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Summary

The increasing use of brackish water for irrigation calls for more information on the effect
of water salinity and ion composition on potassium reactions in soil and on the availability
of K to plants. The objectives of this work were to: (i) study plant response to K as affected
by salinity; (ii) study K dynamics in soil as affected by irrigation with saline-sodic water;
and (iii) test the validity of exchange selectivity coefficients obtained in binary systems
for prediction of ternary exchange of K in a multicationic system. The reactions and fate
of native and fertilizer K under saline conditions were studied in two soils in a screenhouse
pot experiment with corn (Zea mays (L.) cv. «Jubilee»). Potassium adsorption by the soils
from multicationic solutions was studied using batch and miscible-displacement methods
in the laboratory. Salinity level in the irrigation water had a significant effect on yield
decrease in both soils and there was a significant yield response to K application in the
Nordiya soil. In both soils K fertilization increased K concentration and reduced the ratio
Na:K in plant tissue. Potassium application moderated exchangeable K depletion in both
soils. Potassium was preferred over the divalent cations Ca and Mg in both soils, regardless
of the experimental method and Na concentration. A simple mathematical solution of
the Gapon binary equations for K-(Ca+Mg) and Na-(Ca +Mg), in combination with the
assumption of a constant CEC, was used to predict the amount of exchangeable K as a
function of solution composition. The ability to predict the exchange of K with Ca+Mg
and Na in a miscible displacement system using information obtained in binary systems
was evaluated.

1. Introduction

Release of interlayer K from mica-like minerals in semiarid and arid regions
is a source of plant available K, but the major source of K for plant nutrition
in most agricultural soils is exchangeable K (McLean and Watson [1985]). Ex-
changeable K is most commonly used as an index for estimating available
K (Carson and Dixon [1972]). However, this parameter does not always ade-
quately predict response to applied K since non-exchangeable K forms can
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play an important role in supplying K to plants over a period of time (Feigen-
baum and Hagin [1967]; Sadusky et al. [1987]). Fertilizer recommendations
under non-saline conditions are based on crop requirement and K availability
indexes (Mengel and Kirkby [1980]). Available K is expressed basically as a
ratio between K concentration and (Ca+Mg) concentration in the soil solu-
tion which is in equilibrium with the solid phase of the soil (Beckett [1971];
Woodruff {1955]). Thisratio is an intensity index, and exchangeable K a capac-
ity index (McLean and Watson [1985]).

Potassium, one of the major plant nutrients, may behave differently under
saline and non-saline conditions, from both plant and soil aspects. Sewage
effluents and brackish waters contain considerable quantities of cations such
asNa*,K*, Ca*?and Mg* 2 These cations undergo simultaneous exchange
reactions with each other on the soil surface. For example, the possible reac-
tions involving K-Ca-Mg, K-Na-Ca and K-Na-Mg in soils, and the study of
their effect on K distribution between the solution and the solid phases are
extremely important for plant nutrition. Irrigation with brackish water, in
which the concentrations of Ca, Mg and Na are higher than in good quality
water might cause an increase in downward movement of K beyond the root
zone. With increasing concentrations of competing cations, larger fractions
of K from the soil or from fertilizer sources are found in the solution phase
(Feigenbaum et al. [1988]). Thus K may be more available to plant roots, but
is also easily leached from the root zone, especially where excess leaching is
required to ameliorate soil salinity (Feigenbaum [1986]).

Salinity and low K fertility are important growth limiting factors; decreas-
ingor eliminating one factor may affect the crop’s response to the other (Feigin
[/1985]). Research on the interaction between salinity and fertility as it affects
crop response has been reviewed by Feigin [1985] and Kafkafi [1985], but most
of the studies have been concerned with salt-plant nutrition relationships for
applied N and P fertilizers and only a few have involved K.

Exchange reactions involving K with cations such as Ca, Mg and Na in
clay minerals and soils, have been investigated intensively and reviewed by
Bolt f1979] and Sparks [1987]. Our theoretical understanding of the relation-
ship between ternary and binary exchange systems in clays and soils has im-
proved during the last decade. Chemical and geochemical models were
adapted to soils for predicting cation exchange in a ternary system using
binary exchange data (Elprince et al. [1980]). Chu and Sposito [1981], using
data obtained from careful experiments with pure clay minerals, found that
the effect of the ternary systems on the binary exchange coefficient was no
greater than the experimental error. Unfortunately, reports that have appeared
in the soil chemistry literature on exchange phenomena involving binary and
particulary ternary systems, do not involve K (Chu and Sposito [1981]; El-
prince et al. [1980]). The objectives of the current research were to: (i) study
plant response to K as affected by salinity; (ii) study K dynamics in soil as
affected by irrigation with saline-sodic water; and (iii) test the validity of ex-
change selectivity coefficients obtained in binary systems for prediction of
ternary exchange of K in multicationic system.
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2. Materials and Methods

Two soils, representing high and low available K, were chosen for the study
of the interactive effect of salinity and fertility on plant growth and the dy-
namics of K reactions in soil. The soils were collected from control plots of
fields where irrigation experiments with brackish water were being conducted:
one from the south of Israel - at Gilat, and one from the Coastal Plain -
at Nordiya. The basic chemical and physical properties of the soils were deter-
mined using standard methods and their properties are given in Table 1. This
study included a corn pot experiment in a screenhouse, and a laboratory study
of K exchange reactions in a multicationic system.

