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ABSTRACT

The relation between the sodium adsorption ratio (SAR) and
PH. derived here predicts SAR of the drainage water (SAR,.)
better than existing empirical equations. Inaccuracies in SAR
estimates from the new relationship can be anticipated by the
extent to which the derived conditions are valid. Empirical
equations provide no understanding of why they are sometimes
inaccurate. Due to the relative insensitivity of SAR to cal-
cium concentrations, SAR predictions of most drainage waters
(where Ca ~ 14 HCO,) are satisfactory when the Ca con-
centration of the drainage water is assumed to be constant
at any fixed Pgo,. Prediction of SAR in drainage or soil water
in the absence of gypsum precipitation requires knowledge
of P, irrigation water composition, HCO,/Ca ratio, and the
leaching fraction. SAR,, can be simply and accurately cal-
culated from the derived equation and a table accounting for
ionic strength and HCO;/Ca ratio,
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HE SODIUM ADSORPTION RATIO (SAR)? of soil and

drainage waters is a common index of the suit-
ability of a water for irrigation or the environmental
consequence of irrigation. Since the SAR of drainage
water is a valuable measure of the maximum SAR
within the root zone, empirical equations have been
developed to predict drainage water SAR based on
leaching fraction (LF)* and chemical composition of
the irrigation water.

The objective of determining SAR is usually to pre-
dict the exchangeable sodium percentage (ESP) of
a soil. The SAR expression implicitly assumes that
calcium and magnesium have equal selectivity for ex-
change. Also, the exchange phase composition is fixed
by the total concentrations of the exchangeable ions
rather than their activities. Despite these simplifica-
tions, the SAR expression can predict ESP for a range
of solution compositions and concentration. The sta-
tistical fit shown in USDA Handbook 60 (U.S. Salinity
Laboratory Staff, 1954), where ESP —0.0126 -+
0.01475 SAR, is usually adequate (r? = 0.852). For
greater accuracy, each soil and water type should be
calibrated. The prediction of SAR in the soil solu-
tion is discussed below.

The prediction of Bower et al. (1968) for the SAR of
drainage water, SARgyy, is

1 Contribution from the U. S. Salinity Laboratory, USDA,
Riverside, CA 92501. A version of this paper was presented at
the WRCC-33 meeting, Land and Water Management for Con-
trol of Salinity in Western States, Fresno, Calif. 11 Sept. 1979.
Received 30 Jan. 1980. Approved 26 Dec. 1980.

? Geochemist.

3SAR = Na/(Ca + Mg)* where concentrations are expressed
in mmol/liter.

*LF = fraction of irrigation water that leaves the root zone
as drainage water.
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SAR4w = (I/LF)* - SARy (1 + 84 — pH.*) [1]
where
pH* = (pKy' — pK.) + p(Ca + Mg) + pAlk; ([2]

pK:' and pK.' are the negative logarithms of the sec-
ond dissociation constant of carbonic acid and the
solubility constant of calcite, respectively (corrected
for ionic strength); and pAlk is the negative logarithm
of the alkalinity. Equation [1] attempts to correct
SARyw for leaching fraction and CaCO; precipitation-
dissolution, and assumes that the drainage water pH is
8.4 and that Mg precipitates along with Ca as a carbo-
nate. This relationship overpredicted SARay in ly
simeter experiments; Rhoades (1968) modified the ex-
pression to

ya + 2 LD
SARg4w = 93
where y is a constant, usually 0.65 in value. Although
described as a mineral weathering parameter, y is an
empirical curve-fitting constant.. Since the original
equation was empirical, any inadequacy in predicting
SAR4w cannot be anticipated.

