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ABSTRACT
Sodic soil reclamation was theoretically evaluated assuming

equilibrium chemistry and piston movement of soil solution.
The effective solubility of gypsum when mixed with a sodic
soil is increased because the exchange phase acts as a sink
for Ca2* until both the gypsum dissolution and exchange re-
actions reach equilibrium. The electrical conductivity of a
soil solution in equilibrium with both gypsum and an exchange-
able sodium fraction (£Na) of 0.0 and 0.43 is 2.3 and 14 dS
nr1. Thus, mixing gypsum into the soil hastens reclamation and
provides higher solution concentrations for the maintenance or
improvement o£ the soil hydraulic conductivity. The amount
of gypsum dissolved, expressed in moles of charge (equivalents),
is a linear function of the moles of exchangeable Na+ replaced;
r2 values typically exceeded 0.98. The slope of the regression
line decreased with increasing final ENa. Typical values were
1.40, 1.27, and 1.20 moles of charge gypsum dissolved per mole
of exchangeable sodium replaced at final £N.'s of 0.05, 0.10,
and 0.15. The inclusion of lime equilibrium reduces these
slopes by 3, 6, and 9% for P0oa's of 1, 4, and 10 kPa (1, 4,
and 10% CO2). Gypsum requirements for calcareous, sodic
soils based on quantitative replacement of exchangeable sodium
should be increased by factors of 1.3 to 1.1 depending on the
desired final levels of exchangeable sodium.

Additional Index Words: exchangeable sodium, cation ex-
change equilibria, electrical conductivity, partial pressure of
COa
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RECLAMATION OF A SODIC SOIL involves the replace-
ment of exchangeable Na+ with Ca2+ which can

be supplied by the presence or addition of gypsum
(CaSO4-2H2O), soil lime (CaCO3), or both. Although
the chemical reactions are simple, the actual processes
involve, simultaneously, mineral dissolution, cation
exchange, and solute and water movement. They have
been described mathematically by kinetic and equilib-
rium models. Glas et al. (1979) attempted to describe
gypsum dissolution and ion movement by a first-order
rate equation in combination with the convective-dis-
persion equation; Melamed et al. (1977) also adopted
a similar modeling approach. In both instances, the
models contain empirical parameters that have to be
determined from the data one wants to predict. The
problem is eliminated if equilibrium conditions are
maintained during reclamation. Equilibrium models,
which assume the rate of gypsum dissolution is rapid
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3 The sodium adsorption ratio is equal to CNa/(Cc.)V2 where
concentrations, C, are expressed in mol irr3 or mmol liter'1.

enough to maintain a saturated solution, have been
field tested in Arizona by Dutt et al. (1972) and in
California by Tanji et al. (1972). Both studies indi-
cated good agreement between predicted and measured
results for the case of sodic soil reclamation with
gypsum.

We used such an equilibrium model to theoretically
evaluate the amount of amendment required for sodic
soil reclamation and to derive a simple relationship
between the amounts of gypsum dissolved and of ex-
changeable Na+ replaced. The degree of completion
of the reaction between the amendment and exchange-
able Na+ depends on several interacting factors — the
Na-Ca exchange constant, the exchangeable Na+ frac-
tion, the solubility of the amendment, and the dis-
placement of exchange and dissolution products. The
effective solubility of gypsum is a function of soil
solution composition which, during the process of
reclamation, changes with the exchangeable cation
composition. In the case of soil lime, solubility is ad-
ditionally affected by the partial pressure of CO2.

SIMULATION CONDITIONS AND
CALCULATION PROCEDURES

The soil solution and exchange compositions were calculated
for various conditions (Table 1) as a function of the amount of
water applied, assuming water moved as a simple piston process
and that mineral dissolution and exchange reactions were rapid
enough to assure equilibrium conditions. A hypothetical column
of dry soil (1.0 cm2 by 1.0 m), subdivided into 10 segments of
equal length, was assumed to have a uniform bulk density of
1.5 Mg nr3 (1.5 g cm"3), a known cation exchange capacity, and
initial exchangeable Na+ fraction, £N.(, of 0.50. Where lime
was considered, the amount o£ lime was assumed to be unlimit-
ed throughout the soil column. Enough gypsum to reclaim the
soil to a depth of at least 0.3 m was assumed present in the
first two segments.

Water was added in increments of 0.1 column pore volume
(the pore volume of one segment) or 4.34 cm3. This increment
was assumed to displace, without mixing, the previously applied
water into the next lower soil segment. The equilibrium chem-
ical composition of the solution and exchange phases was then
calculated for each soil segment. Twenty increments of water,
or two column pore volumes, were applied for each simulation.

