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Abstract 

A one-dimensional model for the movement of zinc sulphate through calcium-satu
rated soil is presented. Processes considered include mass flow, ion exchange, pre
cipitation and dissolution. Precipitation occurs when the solubility product of gyp
sum is exceeded. In the presence of gypsum, ion exchange takes place at two sepa
rate interfaces, which move with different velocities through the soil. At the first in
terface precipitation of gypsum takes place in conjunction with ion exchange, and 
at the second interface the gypsum dissolves again and ion exchange proceeds until 
equilibrium is reached with the leaching solution. The composition of the transition 
zone between the two interfaces is calculated from the conditions of mass conserva
tion and electroneutrality, the solubility product of gypsum and assuming a linear 
ion exchange equation. 

It is shown that the concentration of sulphate in the transition zone is higher than 
in the leaching solution, due to dissolution of gypsum at the second interface. In the 
presence of gypsum, zinc penetrates deeper into the soil than in its absence, but the 
fraction of the adsorption complex saturated with zinc is smaller. 

Introduction 

Zinc is an essential nutrient for all crops (Mortvedt et al., 1972). Zinc deficiency is 
wide-spread. In the USA it has been reported throughout the country for several 
crops, including maize, sorghum, soya beans, citrus, pecans and deciduous fruit-
trees (Tisdale & Nelson, 1975). Zinc deficiency is common in highly weathered, 
acid soils in the tropics with a low cation-exchange capacity (CEC), such as the cam-
po cerrado area of central Brazil (Lopes, 1980), but also on calcareous soils 
throughout the world (Sillanpää, 1982). For India, Kanwar (1982) estimated that 
47% of the soils have become deficient in zinc. Katyal & Randhawa (1983) re
ported highly significant and economic responses of wheat and rice to application of 
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zinc fertilizers at several locations throughout India. 
Zinc sulphate (36 % Zn), a common zinc fertilizer, can be used for soil applica

tion as well as a foliar spray. When applied to the soil, rates of 45 to 90 kg/ha are 
common in the USA (Tisdale & Nelson, 1975). For field crops and vegetables in In
dia, Katyal & Randhawa (1983) recommend rates of 14-56 kg of zinc sulphate per 
hectare. 

Zinc is generally considered to be relatively immobile in soils (Tisdale & Nelson, 
1975). However, leaching studies with zinc salts in several non-calcareous soils 
showed that zinc can move readily to depths between 50 and 75 cm (Benson, 1966). 
High zinc concentrations in the soil may damage crops. For example, Benson 
(1966) reported that when more than 12-20 % of the CEC of the soils investigated 
was occupied by zinc, apple seedlings died quickly. 

To understand the behaviour of zinc sulphate in non-calcareous, calcium-satu
rated soils, a simple model was developed, which considers Zn/Ca ion exchange 
and precipitation/dissolution of gypsum. The model could be used in determining a 
suitable fertilizer strategy for such soils. 

Description of the system 

The one-dimensional transport of an interacting solute through a porous medium, 
consisting of a soil solution, an adsorbed phase and a precipitate, has been de
scribed by Harmsen & Bolt (1982a, b). This theory has been extended recently 
(Bolt, 1985) to a system consisting of a saturated porous medium with three cationic 
species (ternary cation exchange). Here the theory developed by Harmsen & Bolt 
(1982a) will be applied to the movement of zinc sulphate into a soil that is initially in 
the homoionic calcium form. The theory will be extended in that activity coeffi
cients of ionic species in solution and the presence of molecular dissolved species 
will be considered. 

The discussion will be limited to a mineral soil consisting of a soil solution and an 
adsorbed phase, without roots or soil organisms. This soil initially contains no calci
um salts, such as lime or gypsum, and the soil solution contains only calcium ions 
and non-interacting* anions, such as chlorides or nitrates. At t = 0 this soil is 
leached, at a constant rate, with a solution containing zinc sulphate at a constant 
concentration. The initial soil solution is displaced by the infiltrating solution, and 
the calcium ions on the adsorbent are replaced by zinc ions. Ion exchange takes 
place at a single interface, the cation exchange front. The shape of this front is de
termined by diffusion and hydrodynamic dispersion, the kinetics of the cation ex
change process, and the functional relationship between the cations in solution and 
in the adsorbed phase. As the front penetrates deeper into the soil, its shape will 
further change with time. If the concentrations of calcium (desorbed) and sulphate 
become sufficiently high, gypsum will precipitate. The precipitate will eventually 
dissolve, because gypsum cannot exist in equilibrium with the leaching solution. 

* 'Non-interacting' is used for ionic species that do not form complexes in solution and that do not inter
act with a solid phase. 

