an increase of total
anion concentrations to 1.8 meq/1, as illustrated in Figure 7.
The NH," concentration remained unaffected at that time

because of adsorption (Figure 7), but the divalent cations
Ca® and Mg’ also showed a marked increase (Figure 8).
The ratio ¢2. / cxa increased from 0.33 in native water to a
maximum of 0.78 at the peak of the Br” concentration, This
increase follows from equation (23) with R-. va= 11l in the
native water, and the resultant ¢:. is shown in Figure 8. Note
that in the caiculation only the sum of anions enters as a
variable, which means that the explanation of the phe-
nomenon should be coupled to that parameter, rather than
to cation exchange in the strict sense of one cation displacing
another one from the exchanger.

Chromatographic Pattern in a Well Injection

Field situations are more complicated because the dis-
placing solution will not be made up of a single cation (and
also because of dispersion and side reactions such as car-
bonate reactions). However, the dominant cations in many
natural settings are Na', Mg”™", and Ca™, and a freshening
pattern can still be calculated without much difficuity. An
illustrative case is the fresh-water injection in a brackish-
water aquifer described by Valocchi et al. {1981}, Brackish
water with ca. 150 meq/1 cations was displaced by fresh
water with 14.66 meq; 1 cations. The resulting dilution front
and subsequent chromatographic pattern has been fully
recognized and was modeled numerically by Valocchi et al.
(1981, 1981a). The features of example 5 discussed above
were matched almost perfectly in a number of observation
wells, and the changing pattern of cation concentrations has
exerted a fascinating attraction to modelers of ground-water
quality. Charbeneau (1988) has disclosed perhaps the most
Ulustrative modeling of this case, using a fast algorithm to
reproduce the observations. An approximation in which
dispersion is neglected can be obtained by solving the two
sharp front flushing factors in combination with the
exchange equilibria, but the necessary algebra is rather
awkward (Appelo et al., 1993). However, example 5 as
discussed, can be extended relatively easily and applied to
this experiment, and requires now only the solution of a
quadratic equation. The basic conditions are noted in Table
2, Le., the native and injected water compositions, and
calculated exchange composition according to the exchange
constants given by Valocchi et al, (1981).

1.2 Observed
LDserved

Calculated

Ca® + Mg®, meg/l

Time after injection (h)

Fig. 8. Observed and caiculated concentrations of Ca®" and Mg*

during passage of the Br peak in the injection experiment of
Ceazan et al. (1989).
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Table 2. Concentrations of Na”, Mg™", and Ca” in Native Water

and Exchanger, After Arrival of the Dilution Front, and Final

Injected Water During the Fresh-Water Injection in a Brackish-

Water Aquifer (Valocchi et 3., 1981): 2nd Plateau Concentrations
from Appelo et al. (1993)

~ — Sofute — — -— Exchangeable —

Stage Na Mg Ca Na Mg Ca
Native 865 182 111 160.60 141.59 153.11
Dilution 13.28 43 26 16060 14159 133.1)
2nd plateau 947 167 092 6418 173.0 16991
Injected 9.4 .5 213 5635 4055 306.27

(Observation well S23. Concentrations in mmoi/ ! in pore water.)

First there is a dilution front, marked by the decreasein
CI” concentration in the observation well. The decrease of
anions will induce a relative increase of Na” in solution as
reflected by the caleulated water composition noted in Table
2. This water composition ends with

(Vs)1 — {qn: )1 (qna 2 (24)
(cnaht — (Cwa )z
where, to a good approximation, the Na” concentrations of
the second plateau are identical to those of the injected
water, i.2. (Qua): = (Qua)s, and (o )2 = (e )3, Over the
front, there is also an adjustment of Mg”" concentrations in
the exchanger and in solution:
(Vs)| - M (243)
{eveh — (emgh
and similar for Ca®.

The problem is that all three ions are present in the
second plateau, and the solution is not as simple as before.
However, solute and exchangeable ions are governed by
equilibrium, and with this relation the unknowns can still be
found relatively simply. Together with the electroneutrality
equation a guadratic equation can be derived as follows.
The sharp flushing factor formulae {equation (24)] for Mg
and Ca® give:

(@ve)2 = (Vi Erg)2 + @mgh — (Vi (Coh =
(V)1 (cmg)2 + Qi

@c)z = (VOi(ee)s + (geh — (Ve =
(V)ice)z + Qq (25)

These equations are entered into:

{Qms): (gca)2
2 = Kyees —— 26
(EMe)2 M (cca): (26)
to give:
Qi+ . & @7

(Cwmg)2 (cca)z
We also have the electroneutrality equation:
{cca)s = {N — (ena)2 — 2(omg)2}/2 = N2 — (em)2 (28)
and obtain finally:
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_'-Q*‘((:Ms)l2 + QN2 — Q1 — Qs (ome)z + QN2 =90
... (29)

where:

Q1 = (guaht — (V)i (evght

Q1 = Kypa Q2 = Kupeaf(@ea): — (Vi (cads)
Qe = (VU — Kypaa)

N:={N—(cxake}/2; ()} = (Cra )

Kigica = 0.564

N = 14.66 * 107 eg/1

With (V)% = 26.9 (from Na” flushing), the equation
solves to one positive root (¢um,): = 1.7 mmol/], and subse-
quently {gxg): = 176 mmol;/1, and (V) =112.8. When V'is
multiplied with the volume of water that is injected for a
conservative front to arrive at the observation well, the
volume of injection water for a sharp front is obtained. This
allows for a direct comparison with the data presented by
Valocchi et al. (1981) as shown in Figure 9 for observation
well S23. The ¢, has been multiplied here with 24.3 g/mole
to obtain ¢ in mg/ 1 The positions of the fronts is similar to
the computer simulation by Valocchi et al., albeit much
sharper here since the effect of dispersion was neglected. The
solution obtained here 1s also very close to the full sharp
front solution given by Appelo et al. (1993), who obtained
(V), = 253, (emp): = 1.67 mmol/], and (v, = 113.2.
According to this formal solution, the Na* concentration
decreases first to 9.47 mmeol/] in the second plateau, and
thereafter 1o the final 9.4 mmol/1 in the injected water.

The present solution is iilustrative in the sense that it
provides the basic insight in the chromatography of cation
exchange during transport. Other solutions for multicom-
ponent chromatography exist, but only for homovalent
exchange {Helfferich and Klein, 1970). Helfferich and Klein
(1970} have called it the theory of coherence, and a basic
feature of the multicomponent theory is present in the
heterovalent case discussed here: there is only one Mg con-
centration in the second platean possible when the concen-
trations of all cations that participate in the exchange pro-

f ! T ™
F —— — Sharp font solution

) —— Computar semedsion,
----- Velocchi #t Al

*  Field deta

MgZ* mafl

. ;i Ll . ——ai
g2 5 0 2 s o' 2 s 10
wm3 INJECTED
Fig. 9. Concentration of Mg"" in water from observation well 23
during injection of fresh water (Valocchi et al., 1981). Also shown

are the results of the simple approximation method derived in the
text.



cess adapt concomitantly over a front, and while equilibrium
is maintained.

Conclusions

Cauon exchange in aquifers is always a muiticom-
ponent phenomenon with various cations competing for the
exchanger sites. The compositions of a multicomponent
exchanger ¢an be calculated without difficulty from selution
composition, using average exchange coefficients, Displace-
ments with differing water qualities lead to separation of the
cations due to different retardations of the ions. Composi-
tions are divided by fronts which can be broadening, indif-
ferent or sharpening, a dependence that can be found from
the exchange (sorption) isotherm. In the case of sharpening
fronts, easy displacement formulae can be derived, based on
mass balance. They allow calculation of the chromato-
graphic pattern, as was illustrated with a few simple column
exampies. When salt water is displaced by fresh water, we
expect spatiaily separated, relative increases of Na', Mg”,
and Ca*" along a flowpath in the upstream direction from
the salinity front. Even the simple formulae allow for an
accurate description of the complicated pattern that was
produced during the fresh-water injection into a brackish-
water aquifer presented by Valocchi et al, (1981). Thus, we
have obtained a basic insight into how chromatographic
separations wiil take place during injections in aquifers or
larger scale ground-water displacements.

Notation

B equivalent fraction on exchanger {-);

c solute concentration (mol/I);

CEC cation exchange capacity (meq/ 100 g);
D dispersion coefficient (m’/s);

Ky exchange coefficient (-);

q sorbed concentration {mol;1);

Rine ratio [I"]/[Na'T, in equilibrium with (fixed)
exchanger composition {-);

v pore-water flow velocity (my/s);
" flow velocity of a given concentration of solute
[{m/s);
v volume (m3);
Vo pore volume of column or flow line (m’);
' sharp front flushing factor (-);
(1] activity of 1 (-);

(V’,c,q) front number i with flushing factor (V*);, pre-
ceded by concentrations (c, q)i, followed by
concentrations (¢, Q)i
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