The chemical composition was calculated using procedures
reported by Oster and Rhoades (1975) with appropriate modifi-
cations (Oster and McNeal, 1971) to account for exchangeable
cation equilibria. The Na-Ca cation exchange coefficients used
were based on the total molar concentrations of Na+ and Caa+

solution rather than their free-ion concentrations or activities.
Using the total solution concentrations and the Gapon constant
of 0.01475 (mol m-3)-1/2 (U. S. Salinity Laboratory Staff, 1954)
for the relationship between the ratio of exchangeable sodium
to that of calcium and the sodium adsorption ratio, Rs,,3 the
calculated results agreed with the expected values (ibid.. Fig.
9).

RESULTS AND DISCUSSION

The reduction in exchangeable Na+ fraction, £Na,
was found to be primarily limited to the depth interval
in which gypsum was originally present, whereas the
electrical conductivity of the soil solution, a, was de-
creased throughout the soil column (Fig. 1A and IB).
Only as reclamation approaches completion in the re-
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Table 1—Input parameters for simulations of reclamation of a sodic soil with an initial exchangeable Na fraction of 0.5
(with one exception; the chemical composition in mol m 3 of the leaching water was: Ca, 1.32; Mg, 0.05; Na, 2.30;

K, 0.01; HCO,, 1.0; SO,, 0.5; and Cl, 3.06).

Cation exchange
capacity

——————— mmolckg-' -
50
50
50
50
50

200
200
200
200
200
200
200
200
200
350
350
350
350

Gypsum

208
0

208
208
37

206
0

206
206
206
162J
162
205
162
263

0
263
263

Na-Ca exchange
Limet constant

(mol m"3)-"2

+ 0.014
+ 0.014
+ 0.014

0.014
+ 0.014
+ 0.014
+ 0.014
+ 0.014

0.014
+ 0.014
+ 0.0073
+ 0.016
+ 0.014
+ 0.014
+ 0.014
+ 0.014
+ 0.014

0.014

Exchangeable
Mg fraction

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.05
0.05
0.05
0.05
0.05
0.25
0.50
0.005
0.001
0.001
0.001

Partial pressure
of CO,

kPa
4.0
4.0
4.0
4.0

10.0
1.0
4.0
4.0
4.0

10.0
4.0
4.0
4.0
4.0
1.0
4.0
4.0
4.0

t 4- represents the presence of lime; — represents its absence.
j The Ca and Mg concentrations in the water were 0.7 and 0.68 mol m"3, respectively; the concentrations of other ions were the same as given above.

gion where gypsum is present does the gypsum that
dissolves begin to replace exchangeable Na+ at great-
er depths. The steepness of the £Na distributions with
depth are a consequence of the greater selectivity of
the exchange sites for Ca2+ than for Na+. However,
ENa never exceeds 0.5, or £Na4- Higher values are not
possible where EN&( is uniform with depth and the
Gapon exchange constant is independent of solution
concentration. As a parcel of soil solution moves down-
ward in the soil, the Ca2+ concentration is reduced
and that of Na+ increased as Ca-Na exchange occurs
until .RNa achieves a value in equilibrium with £Na.
The remaining soluble Ca2+ will not react with ex-
changeable Na+, and consequently, the solution com-
position does not change with further downward dis-
placement. Thus, for 0.17 m of applied water (Fig.
IB), the a of the parcel of soil solution at 0.35 m does
not change as it is displaced to 0.85 m with an addi-

o- , dSm at 25 C
4.0 8.0 12.0

tional 0.22 m of applied water. At a given depth, v
decreases with increasing amounts of applied water
because the total gypsum solubility decreases as £Na
is reduced in the soil layers where gypsum is present.

In the depth interval where gypsum is present o- is
greater than that of a pure gypsum saturated solution,
2.2 dS m"1, until reclamation is complete. This re-
sults from the release of exchangeable Na+ to the
solution phase, from exchange by Ca2+, in amounts
sufficient to achieve a final solution composition that
is in equilibrium with both the gypsum and exchange
phases. At equilibrium, the o- of a Na+-Ca2+-SO4

2~
solution is a unique and almost linear function of the
ENa. For a Na-Ca exchange constant of 0.01475 (mol
m"3)-1/2, <r is 2.2 and 14 dS m"1 at an £Na of 0.0 and
0.43. A Na+-Mg2+-SO4