296 Netherlands Journal of Agricultural Science 35 (1987) 



MOVEMENT OF ZINC SULPHATE IN CALCIUM-SATURATED SOIL 

Therefore, the cation exchange front will split into two interfaces, one at which ca
tion exchange and precipitation of gypsum occur (precipitation front) and one at 
which cation exchange and dissolution of gypsum occur (dissolution front). 

To simplify the following treatment, (1) diffusion and hydrodynamic dispersion 
will be neglected (piston flow), (2) the cation exchange capacity is taken as uniform 
with soil depth and constant with time, and (3) equilibration between the solution 
and the adsorbed and solid phases is assumed to take place instantaneously. Final
ly, cation exchange is described by a linear exchange equation, so that the shape of 
the precipitation and dissolution fronts can be described by step functions and will 
not change in the course of time. 

Some of the consequences of these simplifying assumptions have been discussed 
by Harmsen & Bolt (1982a, b). The effect of a non-linear exchange equation on the 
shape of a cation-exchange front has been discussed by Bolt (1982b), and of non-
equilibrium conditions by Bolt (1985). 

The solution front, /s, moves at a constant rate, vs (cm/day), through the soil (Fig. 
1). The initial soil solution only contains calcium ions and non-interacting anions, at 
a concentration q (Table 1). The exchange complex is initially saturated by calcium 
ions; the CEC is denoted by Q. All concentrations are expressed in meq/cm3 of soil. 
No mixing or mass transfer occur at the solution front. This interface is followed by 
a precipitation front, /p, which moves at a rate vp (cm/day) through the soil. At this 
interface, ion exchange and precipitation of gypsum occur simultaneously (Fig. 1). 
Under the conditions of the model, the precipitation front does not change its shape 
with time and moves as a step function through the soil. In the zone between /p and 

Fig. 1. Schematic representation of the system under consideration, consisting of an adsorbent, a solu
tion phase and a precipitate (gypsum). The moving interfaces are denoted by /, (solution front), /p (pre
cipitation front), and 7d (dissolution front), and the rates at which they move by vs, vp, and vd, respective
ly. The point of injection (soil surface) is denoted by x0. The interfaces are depicted as dashed lines, be
cause they represent step functions and therefore have no physical significance. 
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Table 1. Composition of the system under consideration in the zones between the injection point (X(]), 
the dissolution front (/d), the precipitation front (/p), the solution front (/s), and the initial composition of 
the system, ahead of the solution front. The initial calcium concentration in the solution is denoted by c;, 
and the cation-exchange capacity by Q; all concentrations are in meq/cm3. The unknown concentrations 
or rates are numbered from (1) to (13); equal numbers indicate that concentrations are assumed to be 
equal. 

*o-'d Vp h~ 

Precipitate 
CaS04 2H20 - P (3) - -

Solution 
Zn2+ 

CZn (4) cZn (4) - -

Ca2+ 
- cCa (5) cCa (12) c, 

SO2" CS04 (1) CS04 (6) CS04 (12) -

ZnSOj ^ZnSC>4 (2) cZnS04 (7) - -
CaSO° 

- cCaS04 (8) cCaS04 (8) -

Adsorbent 
Zn2+ Q <?Zn (9) - -

Ca2+ 
- 1 Ca (10) Q Q 

Rates 
h ( H )  

'p vp (13) 
h 

/s, there is no gypsum and the adsorption complex is saturated by calcium ions 
(Table 1). The soil solution contains only calcium and sulphate ions, at equal con
centrations (Table 1), but the solubility product of gypsum is not exceeded. The 
precipitation front is followed by a dissolution front, /d, which moves at a rate vd 

(cm/day) through the soil. At the dissolution front, ion exchange, dissolution and 
complex formation (CaSO°) occur simultaneously (Fig. 1), and equilibrium is 
reached between the composition of the leaching solution and the adsorbent. In the 
transition zone between Id and 7p, gypsum, adsorbed calcium and zinc ions, as well 
as molecular dissolved ZnSO® and CaSO" are present. All concentrations in this 
zone are unknown (Table 1). In the zone between the injection point X0, and the 
dissolution front, the composition of the soil solution equals that of the leaching so
lution and contains zinc sulphate at a concentration cf. The exchange complex in 
this zone is saturated with zinc ions (Table 1). 

It follows from Table 1 that there are 11 unknown concentrations and 2 unknown 
velocities, vd and vp. The composition of the entire system could thus be calculated 
from 13 independent equations, describing the state of the system. 

Theoretical 

The transport of an interacting solute through a saturated porous medium can be 
described by (Bolt, 1982b): 
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^_ = -div./k + Pk (1) 
at 

where t is the time, div is the divergence operator, Ak is the amount of substance k 
per unit volume, jk is the flux of k, and Pk is a source or sink term involving compo
nent k. Substance k can occur in the soil solution (ck), the adsorbed phase (qk) and 
in precipitated form (pk). Hence: 

a = ck + qk+p^ (2) 

where all concentrations are in amount of substance per unit volume. The differ
ential equations describing the one-dimensional transport of solutes follow from 
Eqs. 1 and 2. For substances that occur only in solution these equations can be 
solved by the method of the Laplace transformation, and for interacting solutes 
similar solutions can be derived on chemical and physical grounds (Harmsen & 
Bolt, 1982a, b). 

