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ABSTRACT
A recent, corrected thermodynatnic equation for the Gapon

cation exchange selectivity coefficient produces a relation be-
tween the exchangeable sodium ratio (ESR) and the sodium
adsorption ratio (SAR) that is indistinguishable from the widely
used, empirical ESR-SAR relation when SAR s£ 40. In this
sense, the thermodynamic theory of cation exchange is con-
sistent with the empirical ESR-SAR relation over the range of
SAR values that has practical importance in the management
of sodium-affected soils.
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IN RECENT PAPERS Sposito (1977) and Sposito and
Mattigod (1979) presented arguments to demon-

strate that no limiting condition of ideal behavior al-
lows the activity of a component in an exchanger
phase to equal its equivalent fraction. Based on this
premise, it may be concluded that the traditional ex-
pression for the Gapon cation exchange selectivity co-
efficient, KG, is in error. For the case of Na+—Ca2+

exchange, the correct expression is (Sposito, 1977):

KG = SAR*
2£Na

(i-£W* [1]
where SAR» = [Na+]/[Ca2+]^ is the sodium ad-
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sorption ratio based on molar free-ionic concentra-
tions, and £Na is the equivalent fraction of Na+ in
the exchanger phase, i.e., the ratio of the charge of ex-
changeable Na to the total charge expressed by the
cation exchange capacity. An approximate expression
for the exchangeable sodium percentage, ESP (= 100
£Na), was derived by Sposito (1977) from Eq. [1] and
the assumption that (l-£2

Na)% could be replaced by
(l-£Na):

_ (100/2*G) SAR*
1 + (SAR*/2#G)' [2]

This expression was expected to be reasonably accu-
rate (i.e., to within about 20%) for predicting ESP
values for ESP < 20. Equation [2] is of the same
form as the ESP-SAR relation for predicting the po-
tential sodium hazard in irrigated soils (U.S. Salinity
Lab., 1954). However, it contains SAR*, instead of
SAR = Nar/fCar]*4 , which is based on total molar
concentrations, and KG instead of the traditional
Gapon selectivity coefficient.

Although ESP values computed from Eq. [2] are
accurate to within 20%, the equation consistently un-
derestimates ESP. On the other hand, there is reason
to believe that Eq. [1] is more accurate than Eq. [2]
in reproducing observed ESP-SAR relationships. If
Eq. [1] is rewritten as

4^ 1
(SAR*)2 - £*Na

_ j [3]

it is evident that, for sufficiently small £Na, the sec-
ond term on the right-hand side of Eq. [ 3 ] may be
neglected and a linear relation between £Na and SAR*
is recovered. Given the proportionality between SAR*
and SAR (Sposito and Mattigod, 1977), this linear
relation is consistent with the empirical ESP-SAR re-

Published March, 1980

kailey.harahan
Typewritten Text
672



OSTER & SPOSITO: CAPON COEFFICIENT AND EXCHANGEABLE SODIUM PERCENTAGE-SODIUM ADSORPTION RATIO 259

Table 1—Na-Ca/Mg exchange data and calculated Gapon
coefficients based on SAR*.

ESR

0.032
0.052
0.068
0.066
0.065
0.070
0.105
0.095
0.082
0.118
0.115
0.152
0.175
0.198
0.272
0.222
0.232
0.227
0.207
0.258

£Na

0.031
0.049
0.064
0.062
0.061
0.065
0.095
0.087
0.076
0.106
0.103
0.132
0.149
0.165
0.214
0.182
0.188
0.185
0.171
0.205

SARt

2.2
3.8
3.6
3.8
4.0
4.8
6.2
8.0
8.2
8.8

10.8
12.2
12.4
14.5
14.2
15.2
15.4
15.8
16.4
17.6

SAR*

—— (mol/m1)"' ——
2.5
4.3
4.0
4.3
4.5
5.4
6.9
9.0
9.2
9.9

12.1
13.7
13.9
16.2
15.9
17.0
17.3
17.7
18.4
19.7

KG

40.8
43.6
31.6
34.8
37.1
41.4
36.3
51.7
60.7
46.6
58.5
51.4
46.2
48.5
36.3
46.1
45.0
47.0
52.8
47.0

t Both ESR and SAR determined directly from Fig. 9, U.S. Salinity Lab-
oratory Staff (1954).

lation reported by the U.S. Salinity Laboratory Staff
(1954). For £Na ^ 0.40, the value of l/EV > 6 and
the neglect of the second term on the right-hand side
of Eq. [3] seems to be justified. Therefore, when
ESP < 40, Eq. [ 1 ] should provide an estimate of ESP
based on SAR* that does not differ greatly from what
appears in USDA Handbook 60 (U.S. Salinity Lab.,
1954).