2- solution in equilibrium
with gypsum and an exchanger is similarly constrained
because of the exchange equilibria between Ca2* and
Mg2+ (Oster and Halvorson, 1978). The exchange
phase acts as a sink for Ca2+ released by gypsum dis-
solution and as a source for soluble Na+ until both
the dissolution and exchange reactions reach equilib-

ENo
0 0.20 0.40 0 0.20 0.40 0 0.20 0.40

I Ec =200 mmol kg

—— LIME
— GYPSUM
...... GYPSUM AND

LIME

Fig. 1—Depth distribution of exchangeable Na*, (A), and elec-
trical conductivity, (B), as a function of the depth of applied
water for a lime-free soil with a cation exchange capacity
of 200 mmol,. kg-1.

Fig. 2—The effects of cation exchange capacity, gypsum, lime,
and gypsum + lime (PCo. = 4 kPa) on the exchangeable Na+

distribution after the application of 0.87 m of water.
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Table 2—Gypsum requirement to replace indicated amounts of exchangeable sodium for a soil with a
^̂ ^ ___ cation exchange capacity of 200 mmolc kg'1. _____ _______

Amount of gypsum dissolved in first segment of soil column

Exchangeable
sodium
replaced

mmolc kg"'
10
20
10
40
30
20
90
80
70
50

El

Initial

0.10
0.15
0.15
0.25
0.25
0.25
0.50
0.50
0.50
0.50

Ya
Final

0.05
0.05
0.10
0.05
0.10
0.15
0.05
0.10
0.15
0.25

No CaCO,
EM ,t < 0.005
K,f= 0.0148

27
45
18
75
48
30

135
108
89
60

CaCO,
EMe< 0.005
Kx = 0.0148

25
43
17
70
45
27

127
102
84
57

CaCO,

Kx = 0.168

26
45
19
73
48
29

134
108
89
60

CaCO,
JSM(t< 0.005
Kx = 0.168

27
50
22
78
50
28

140
112
90
62

CaCO,
£MK< 0.005
Kx = 0.0073

28
43
15
58
40
26

113
95
81
55

g represents the amount of exchangeable magnesium as a fraction of the cation exchange capacity.
Kx represents the Na-Ca exchange in units of (mol m'')'"1.

rium. Hence, both reactions determine the concentra-
tion and activity of Ca2+ and Na+ in solution. With
increasing £Na> the equilibrium Ca2+ concentration
decreases. In turn, the concentration of SO4

2~ must
increase to maintain an ion activity product of Ca2+

times SO42~ which equals the solubility product of
gypsum. Moreover, gypsum solubility is also enhanced
because of the decreased activity coefficients for Ca2+

and SC>42~ as a result of the increased ionic strength
of the solution and the formation of the NaSO4~ ion
pair. Thus, both the amount of gypsum dissolved and
the total concentration of ions in solution increase with
increasing £Na.

Figure 2 shows the effects on reclamation of cation
exchange capacity, Ec, and lime dissolution (Pco3 of
4 kPa or 4%). As expected, the extent of reclamation,
for a given amount of water, increases with decreasing
Ec and increasing solubility of the amendment. For
reclamation with gypsum and lime, the assumption
that lime was present at all depths resulted in the ex-
tension of the depth of reclamation as compared with
gypsum alone. However, at shallow depths the final,
exchangeable Na+ fraction, £Na , is the same for
gypsum and for gypsum plus lime because of common
ion effects. The higher solubility of gypsum, as com-
pared with lime, results in higher Ca2+ concentra-
tions, which represses the amount of lime dissolved
and hence its contribution to reclamation. The effect
of PCo2 is small and independent of cation exchange
capacity. An increase in Pcoa from 4 to 10 kPa re-
sulted in only a 5% increase in the depth reclaimed.
An equal decrease in depth was obtained for a decrease
from 4 to 1 kPa.

A major objective of this study was to assess the
effects of cation exchange capacity, initial exchange-
able Na+ levels, and lime dissolution on the extent
of completion of the equilibrium reaction between
gypsum dissolution and exchangeable Na+ replace-
ment. For this purpose, the amounts of gypsum dis-
solved in the first soil layer, as a function of Ec and
fixed levels of £Na, and ENB, were determined by graph-
ical interpolation. Gypsum content was expressed in
units of millimoles of charge (meq) per kilogram of
soil (mmolc kg"1). The results for Ec of 200 mmolc

kg"1 (20 meq/100 g) showed that the greater the £Na/,
the greater the efficiency of replacement (Table 2).
Thus, for the conditions specified in column 4 of
Table 2 and for a £Nat and £Na, of 0.10 and 0.05, the
ratio of gypsum dissolved to that of exchangeable Na+

replaced is 2.7:1, or 37% of the calcium supplied re-
places exchangeable Na+. This compares with a ratio
of 6:5 (83% replacement) for a £Naj and £Na, of 0.50
and 0.25, respectively. In the presence of lime (column
5, Table 2), these ratios are slightly less because of
the contribution of lime to reclamation.