First the condition of electroneutrality for ionic species in the solution phase has 
to be satisfied in all zones: 

CCa + CZn = CS04 (3) 

where the charge numbers of the ions have been omitted for ease of notation. How
ever, all ionic species involved are divalent, and concentrations are expressed in 
meq/cm3. 

The second equation follows from: 

<?Ca + <?Zn = Q  ( 4 )  

which states that the negative charge on the adsorbent surface has to be satisfied by 
an equivalent amount of cationic charge in all zones. The Zn/Ca exchange reaction 
is described by a selectivity coefficient based on equivalent fractions: 

= [^7ia/ca][cc;a'zn] (5) 

This equation can be derived on the basis of thermodynamic considerations (Bolt, 
1982a). In the following it will be assumed that KN equals 1 (linear exchange); this 
will be further discussed in the next section. 

In the zone between X0 and Id, the concentration of molecular dissolved zinc sul
phate is given by: 

CZnS04 = 2^MaZnaS04 (^) 

where Kl  denotes the complex formation constant of ZnSO°, and aZn and aS04 the 
activities of Zn and S04 ions in solution. The activity of a divalent species k is re
lated to its concentration by: 
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«k = ïy^k (7) 

where yk denotes the activity coefficient of species k in solution. It is assumed that: 

yso4 = yzn = y (8) 

So Eq. 6 can be written as: 

CZnS04 = 2^i72CZnCs04 (9) 

Because the total zinc sulphate concentration in the leaching solution is constant 
(cf), the composition of the solution in the zone between X0 and Id can be calculated 
from: 

CS04 + CZn + 2cZnSo4 = 2 Cf (10) 

Using the notation: 

czn = cs04 = zl (11) 

it follows that: 

A + lKxy2A2 = cf (12) 

Eq. 12 must be solved by iteration, because y is a function of A (see next section). 
The activity coefficient of a molecular dissolved species is taken as one, by conven
tion (Garrels & Christ, 1965). The concentrations calculated in this way have been 
included in Table 2. 

In the zone between 7d and Ip, the activities of Ca and S04 ions in solution have to 
satisfy the solubility product, Kso, of gypsym: 

Kso = ûCaflS04 = iy2cCaCS04 (13) 

The concentration of molecular dissolved calcium sulphate in this zone follows 
from: 

cCaS04 = 2 K2K,0 (14) 

where K2 denotes the complex formation constant. 
In the zone between Ip and 7S, the activities of Ca and S04 ions should also satisfy 

Eq. 13 and their concentrations should be equal, because of the condition of elec-
troneutrality (2). Hence: 

CCa = CS04 = 2(Ki0/y2)'/2 (15) 
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Table 2. Composition of the system under consideration. Unknown concentrations are numbered from 
(1) to (7) and refer to the transition zone between /d and /p. The unknown rates (8) and (9) refer to the 
moving interfaces /d and /p. 

Vp V's h-

Precipitate 
CaS04-2H20 - p (1) - -

Solution 
Zn2+ 

Ca2+ 

SOj" 
ZnSOj 
CaSO° 1 

1^
 

1 

%
 

CZn 
CCa 
cso4 
CZnS04 
2K,Ao 

(2) 
(3) 
(4) 
(5) 

S! 
SJ 

O 
"""

"s 
^
 

1 
r̂

Tc
T̂ 

1 
ci 

Adsorbent 
Zn2+ 

Ca2+ 

Q <7Zn 
<7ca 

(6) 
(7) Q Q 

Rates 
vd (8) 

Vp (9) 
vs 

Similarly, the concentration of CaSO® in the zone between Ip and 7S follows from 
Eq. 14. The results of Eqs. 14 and 15 are included in Table 2, from which it follows 
that all unknown concentrations now refer only to the transition zone between 7d 

and /p. 
Eqs. 3, 4, 5, 9 and 13 apply to the transition zone between Id and Ip. Hence, to cal

culate the composition of the transition zone, and the relative rates at which the in
terfaces Id and Ip move through the soil, 4 more independent equations are needed. 
These equations follow from the condition of mass conservation applied to the mov
ing interfaces Id and Ip. The mass conservation equations state that for each ionic 
species at each interface the net rate at which the ions are supplied or discharged by 
the soil solution should equal the net rate of uptake or release by the solid phase. 
From Fig. 1 and Table 2 it follows that for sulphate at interface /d, mass conserva
tion requires that: 

K-Vd)[CS04 + 2 K 2 K s 0  + CZnS04-Cf] = V dP (16) 

and at interface 7p that: 