Table 1. Selected chemical and physical properties of the studied soils

Soil Soil CaCO; Organic Particle size Tex- pH CEC Exch.
Subgroup matter  Sand Silt Clay ture paste K
--------------- g kgl e emolkg ™!
Gilat Calcic 203.0 9 436 368 196 1 7.8 11.0 0.80
Haploxeralf
Nordiya Typic 1.4 4 854 48 98 s 7.5 6.2 0.50
Rhodoxeralf

2.1 Corn pot experiment

Sweet corn (Zea mays (L..) cf. «Jubilee») was grown in pots containing 3.0kg
of air dry soil, The experiment included nine treatments in six replications
in a factorial design. Potassium application rates per pot were: 0, 15 and
30 mmol K in the Gilat soil and 7.5, 15 and 30 mmol K in the Nordiya soil.
The salinity levels Sy, §; and S3 of the irrigation water were 4, 20 and 40 mmol
charge L™, respectively, with SAR values of 10 for S; and S, using a salt
mixture of NaCl, CaCl,; and Ca(NQs): in both soils. The plants were irrigated
daily to bring to volumetric water fraction at pot capacity, plus 10-20% leach-
ing (for more details see Bar-Tal et al. [1990]). Irrigation and drainage volumes
were determined throughout the experiment period. After the last harvest,
58 days after seeding, the soil in each pot was divided into four horizontal
layers and exchangeable K and Na were extracted from the soils using 1M
ammonium acetate. The leachate and saturated pastes of the soils were ana-
lyzed for EC, Cl, K, Na, Ca and Mg.

2.2 Laboratory experiment

Exchange isotherms for binary and ternary systems of K, Na, Ca and Mg
were performed with each studied soil at room temperature, 286+2.0 K, to
obtain a complete description of the exchange reactions. Binary exchange
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reactions were conducted using a batch technique. Soil samples were
equilibrated with two sets of solutions with a constant ClO,4 concentration
of 20+0.5 mol m ~: the first with a K-Mg salt mixture and the second with
Na-Mg. The initial Mg-equivalent fraction in the solution of the two sets
varied from O to 1, using two replicates. Soil samples were equilibrated with
the different salt mixture solutions, at a soil:solution ratio of 1:5.

Ternary exchange reactions were conducted using a miscible-displacement
technique (Jardine and Sparks [1984]). The soils were equilibrated with solu-
tions with a varied K/Na/Ca/Mg ratio in a constant Cl background concen-
tration of 20+0.5 mol m ~ ®. Exchangeable cations were extracted with 0.5M
LiCli solution in batch and miscible-displacement methods {for more details
sce Feigenbaum et al. [1990]). Potassium and Na concentrations in the
equilibrium and displaced solutions from the binary and ternary systems were
determined by flame photometry. Calcium and Mg in the equilibrium solu-
tions were determined by atomic absorption spectrometry,

Calcareous soils pose difficulties in the determination of adsorbed Ca and
Mg. Consequently, the adsorbed Ca plus Mg in each treatment was calculated
from the difference between the total CEC (Table 1) and the displaced Na
and K, assuming constant CEC. This assumption is based on published data
showing constant CEC of montmorillonite and montmorillonitic soils (E/-
prince et al. [1980]; Jensen [1973]). From the above batch and miscible dis-
placement techniques, K-(Ca+Mg) isotherms were drawn to present the ad-
sorbed cation ratio as a function of soluble cation and the Gapon model was
used to calculate selectivity coefficients, k.