The following derivation shows how SARgy, irriga-
tion water compositions, pH,, and LF are theoretically
interrelated. The SAR-pH. relationship developed
here is different than the Bower et al. (1968) or
Rhoades (1968) equation; it is simpler and more ac-
curately predicts SAR 4y

. SARy, (1 4 (84— pHc"‘)) (3]

THEORY

We assume ion exchange equilibrium (or steady
state) has been achieved and that magnesium carbo-
nate does not precipitate, i.e.,, Na and Mg are concen-
trated in direct proportion to 1/LF. Magnesium pre-
cipitates in irrigated soils only under agriculturally
unusual conditions (Suarez, 1975). In contrast, Ca
does not increase in direct proportion to 1/LF but is
instead controlled by a CaCOj solid phase. From the
definition of SAR and LF, and at steady state,

Na,w/LF [4]
{(Mgiw/LF) + Cacq}*

where Ca.q is the Ca concentration in millimoles per
liter in equilibrium with a CaCOj; solid phase at the
bottom of the root zone. To solve for SAR4y, Caeq
must be calculated for the appropriate CO. concen-
tration. This Ca value is not easily estimated and its
calculation can be complex.

Combining the equilibrium expression for calcite

solubility with the second dissociation constant of car-
bonic acid yields

SARdw =

(5]

where brackets denote activities, K;, = 107847 (Jacob-
son and Langmuir, 1974), and K, = 107193 (Harned

[H*] = K£;[Ca2+] [HCO,~ ]
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and Scholes, 1941). This equation gives the pH of
calcitesaturated solutions (pH.q).

Equation [5] can calculate the pH that a soil water
at calcite equilibrium would have 1f Pco, were adjusted
such that Ca and CO; had not precipitated or dis-
solved as evapotranspiration concentrated the irriga-
tion water in the rootzone. For the ideal system where
vy = 1, and there is no complexing, Eq. [5] can be
written :

K, ] Cayy

Ks HCOu,
K, LF ‘

H = “IF [6a]
where Cay, and HCOsy,, are the concentrations of Ca
and HCOg; in the irrigation water, assuming all carbo-
nate alkalinity as HCOs. In contrast to Eq. [5], Eq.
[6a] represents the hypothetical pH obtained by in-
creasing Pco, without any precipitation.

Similarly

Cayy, H_Coaiw

pH‘=PK2_PK”’+PF+PLF ’ [6b]

where pH; is the pH of the soil water necessary to
prevent calcite precipitation or dissolution. Equation
[6] is equivalent to Eq. [2], except that Eq. [2]
considers Mg as precipitating with Ca as a carbonate
and Eq. [2] considers the concentration of the irriga-
tion water uncorrected for LF.

Rearranging Eq. [5], assuming no complexation
and that y = 1,

2
then
2 pCagq — pHeq = P (K,,,(Ca/Hcoa)eql;z) [8]
and
2 pCa; — pH; = p (Kyp(Ca/HCOm)Kz).  [9]
It follows that

Caeq = Cay/(10~®H, — PH,/2), [10a]
where Cacq is the Ca concentration of the water at the
bottom of the root zone at calcite equilibrium; pHeq
is its pH at the fixed CO; level (that of the drainage
water); Ca; is the Ca concentration the water would
have if precipitation or dissolution did not occur
(Cajw/LF); and pH; is the pH necessary to prevent
dissolution or precipitation of CaCOjz (with Pco, ad-
justed to achieve that pH).

Equation [10a] holds for any solution in which
(HCO3/Ca)eq ~ (HCO;/Ca)i. If Ca; = Cay/LF, then

Calw
LF - 10~®H, =

Caq = [10b]

PH, /2
If the Pco, necessary to prevent precipitation equals the
Aiw
LF
Finally, substitution of Eq. [10b] into Eq. [4]
yields

actual Pco,, then pH; = pHeq and Caeq =

Nay [11]
LF ,
SARdW - Mglw Caiw “
(LF t ILF - 10-0H, - vH...VZ)

A comparable expression can be derived for SARgy,
and the pH. of the irrigation water (rather than pH;
of the drainage water.) Using the pH, expression as did
Bower et al. (1968) in Eq. [2] (except without Mg
precipitation), then

LF
SARew = Mglw Cayw "
(LF + 10— <eH, — pH‘q)/2>

Equation [12] is the theoretical relationship be-
tween pH. and SAR and can adequately predict SAR 4y
while Eq. {1] does not. Also Eq. {11] and [12] are
valid for any HCO;/Ca ratio.

Solving Eq. [11] and [12] for SAR4w require pHeq
which depends on the HCO;/Ca ratio in solution and
Pco,. Equation [1] assumes pH., = 8.4. For solutions
with an equilibrium pH of 8.4, Eq. [12] accurately
predicts SARyy, while Eq. [1] does not, as will be
shown.