(vS-Vp)[CS04 + CZnS04-2(^so/)/2)1/!] = P (17) 

where vs - vd and vs - vp denote the velocities of the soil solution relative to the mov
ing interfaces. Similarly, for calcium the mass conservation equations at the inter
faces become: 
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(vs~vd)[cca + 2K 2 KJ = V d [ q c a + p \  (18) 

at interface /d, and: 

(vs-Vp)[2(/Cso/y2),/:-CcJ = v p [q Z n -p]  (19) 

at interface Ip. The concenuations of zinc in the transition zone follow from Eqs. 3 
and 4. The rates of movement of the interfaces /d and / are related to the velocity of 
the solution front by: 

v d  = vJR d  (20) 

and: 

fp=vs/*p (21) 

where R d  and R p  denote the retardation factors of the dissolution and precipitation 
front, respectively. 

Eqs. 3-5, 9, 13 and 16-19 can be solved by successive substitutions, resulting in 
the following set of equations: 

f[cso4] = 0 (22) 

CCa = 4KJy2cSOi (23) 

CZn = CS04 ~~ CCa (24) 

CZnS04 = l//2^l72cZnCS04 (2^) 

<?Zn = ôCZr/[CCa + CZn\ (26) 

<7ca=ß-<7zn (27) 

P = <?ca[cs()4 + 2K 2 K s a  + cZnS04-cf]/[cCa —cS04-cZnS04 + cf] (28) 

= 1 + mcs04 ^ 2a"2a"so -i- cZnS04 - cf] (29) 

= 1 +p/[cso4 + cznS04 _2(/CS0/y ) ] (30) 

where R d  and R p  are related to the velocities of the dissolution and precipitation 
fronts through Eqs. 20 and 21. Eq. 22 can be written as: 

f(x) = x(x2 - K){(A/K)2X5 + (2AIK)x4 + (l-A2IK-Ac{ I K - A I K ,/!)x3 
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- (A + cf  + K' 2)x2 + (A2 + A K , /2 + cfK>/2)x (31) 
+ (AK + KK'/2 - ctK)} =0 

where x denotes cs04, A denotes 2K2KS0 and K denotes 4KS0/y2. Eq. 31 looks rather 
cumbersome, but can be solved easily by numerical methods. However, because y 
is a function of the ionic strength, Eq. 31 must be solved by iteration. 

The present model is valid only if all concentrations assume positive, real values. 
Moreover, only if: 

ci>2{KJy1)* + 2K2K%0 (32) 

gypsum can be formed and a precipitation and a dissolution front develop. From 
Eq. 32 it follows that the sulphate concentration in the leaching solution should sat
isfy the following inequality: 

cS04>2(KJy2)'/2 (33) 

Hence, the first two terms in the right-hand side of Eq. 31 do not satisfy these condi
tions and can thus be deleted. Thus, the equation to be solved reduces to a fifth-or
der polynomial in x. In the limiting case for: 

cf  = 2(KJyY + 2K2Kso (34) 

it follows from Eq. 31 that the only non-zero, real root is given by: 

cS04 = 2(KJyY (35) 

From Eqs. 23-25 it then follows that cCa = cS04 and cZn and cZnS04 both equal zero. 
Similarly, from Eqs. 26-28 it then follows that qZn = 0, qCa = Q and p = 0. From 
Eqs. 29 and 30 it follows that, in the limiting case of Eq. 34, the retardation factors 
reduce to: 

Rd = Rp=l + Q/c{ (36) 

which is by definition the value of the retardation factor of the cation-exchange 
front, Rx. The present model is thus consistent in that for the limiting case of Eq. 34, 
the transition zone vanishes, and all concentrations reduce to the simple ion-ex
change case. 

From Eq. 31 it follows that cs04 is a function of cf only, the other parameters being 
constant. Similarly, cCa and cZn are functions of cf only. Hence, the composition of 
the solution in the transition zone only depends on cf, the zinc sulphate concentra
tion in the leaching solution. From Eq. 28 it follows that p increases linearly with Q, 
and further is a function of cf only. Also Rp and Rd are functions of Q and cf only. 
Hence, the composition of the system under consideration is fully determined once 
Q and cf are specified. 
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Selection of parameter values 

Exchange equations and selectivity coefficient 
Cation-exchange equations in soil science have been reviewed by Bolt (1967). A 
thermodynamic exchange constant, A^x, can be derived for cation exchange on the 
basis of formal thermodynamics (Bolt, 1982a). This constant, however, cannot be 
directly measured, as it depends on the ratios of the activity coefficients of the ionic 
species in the adsorbed phase and in the solution, and on the partial molar volumes 
of the species involved in the exchange reaction. From an experimental point of 
view, it is therefore more practical to define a selectivity coefficient on the basis of 
equivalent fractions (Bolt, 1982a). For the Zn/Ca exchange reaction this results in: 