The effect of exchangeable Mg2+ is small. A major
fraction of the dissolved Ca2+ replaces exchangeable
Na+ because the selectivity of the exchange sites for
Na+ is less than for Mg2+. Decreasing (column 7, Ta-
ble 2) or increasing (column 8) the selectivity coeffi-
cient for exchangeable Ca2+ had corresponding effects
on the efficiency of replacement.

A more useful index of reclamation efficiency is
obtained by plotting the amount of gypsum dissolved
as a function of the exchangeable Na+ replaced. An
essentially linear relation is obtained (Fig. 3) for a
given £Na with but limited effect of £c. (The data in
Fig. 3 for a £c of 200 mmolc kg"1 are given in columns
1 and 4 of Table 2.) The exchange capacity introduces
some scatter into the data, but the r2 values for the
linear regression lines for each ENSL still exceed 0.98.
The slope of the line is a measure of efficiency that
can be used to predict the amount of gypsum need-
ed. The intercept corresponds to the amount of gyp-
sum required to saturate the solution phase of a soil
where £NB( equals zero. Expressed in terms of solu-
tion concentration, the intercept values range from
15 to 40 molc m~3; the solubility of gypsum in distilled
water is 30 molc m~3 at 25°C.

The linear regression data for the relationships
between gypsum dissolved and exchangeable Na+ re-
placed are summarized in Table 3. In general, the
results vary little. In the absence of lime, the slopes
are independent of PCO • Compared with these values,
the presence of lime reduces the slope 3, 6, and 9%
for PCO/S of 1, 4, and 10 kPa, respectively. Exchange-
able Mg2+ fractions of up to 0.18 have no effect. Al-
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Fig. 3—Relationship between amount of gypsum dissolved, in
the absence of soil lime, and the amount of exchangeable
Na+ replaced for final exchangeable Na* fractions of 0.05
and 0.15.

though significant, the effect of the Na - Ca exchange
constant is not large; since the range of constants eval-
uated represents the extremes which have been re-
ported (Meiri and Levy, 1973), a gypsum require-
ment based on the constant of 0.01475 (mol m~3)~1/2

should have general applicability. Thus, for reclama-
tion of calcareous sodic soils, the correction of the
gypsum requirement for reaction efficiency ranges
from a factor of 1.14 to 1.32 as ENa decreases from 0.15
to 0.05. This substantiates the correction suggested
in Handbook 60, U. S. Salinity Laboratory Staff (1954),
namely, that the values in Table 6 (ibid.) should be
multiplied by 1.25 to correct for lack of quantitative
replacement.

The composition of the applied water and the soil
water content would have only a small effect on the
amount of gypsum dissolved. This amount, is deter-
mined primarily by the change in exchangeable Na+

because the chemistry of the exchange phase predomi-
nates. For even the lowest cation exchange capacity
used in this work, 50 mmolc kg"1, the total charge of
the exchange phase in a cubic meter of soil (50 mmolc
kg-1 X 1.5 Mg m-3 X 1,000 kg Mg"1 X 0.001 molc
mmolc"1 = 75 molc) is 48 times greater than the total
charge of one pore volume of the leaching solution
used in this study (3.67 molc m~3 X 0.43 m3 = 1.57
molc). However, if an estimate of the contribution to
reclamation of the Ca2* (and Mg2+) in the applied
water is needed, the efficiency factors for the reclama-
tion reaction with gypsum would be applicable. The
same reaction occurs, and the effects of exchangeable
Na+ are far greater than those of irrigation water or
soil solution concentrations. Thus the same slopes
would be used to calculate the amount of exchange-
able Na+ replaced by the Ca2+ (and Mg2*) in the
applied water.