Rather than choose an arbitrary value for pH,, it
is preferable to solve pH., for a set of reasonable
conditions. For the solution where Ca = HCO;/2,
substituting that into Eq. [5] gives

K;[HCO;~12/2[H*] = Kep. [18]

Combining the solubility equation of CO; in water
with the first dissociation constant of carbonic acid
yields

[HCO3~] = K1P.o,Keo/[H*]. [14]
Combining Eq. [13] and [14] yields
Kz, K% P2, K2>“3

2Ke

with values of Keo, and K, given by Harned and Davis
(1943). Equation [15a] could be formulated for any
other HCO3/Ca ratio by substituting that ratio for the
value (2) in the denominator, i.e.,

cho, Kzl cho, K2>1/3 [l5b]
(HCO;/Ca) K,

The pH,, can now be solved for any value of Pco, and
HCO3/Ca ratio. The root zone CQO, concentration
is properly considered an external independent vari-
able, not substantially affected by mineral dissolution
and precipitation, but the result of a balance between
CO, production by plant roots and microbial respira-
tion vs. diffusion to the atmosphere. The prediction
of the Ca concentration of any saturated solution can-
not be done without knowing the Pco,. Proper ap-
plication of the pH, concept thus requires a Pco; as-
sumption since we cannot predict pH., without it.
The derived Eq. [11] is more accurate if we calculate
pH,, taking into account the water’s HCO3;/Ca ratio
and Pco, from Eq. [15b] rather than using a fixed
pHe. This eliminates the advantage of using pH.,
as Caeq can be directly estimated from the same vari-
ables. This derivation is shown below.

[15a]

pHe = 10 exp —(

pHeq =10 exp —(
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Combining the CaCO; solubility equation with the
first and second dissociation constants of carbonic acid
yields

[H:CO3] KiKsp
[HCO;~]? [Ca®*] Ka [16]
If we substitute the constant for the solubility of CO.
into Eq. [16] we obtain

(K1 Kop Koo, Pooy/Ko) = [Ca?*] [HCOs™]2  [17]

This is a general condition, valid for any solution in
equilibrium with any CaCQj; solid phase (of given Kp).
If we substitute HCO3~ = 2 Ca?* into Eq. [17] we
obtain
[Ca?*]3 = (K1 Koy Koo, Pooy)/ 4 Ko [18]
When Eq. [18] is solved for Ca, in millimoles per
liter and the Ca value substituted into Eq. [4], then
Nay,/LF [19]

SARdw =
J(Mglw/LF) + 9.33 (P )t

This expression is much simpler than either Eq. [11]
or {12] and quite accurate. Even if the assumption
(HCO;3 = 2 Ca) is not reasonable, SAR will still be ade-
quately predicted by Eq. [19], due partly to the
insensitivity of SAR to the Ca concentration. As will
be shown, Eq. [19] is preferable to the assumption of
a fixed value for pH,q of 8.4. The assumption (HCOjs
= 2 Ca) is not the only possibility because Eq. [18]
and [19] can also be generalized for any HCO3/Ca
ratio.

The general form of Eq. [18] is Ca?*eq = (Pcog)!/® -
constant, where the constant depends on K;, K, Kco,,
and K (all of which are fixed) and the HCO;/Ca
coefficient

)1/3

(PCOS)I/S'

Kl Ksp KCOz
K2 (HCO;;/Ca)z
X

= e .

10°

Ca®*eq = (

7087211003

X (Pooy)! [20]
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Table 1 lists the X values for Ca in millimoles per
liter. The values of the activity coefficients Yc. and
72acoy, Were calculated by means of an extended Debye-
Huckel equation. Since Caq = X - Pooy!/3, this value,
when inserted into Eq. [4], yields

Na,w/ LF
(Mgw)/LF + X (P i”

[21]

SARdw =

This equation should be accurate because it properly
considers LF, activity coefficients, Poo,, and the HCOs/
Ca ratio.