= [<7zi/<7ca][aCa/aZn] (3^) 

where KS is related to K0^ through the ratio of the activity coefficients in the ad
sorbed phase. Hence, KN is not necessarily a constant, but may vary with the com
position of the adsorbed phase. Simple expressions for the ratio of the activity coef
ficients in the adsorbed phase can be derived from the statistical thermodynamic 
theory of ideal mixtures applied to ion exchange (Harmsen, 1982b). In the present 
treatment, the structure of the adsorbent surface will not be considered, and it will 
be assumed that KN, as defined by Eq. 37, is a constant. If it is further assumed that 
the ratio of the activity coefficients of zinc and calcium ions in the solution phase 
equals unity, Eq. 37 reduces to Eq. 5. 

If KN equals 1 (linear exchange), the adsorbent does not distinguish between zinc 
and calcium ions, and the shape of the cation-exchange front is not affected by the 
cation-exchange reaction or the composition of the adsorbed phase. If KN exceeds 
1, the cation in the leaching solution is adsorbed preferentially and the cation-ex-
change front tends to 'steepen up' during movement through the soil (Bolt, 1982b). 
If Kn is smaller than 1, the cation initially present on the adsorbent is sorbed prefer
entially and the cation-exchange front tends to 'flatten' upon passage through the 
soil (Bolt, 1982b). The effect of the exchange isotherm on the distribution of con
centrations at the cation-exchange front also applies if continuous equilibrium 
exists in the system, and diffusion and hydrodynamic dispersion are absent. A mod
el for the transport of cations through a soil column, considering different exchange 
isotherms has been presented by Harmsen (1982a). In the case of favourable ex
change (KN = 4), the shape of the exchange front approached a step function under 
near-equilibrium conditions, whereas in the case of unfavourable exchange (/CN = 
0.25) the exchange front showed an early breakthrough and a long tail (Harmsen, 
1982a). 

Adsorption of zinc on a calcium-saturated clay soil may be described by a simple 
selectivity coefficient, as given by Eq. 5. On a calcium-saturated clay soil with a pH 
between 4 and 5, adsorption of zinc followed a linear exchange isotherm, and the 
exchange reaction was completely reversible (Harmsen, 1977). In a calcium-satu
rated clay soil with a pH between 6 and 7, the exchange reaction was approximately 
linear, but not completely reversible. The reversibly adsorbed zinc, however, also 
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Fig. 2. Activity coefficients of Ca, Zn and S04 ions in aqueous so
lution, as a function of the salt concentration in solution (mol/1), 
calculated from the extended Debye-Hückel equation, assuming 
that no molecular dissolved species are formed (solid lines). The 
broken line represents the product of the activity coefficients of Zn 
and S04 ions in a solution where molecular dissolved zinc sulphate 
is formed. 

0 
0 0 . 0 5  010 

followed a linear exchange isotherm when the zinc-saturated soil was equilibrated 
with increasing concentrations of calcium in solution (Harmsen, 1977). In the fol
lowing, it will be assumed that for soils in the pH range of 4 to 7, the Zn/Ca ex
change reaction can be described by a linear exchange isotherm, that is, KN in Eq. 5 
is taken as 1. 

Activity coefficients and thermodynamic constants 
For solutions with ionic strengths up to about 0.4, activity coefficients can be calcu
lated with the extended Debye-Hückel equation (Garrels & Christ, 1965; Bockris 
& Reddy, 1970). In the present treatment only activity products are used (Fig. 2). 
Kçjy2 increases with cf, so the solubility of gypsum increases with increasing ionic 
strength. As the zinc sulphate solution also contains molecular dissolved ZnSO", 
the actual product of the activity coefficients of the ionic species in solution at a 
given value for cf, is higher than in case of a fully dissociated salt. The broken line in 
Fig. 2 represents the actual product of the activity coefficients in a zinc sulphate so
lution, corrected for complex formation, calculated from Eq. 12. 

The value for the solubility product of gypsum, Kso, is taken as 10" 4 64 (Lindsay, 
1979). The complex formation constants for ZnSO" (Kt) and CaSO" (K2) are 
listed as 102 33 and 102 31 by Lindsay (1979) and have been assumed to be equal to 
Kn = 102 32 in the following calculations. 

In the pH range of 4 to 7, dissolved zinc occurs mainly as the divalent, hydrated 
cation (Lindsay, 1979; Harmsen & Vlek, 1985), so hydrolysed species of zinc in so
lution need not be considered. 

In the model calculations the soil moisture content is taken as 0.5 ml/cm3, and the 
bulk density of the soil as 1 g/cm3. Hence, molar concentrations of divalent species 
in solution (mol/1) equal equivalent concentrations in the soil (meq/cm3). Similarly, 
the cation-exchange capacity has the same numerical value on a mass base (meq/g 
of soil) as on a volume basis (meq/cm3 of soil). 