Reaction efficiencies are higher if they are based on
the amount of Ca2+ which does not replace exchange-
able Na+ after a parcel of soil solution has traveled
some distance through a sodic soil. With increasing
depth, the Ca2+ concentration in the soil solution is
reduced and that of Na+ is increased as Ca-Na ex-
change occurs until /?Na achieves a value in equilib-

0.2

S 0.4o

0.6

0.8

Fig. 4—The exchangeable Na* distribution after the addition of
0.35 m of water to a hypothesized soil with a Ec of 200
mmolc kg"1, an initial exchangeable Na* fraction of 0.5,
and which contained gypsum in the 0- to 0.2-m depth interval.

rium with ENSL(. The remaining soluble Ca2+ will not
react with exchangeable Na+ and is lost through drain-
age. To correct for this loss, Doering and Willis (1975)
proposed that a correction factor, F, be included to
account for reaction efficiency in the mass balance
equation that describes the amount of amendment, W
in kg m~3, required to reduce £Na(, to 0. Their equa-
tion for reclamation with gypsum is equivalent to

[1]W = 0.086 EcPb (£NSj - £Nar) F

where

F =
- Ce

and where P& is the soil bulk density in Mg m~3, and
Ce is the fraction of Ca2+ plus Mg+2 of the total cation
concentration at the bottom of the zone of influence.
The depth distribution of £Na shown in Fig. 4 was
obtained as the result of eight water additions to the
hypothetical lime-free soil column, where Ec was 200
mmolc kg"1 and £Na4 was 0.5 throughout the soil.
The Ca2+ concentration of the soil solution for the
0.7- to 0.8-m depth interval was 2 molc m~3 and the
total concentration was 179 molc m~3. This cor-
responds to an F value of 1.07. The efficiency of re-
action within the 0- to 0.1-m depth interval was about
1.40 based on a £Na/ of 0.04 (Table 3). This higher
factor reflects the decreasing efficiency of the ex-
change reaction as E$a decreases. The lower value
at the bottom of the zone of influence is the result of
repeated equilibrations of a parcel of soil solution
with higher levels of ENsi as it passes through succeed-
ing soil layers.

The use of either efficiency factor can result in the
same calculated gypsum requirement. Assuming £Na.,
£Na,, and F have a value of 0.05, 0.0, and 1.07, re-
spectively, the calculated gypsum requirement is 2.76
kg for the 0- to 0.2-m depth interval of a square meter
of soil with a cation exchange capacity of 200 mmolc
kg"1 (represented by the cross-hatched area in Fig.
4). The final depth distribution of £Na in Fig. 4 re-
sulted from the dissolution of 2.70 kg of gypsum.
Enough gypsum was dissolved to reduce the average
£Na of the upper 0.2-m of soil to 0.08. The average
reaction efficiency for these layers was 1.26, very nearly
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Table 3—Linear regression relationships between the amounts of gypsum dissolved, expressed in units of charge,
and exchangeable Na* replaced.

ENaf

0.05
0.10
0.15

0.05
0.10
0.15

0.005
0.10
0.15
0.005, 0.10 & 0.15
0.005, 0.10 & 0.15
0.005, 0.10 & 0.15
0.005, 0.10 & 0.15

0.005
0.10
0.15

Limef

_
—
-

+
+
+

+
+
+
+
+
+
+

+
+
+

**
(molm-3)-"2

0.01475
0.01475
0.01475

0.01475
0.01475
0.01475

0.01475
0.01475
0.01475
0.01475
0.01475
0.01678
0.00728

0.01475
0.01475
0.01475

^Mg

0.005
0.005
0.005
PCOi = lkPa

0.005
0.005
0.005
PCOi = 4kPa

0.005
0.005
0.005
0.005
0.005
0.18
0.18

PCOi = 10kPa

0.005
0.005
0.005

Slope

mmolegyp
mmolcEcNa

1.40
1.27
1.20

1.38
1.23
1.18

1.32
1.20
1.14
1.24
1.24
1.24
1.13

1.28
1.15
1.10

Intercept

mmolcgvpkg-'

15
7
5

15
7
5

13
6
4
9
9

12
5

12
6
4

Sy.*t

9
4
2

8
3
2

8
2
2

10
10
11
6

7
3
2

r"

0.98
1.00
1.00

0.99
1.00
1.00

0.98
1.00
1.00
0.97
0.97
0.93
0.98

0.99
1.00
1.00

t + indicates the presence of lime; - indicates its absence.
I Sy.x. represents the sample standard deviation from regression.

the value, 1.27, given in Table 3 for a E^a> of 0.10.
Thus, if the gypsum requirement to reduce £NE to 0.08
for the 0- to 0.2-m depth interval was calculated by
Eq. [1] using our reaction efficiency coefficient F=
1.27), the amount is the same as that calculated folow-
ing the methods of Doering and Willis (1975); i.e.
assuming £Na and F equal 0.0 and 1.07, respectively.
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