3. Results

3.1 Comn pot experiment

Fresh and dry weights of corn, for a given K treatment, decreased significantly
with increasing salinity level in both soils (Table 2). In the Nordiya soil there
was a significant positive yield response to K application 46 days after seeding.
There was a significant interaction in yield response between K application
and salinity level of the irrigation water at the last harvest (Table 2). Hence,
at this harvest, the effect of K was analyzed separately for each salinity level
and significant yield increase was obtained in S; water, while in S, there was
yield increase from K, to K; and an unexplained decrease from K; to Kj;
there was no significant effect of K application on yield using S;.
Potassium concentration in the plant tissue was enhanced by K increasing
the K application rate and the salinity level of the irrigation water. Sodium
concentration of the plant tops was not affected by K application in the Gilat
soil, while in the Nordiya soil there was an interaction between K application
and salinity effects on the tissue Na content; K application significantly
reduced the plant tissue concentration only in the high salinity irrigation.
Potassium application reduced by a factor of 1.5-3.0 the Na:K plant molar
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Figure 2. Renormalized isotherm for K exchange with (Ca+Mg) in binary and ternary
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where aand fare ion activity (mol L ™ ) and activity coefficient in the solution,
respectively. The activities of the cations in the solutions were calculated using
the Davies equation (Sposito [1981]). The observed exchangeable potassium
ratio (EPR) as a function of solution K ratio (PAR;) of the two soils with
the regression lines is presented in Figures 3a, b. The kgk value in the Nordiya
and Gilat soils was 2.4+0.05 and 2.9+0.04 (mol L ~")** with r* values of
0.989 and 0.996, respectively. Sodium exchange with (Ca + Mg) in the Nordiya
and Gilat soils is presented in Figures 4a, b. The values of kgna for the Nordiya
and Gilat soils were 0.28+0.01 and 0.42+0.02 (mol L ™1)%, with r? values
of 098 and 0.99, respectively. The values of kg’ for K-(Ca+Mg) and
Na-(Ca+ Mg) exchange in both soils are of the same magnitude as published
values for montmorillonite and montmorillonitic soils (Bolt [1979]; U.S. Salin-
ity Lab Staff [1954]). Despite the high correlation of EPR with PAR in both
soils, there are large deviations of the observed data from the model for low
EPR values. To improve the prediction of EPR as a function of activity ionic
ratio in the solutions (PAR;), empirical functions relating kgx values to cor-
responding EPR were determined using the SAS STEPWISE PROCEDURE
{SAS [1985]) and are presented in Appendix A.

The data for K exchange with (Ca-+Mg) in both soils in the presence
of Na and using the miscible displacement method are presented in Table 4.
This was used to calculate Ex as a function of Ex as presented in Fig-
ures 2a, b together with the binary data. Preference of K over (Ca+ Mg) was
found regardless of Na presence. The calculated EPR values as a function
of PAR; in the ternary system are presented together with the binary data
(Figures 3a, b); the ternary experimental data are reasonably described by
the calculated line from the binary system. To predict exchangeable K in
ternary systems all the cations participating in the exchange reactions have
to be taken into account. Assuming a constant CEC comprised of K, Ca,
Mg and Na, the following equation can be introduced:

qk = CEC-[qna + 2(q€a +qmg)] (5)

If the Gapon selectivity coefficients which were obtained in the binary system
hold in the ternary system, the following equation is obtained:

CEC kgk PAR;

= (6)
PAR; kox + kona SAR-1

qx

A complete description of the mathematical steps to obtain Eq. (6) is given
in Appendix B.

The predicted values of exchangeable K (gk) using Eq. (6) were compared
with the measured gk values and linear relationships were obtained for both
soils (Figures 5a, b). Most of the predicted points lie near the 1:1 line but
there is a slight underestimation of g by the prediction method. The underes-
timation of gx by the model is due to the underestimation of EPR and
probably to the assumption of a constant CEC. The standard deviation in
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Figure 3. Exchangeable potassium ratio (EPR) as a function of solution K ionic ratio
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determining the CEC of the Gilat and Nordiva soils was 8.3-9.5% of their
values, respectively. An overestimation of the CEC value in the ternary system
could have led to the underestimation of gk by the model, since the model
is based on an assumption of a constant CEC.

4. Conclusions

From these studies the following conclusions can be drawn:

(i) K fertilization increased corn yield in all salinity levels only in Nordiya
soil and reduced the ratio of Na:K in plant tissue in both soils.

(ii} A linear relationship between exchangeable potassium percent (EPP)
and potassium adsorption ratio (PAR) was obtained in both soils, regardless
of salinity level or SAR value.

(iii) Potassium preference over the divalent cations (Ca+ Mg), was found
in both soils, regardless of the experimental method and Na concentration.

(iv) A simple mathematical solution of the Gapon binary equations for
K-(Ca+Mg) and Na-(Ca +Mg), in combination with an assumption of a cons-
tant CEC, was used successfully to predict the amount of exchangeable K
as a function of solution composition.
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Appendix A

The EPR power values were added to the model until the level of significance
did not exceed 0.15. The following equations were obtained:

Nordiya soil:
kok=5.668-15.673EPR +33.278EPR2-33.353EPR*+12.222EPR* 0<EPR<1.12 (A;)

kok=2.23 EPR=L112

Gilat soil:
kok=6.577-16.755EPR +27.153EPR%-18.656EPR*+4.609EPR* 0<EPR<1.5 (Ay)

kok=2.89 EPR=15
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Appendix B

If the Gapon selectivity coefficients which were obtained in the binary system
hold in the ternary system, the unknown values (na and qca + Qumg in

Eq. (5) can be replaced by the known solution composition values using Eqs.
(3) and (4) (the modified Gapon model), and the following equation is ob-
tained:

ax = CEC - gk kona SAR; qx (B1)

k(‘,]( PARi kGK PARI

where the kg values are coefficients that are functions of EPR and ESR ac-
cording to Eqs. (3-4). Equation (5) was rearranged to calculate qk:

~ CEC kox PAR;
PAR; kok + kona SAR; - 1 (Bz)
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