Model calculations 

From the inequality of Eq. 32 and Fig. 2 it can be calculated that the present model 
applies if: cf > 0.0143 mol/1. Because the solute concentrations in the transition 
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zone increase with respect to the leaching solution, y2 decreases in this zone and 
would have to be calculated separately. To simplify the calculations in Figs. 3-6, the 
activity coefficients of the fully dissociated leaching solution have been used in the 
following model calculations. This results in a shift of the transition zone towards 

C/Cf 

t 

1 . 0  

0.5 

I 0.5 
q/Q 

1 0 

Z n 2 * .  S0t~ CQ2*S0^ 

Zn S0° CoS0° 

lil 

X 

0.10 0.15 
V/Vq 

gypsum 

Zn2*.  SO 1 '  Ca2*,S01 Zn2*.  SO 1 '  SO l~  Ca2*,S01 

Zn S0l  

Ca?* 

Co S0° Zn S0l  CQS0° Co S0° 

ZnSO £  
Zn2* 

ZnSO £  ZnSO £  

ill 

X  Ca2* 

\̂ \ 

ill 

X  Ca2* 

\̂ \ 

0.10 0.15 
— V / Vc 

Fig. 3. Schematic representation of the composition of the system under consideration in case the in
equality of Eq. 34 is not met (ion exchange only), and in case the inequality is satisfied and the present 
model applies. The first case (left) is calculated for cf = 0.015 mol/1, y2 = 0.199 and Q = 0.1 meq/cm3, the 
second case (right) is calculated for cf = 0.016 mol/1, y2 = 0.194 and Q = 0.1 meq/cm3. 

C/Cf 
t 

1 . 0  

0.5 -

/ - ̂  
/  SO4 -  Tot  

Zn SO? 

Co S0° 

0.05 0.10 
- c f  

0.05 0.10 
- c f  

Fig. 4. Relative concentrations of dissolved species in solution as a function of cf. The vertical line indi
cates the value above which the present model applies, that is, the inequality of Eq. 34 is satisfied. Bro
ken lines denote total solution concentrations of ionic and molecular dissolved species. 
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slightly higher values of cf, but does not affect the essential features of the present 
model. Under these conditions the present model would apply if: cf > 0.0156 mol/1. 

Fig. 3 (left) illustrates that, at cf = 0.015 mol/1, the precipitation and dissolution 
fronts coincide to form a single interface, the cation-exchange front (/x). At cf = 
0.016 mol/1 (Fig. 3, right), gypsum precipitates and the ion-exchange front splits up 
into a precipitation (/p) and a dissolution front (7d). In the transition zone between 
/p and Id, the sulphate concentration in solution exceeds that in the leaching solu
tion, as a result of the dissolution of gypsum. 

The relative concentrations of dissolved species in the solution of the transition 
zone (Fig. 4) and the relative composition of the adsorption complex and the rel
ative amount of precipitate (Fig. 5) depend on cf only. The actual concentrations, 
however, depend on both cf and Q. The amount of precipitated calcium cannot ex-

0.10 
- C f  

0.10 
Cf 

Fig. 5. Relative composition of the adsorbed phase (left) and the precipitate (right) in the transition 
zone of the system under consideration as a function of cf. 

V/Vs 

- C f  

Netherlands Journal of Agricultural Science 35 

Fig. 6. Relative rates of movement of the precipita
tion front (vp), the ion-exchange front (vj and the dis
solution front (vd) as a function of cf, for Q = 0.1 
meq/cm3. The relative rate of the ion-exchange front 
is represented by a broken line, because this front 
would only have physical significance in the absence 
of precipitation/dissolution. 
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ceed the CEC and is approximately equal to the amount of zinc in the adsorbed 
phase. The relative rates of movement of the interfaces do depend on the values of 
cf and Q (Fig. 6). The relative rate of the dissolution front, vd/vs, decreases only 
slightly with increasing cf. The relative rate of the precipitation front, vp/vs, in
creases strongly with cf and is slightly larger than the rate of movement of the hy
pothetical cation-exchange front, vK/vs, in the absence of precipitation. 

Experimental 

A preliminary experiment was conducted to test the essential features of the model 
presented in the preceding sections. Two columns, filled with a calcium-saturated 
ion exchanger, were leached with a zinc sulphate solution, spiked with 35S04. The 
leachate was collected and analysed for total 35S04. At the end of the experiment, 
the columns were analysed for the presence of a precipitate involving 35S04. 

Materials and methods 

Perspex columns of 25 cm length and 1.4 cm internal diameter were filled with a 
strongly acidic ion exchanger (Dusarit-S), with an exchange capacity of 0.2 
meq/cm3, mixed with an inert material (carborundum), in an approximately 1:1 ra
tio (by volume). Column I was filled with fine (grey) carborundum, with a mesh-
size of 400 (0.03 mm), and column II with coarse (black) carborundum, with a 
mesh-size of 120 (0.10 mm). The density of the mixture in column I was slightly 
higher than in column II. The resulting CECs were about 0.12 meq/cm3 in column I 
and 0.10 meq/cm3 in column II. 