To test this hypothesis, the average value of KG was
calculated according to Eq. [1] with Na+—Ca2+ ex-
change data as reported in Fig. 9 of USDA Handbook
60 (U.S. Salinity Lab., 1954). The use of these data
implies that Ca2+ and Mg2+ are not significantly dif-
ferent in their exchange relations with Na+. For the
purpose of this paper, this assumption is a reasonable
approximation and follows the same logic used to
derive the empirical ESP-SAR relation. Because the
chemical compositions of the saturation extracts in-
volved were not available, SAR* was computed from
SAR and the regression equation (Sposito and Matti-
god, 1977):

SAR* = 0.08 + 1.115 SAR, (r2 = 0.994). [4]
This equation is based on chemical composition data
for 105 saturation extracts obtained from a broad
variety of soils. With this value of SAR* and £Na com-
puted from the corresponding value of the exchange-
able sodium ratio, ESR, [= Em/(l-Em)], KG was cal-
culated from Eq. [ 1 ]. This was done for the 29 pairs
of ESR-SAR values given in Fig. 9 of USDA Hand-
book 60 (U.S. Salinity Lab., 1954) over the range of
0 ^ SAR ̂  25, which is the range of applicability of
Eq. [4]. The values of ESR, £Na, SAR, and SAR* are
listed in Table 1 along with the resulting values of
KG. The average value of KG was 45 ± 8 (mol/m3)^.
The relationship between ESR and SAR that comes
from the use of this average KG and Eq. [1] and [4]
is illustrated in Fig. 1 by the dotted line. The data
in Fig. 1 are taken directly from Fig. 9 in USDA Hand-
book 60 (U.S. Salinity Lab., 1954). Equation [1]
with KG = 45 (mol/m3)*, fits the data points well
and, for SAR < 25, corresponds closely with the regres-

1.5

= 1.2
I

= 0.9
£
E

0.3

OA 10.0 20.0 30.0 40.0 50.0 60.0
Sodium Adsorption Ratio, (mol m"3)'*

Fig. 1 — ESR as related to the SAR of the saturation extract.

sion line reported in USDA Handbook 60 (U.S.
Salinity Lab., 1954) and shown as a solid line in Fig. 1.

For SAR > 25, the solid line in Fig. 1 fits the
ESR-SAR data better than Eq. [1] with KG = 45
(mol/m3)I/4. This may be a consequence of a different
average KG being necessary for the ESR data when
SAR > 25, or of the heterogeneous group of soil ex-
changers from which the data were obtained, or of the
increasing nonuniqueness of the SAR*-SAR relation
(because of the variability in soil solution composi-
tion) as SAR increases (Sposito and Mattigod, 1977).
The average Ka computed from all of the 59 ESR-SAR
pairs in Fig. 9 of Handbook 60 (0 ^ SAR ^ 60), as-
suming SAR* = SAR, yields K1

G = 47.5 + 3r20

(mol/m3)1/!, where K1
G is based on SAR values com-

puted from total molar concentrations rather than
molar free-ion concentrations. The corresponding
ESR-SAR relation is shown as a dashed line in Fig. 1.
This curve is in reasonably good agreement with the
solid line over the range 0 < SAR < 40. One could
also choose to recompute K1

G so that the deviations
between predicted and measured ESR would be mini-
mized. This would give greater weight to the high
ESR-SAR values. The result would be a higher K1

G
value and downward displacement of the dashed line.

The principal conclusion to be drawn from Fig. 1
is that the widely-used empirical relation between ESR
and SAR (or ESP and SAR) developed by the U.S.
Salinity Laboratory Staff (1954) is indistinguishable
from the ESR-SAR relation predicted by an appro-
priately calibrated form of Eq. [1] over the SAR
range of practical significance. In this sense, the ther-
modynamic theory of cation exchange in soils is con-
sistent with the empirical U.S. Salinity Laboratory
ESR-SAR relation. For a single soil, a relation be-
tween ESR and the activity ratio (Na+)/(Ca2+)V2 is
on firmer thermodynamic grounds than one between
ESR and either SAR* or SAR (Rao et al., 1968; Na-
kayama, 1975). However, for a heterogeneous group
of soils, the variation in KG and its dependence on the
exchangeable cation composition will be greater than
a correction for activity coefficients and ion associa-
tion in solution, and the use of a statistical relation be-
tween ESR and SAR (U.S. Salinity Lab., 1954) is com-
pletely justified on practical grounds.
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