The columns were first saturated with calcium ions and then leached with a solu
tion containing zinc sulphate (0.0375 mol/1), spiked with 35S04 (5 «Ci/1). The col
umns were leached for about 2 months at flow rates of 1.0 cm/day (column I) and 
1.2 cm/day (column II), and the leachate was collected at 2-day intervals. At the 
end of the 2-month period, the solution in column II was replaced by leaching the 
column at a high rate (about 20 cm/hour) with the leaching solution and collecting 
the leachate in fractions of approximately 1 ml each. Column I (fine carborundum) 
could not be leached at this high rate, because of the lower permeability of this col
umn, and only the first 10 ml of leachate were collected. Column II was finally 
leached with distilled water to remove any sulphate in solution. 

At the end of the experiment, the contents of the columns were removed, cut into 
approximately 1-cm segments, and equilibrated for several weeks in excess distilled 
water to dissolve gypsum precipitated in the columns. 

All samples were analysed for 35S04 by liquid scintillation counting. Reference 
samples in all runs included the leaching solution (cf) and a calcium-sulphate solu
tion in equilibrium with gypsum (ceq). 

Results 

Over two months the total sulphate (35S04) concentration of a saturated calcium 
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sulphate solution (ceq) decreased from about 0.49 cf to 0.44 cf. In equilibrium with 
gypsum, the total SÓ4 concentration would be distinctly lower, viz 0.38 cf. This sug
gests that the precipitate did not consist of pure gypsum, CaS04-2H20(s), but con
tained the slightly more soluble CaS04(s) as well. The solubility product for 
CaS04(s) is given by Lindsay (1979) as KSO = 10"4 41, compared to KSO = 10"4 64 for 
gypsum. The total sulphate concentration in solution in equilibrium with CaS04(s) 
would be 0.57 cf (Fig. 7). The intermediate concentrations of 0.44-0.49 cf suggest 
that CaS04(s) precipitated initially, and slowly transformed to the thermodynami-
cally stable gypsum. 

The total sulphate concentrations in the leachate of the two columns were also in
termediate between the values calculated for CaS04(s) and gypsum (Fig. 7). The 
sulphate concentrations in the leachate of column I tended to be slightly lower than 
in the leachate of column II, suggesting that the fine carborundum was more effec
tive as a medium for the formation of gypsum. 

The solution inside the columns was first in equilibrium with a calcium sulphate 
precipitate and concentrations increased steeply as the transition zone was ap
proached. The permeability of column I was too low to collect more than 10 ml of 
solution, but from column II 20 ml of solution was collected, such that also some of 
the solution in the transition zone was obtained. The calculated total sulphate 
(35S04) concentrations in the transition zone, in equilibrium with CaS04(s), 1.27 cf, 
and with gypsum, 1.21 cf, are indicated in Fig. 7. The total sulphate concentration in 
the solution of column II increased to values above cf, but remained below the cal
culated values of the total sulphate concentrations. The latter is probably the result 
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Fig. 7. Relative concentrations of total sulphate in the leachate of columns I (crosses) and II (dots). The 
vertical broken line separates the leachate (left) from the solution inside the column (right). The relative 
concentration of total sulphate in a saturated calcium-sulphate solution is denoted by ceq. The calculated 
total sulphate concentration - cS04 - in the transition zone of the column is indicated by dotted lines. 
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Fig. 8. Sulphate concentrations (gypsum) 
in counts per minute (cpm) as a function of 
depth in the columns. 

of a lowering of the equilibrium concentration of sulphate in the transition zone, 
due to precipitation at the bottom of the column, where Zn/Ca exchange occurred 
and where the solution presumably became strongly supersaturated with CaS04(s) 
and gypsum. Nevertheless, the sulphate concentrations observed are in general 
agreement with the values predicted by the model. Fig. 8 shows total concentra
tions of 35S04 inside the columns which indicate a rather steep (precipitation) front 
in column I, at about 20 cm depth, and a rather diffuse (dissolution) front, at 4-5 cm 
depth. These values compare reasonably well with the calculated depths of 20.0 and 
7.1 cm, respectively. In column II, where leaching was continued longer than in col
umn I, the picture is obscured. In this column, the dissolution front has moved 
deeper into the column, to about 8 cm depth, and the precipitation front is very dif
fuse, with a 50 % point at about 20 cm depth. The concentration of the precipitate 
was higher in column I than in column II, reflecting the higher CEC per unit volume 
in column I, and possibly the fact that precipitation was more effective in the pres
ence of fine carborundum. The presence of a calcium sulphate precipitate is clear, 
however, in both columns and precipitation and dissolution fronts can clearly be 
recognized. Therefore, it may be concluded that the results of this preliminary ex
periment are in general agreement with the model predictions. 

Discussion 

Most of the constraints on the applicability of the present model have been outlined 
in the introduction and description of the system. A sensitivity analysis of the pres
ent model shows that variation in the values of KSO and KN does not have a major ef
fect on the composition of the transition zone and does not affect the derivation of 
the model. Non-equilibrium between solutes and a solid phase can be dealt with in 
first approximation by increasing (supersaturation) or decreasing (undersatura-
tion) the apparent values of KSO and KN. In more serious cases, one would have to 
introduce first- or second-order rate equations to deal with these effects. However, 
ion exchange, which is usually a fast process, rapidly creates a significant degree of 
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supersaturation or undersaturation in the soil solution, thereby creating conditions 
favourable for precipitation or dissolution. 

The existence of a non-linear exchange isotherm can be dealt with by introducing 
KN in the appropriate equations. A sensitivity analysis shows that a selectivity coef
ficient ranging from 0.5 to 2.0 has little effect on the composition of the soil solu
tion, but does affect the composition of the adsorbed phase and the precipitate con
centration in the transition zone. The effect of a non-linear exchange isotherm on 
the shape of the exchange front can be dealt with by procedures outlined by Bolt 
(1982b). 

If the transition zone is sufficiently wide, the effects of diffusion and hydrody-
namic dispersion will be limited to a modification of the shape of the dissolution and 
precipitation fronts. They will not affect the location of the fronts, however, as they 
do not affect the interaction between species in solution and in an adsorbed or solid 
phase. Whether or not diffusion and hydrodynamic dispersion are serious con
straints on the application of the present model, also depends on the geometry of 
the system and on the distribution of flow rates and concentration gradients in the 
system. 

The presence of ionic solutes, such as H, NH4, Na, K, Mg, CI or NO, ions, has a 
limited effect on the present model, as long as these species do not interfere with 
the precipitation of gypsum. The presence of CaC03 (calcite) poses more serious 
problems, as it interferes with the precipitation and dissolution reactions occurring 
in the system. Although this case can be dealt with in principle, the equations be
come more complex when species such as H+, OH", COj", HCOj, H2C03, 
CaHCOj, CaCO" and CaC03(s) have to be dealt with too. The presence of calcite 
will lower the concentration of ionic calcium species in solution, and lower the mo
bility of zinc, due to specific adsorption of zinc at high pH. 

The agricultural significance of the present model depends on the management 
options that are available to the farmer. The parameters that can be manipulated 
include the composition of the leaching solution, in particular the value of cf, and 
the flow rate of the soil solution, vs. The composition of the soil solution can be in
fluenced through the addition of salts to the irrigation water or the soil, and through 
the method of fertilizer application. The flow rate of the solution can be influenced 
through controlling the irrigation regime. 

If the objective of the fertilizer application is to create a zone in the soil with a 
high degree of zinc saturation at the adsorption complex, it might be advantageous 
to broadcast the fertilizer, followed by incorporation, or to place the fertilizer as a 
band in the soil. Irrigation or rain following application will dissolve the zinc sul
phate and create a zone of high zinc saturation. On the other hand, if the fertilizer is 
surface-applied or dissolved in the irrigation water, most of the zinc will concen
trate in the surface layer of the soil, where it may be unavailable to the crop. Also, 
when zinc sulphate is applied with the irrigation water, the resulting value of cf will 
generally be low, which does not promote the depth of penetration of the precipita
tion (or ion-exchange) front. 

If a high degree of zinc saturation at the adsorption complex might damage crops 
(Benson, 1966), it would be desirable to obtain a lower degree of zinc saturation at 
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the adsorption complex and a deeper penetration of zinc in the soil. In this case, the 
zinc sulphate could be applied in concentrated form to the soil (point or band place
ment), followed by the application of a small quantity of irrigation water, to create a 
zone with high zinc saturation and resulting high precipitate concentration. Follow
ing this, the soil should be leached with a larger quantity of irrigation water. The 
gypsum would dissolve, and the calcium released would remove zinc from the ad
sorption complex. The soil solution would then contain both zinc and calcium ions, 
thus creating a zone where both ions would be present on the adsorption complex, 
upon penetration into the soil. This case has been described by Benson (1966) and 
can be dealt with by a model which considers ion exchange and dissolution (Harm-
sen & Bolt, 1982b). 

The present model, with proper modifications, would also apply to other sul
phate-containing fertilizers used in agriculture, such as ammonium sulphate and 
potassium sulphate. This is of significance, because with the current increase in the 
use of urea and triple superphosphate (TSP), more soils may become deficient in 
sulphur, which could create a renewed interest in sulphate-based fertilizers. 
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