Calculations and Evaluation of SAR4w Expressions

The best procedure to evaluate the accuracy of
SAR4y equations is to compare the predicted SARyy
for different water types and leaching fractions against
computer model predictions. This is justified because
all the expressions attempt to account for CaCQOjs pre-
cipitation, which the program does i)recisely, correcting
for activity coefficients and complexing. Because of
the nonsteady-state conditions encountered in field
measurements, it is not desirable to evaluate a derived
or empirical expression on limited field data. Use of
field data alone have resulted in correlations which
do not have general validity but fit only that parti-
cular water type, leaching fraction, or Peo,. As a point
of reference, a comparison will be made between the
computer program and data obtained from a lysimeter
experiment.

The leaching fractions listed in Table 2, Col. 1, were
achieved in the lysimeter experiment of Oster and
Rhoades (1975). The leaching fractions marked with
an §§ are those that result in gypsum in addition
to CaCO; precipitation. Compositions of the eight
western rivers used for irrigation are given in Rhoades
et al. (1973). Listed in Table 2, Col. 2, are the SAR
measured by Oster and Rhoades (1975) on the drain-
age waters from their lysimeters after several years of
irrigation. The s0il Peo, in the lower quarter of their
lysimeters averaged 0.13 atm. In Col. 8 is the SAR

Table 1—X values calculated from Eq. [20] for various HCO,/Ca ratios and ionic strength.

Ionic strength
HCO,/Ca 0.001 0.005 0.01 0.02 0.03 0.04 0.06 0.07 0.1 0.15 0.2 0.256 0.3 0.4 0.5
0.1 734 79.6 84.1 90.0 944 97.9 101.0 106.0 112.0 120.0 125.0 130.0 133.0 139.0 1440
0.2 46.2 60.1 653.0 66.7 69.6 61.7 63.6 66.8 70.5 76.3 78.8 81.7 84.0 87.7 90.4
0.3 36.3 38.2 40.4 43.3 45.4 47.1 48.56 51.0 53.8 67.6 60.1 62.3 64.1 67.0 69.0
0.4 29.1 31.6 33.4 36.7 37.6 38.9 40.1 42.1 44.4 474 49.6 61.6 52.9 66.3 67.0
0.6 25.1 27.2 28.8 30.8 323 33.5 345 36.3 38.3 409 42.8 443 45,6 476 49,1
0.6 22.2 24.1 25.6 273 28.6 29.7 30.6 32.1 33.9 36.2 379 39.3 40.4 42.2 43.6
0.7 20.1 21.7 23.0 24.6 25.8 26.8 276 29.0 30.6 32.7 34.2 36.4 36.4 38.1 39.2
08 18.3 19.9 21.0 22.5 23.6 24.56 256.2 26.5 28.0 29.9 31.3 32.4 33.3 34.8 3569
0.9 17.0 184 19.4 20.8 21.8 22.6 23.3 24.56 26.9 27.6 28.9 30.0 30.8 32.2 33.2
1.0 15.8 171 18.1 19.4 20.3 21.1 21.8 22.8 24.1 256.8 26.9 279 28.7 80.0 309
1.6 12,1 13.1 13.8 14.8 16.6 16.1 16.6 174 18.4 19.7 20.6 21.3 21.9 22.9 23.6
2.0 9.96 10.8 114 12.2 12.8 133 13.7 144 15.2 16.2 17.0 17.6 18.1 189 19.56
2.6 8.68 9.31 9.84 10.6 11.0 11.56 11.8 124 13.1 14.0 14.6 16.2 15.6 16.3 16.8
3.0 7.60 8.24 8.71 9.33 9.78 10.1 10.6 11.0 116 12.4 13.0 134 13.8 144 14.9
3.5 6.86 7.44 7.86 8.42 8.82 9.16 9.44 9.91 10.6 11.2 11.7 121 12.6 13.0 134
4.0 6.27 6.80 7.19 7.70 8.07 8.37 8.63 9.06 9.67 10.2 10.7 11.1 114 11.9 12.3
4.6 5.80 6.29 6.65 7.12 7.46 7.74 7.98 8.38 8.85 9.45 9.88 10.2 10.2 11.0 11.3
6.0 5.41 5.86 6.20 6.63 6.96 7.22 7.44 7.81 8.26 8.81 9.21 9.66 9.83 10.3 10.6
6.0 4.79 5.19 5.49 5.87 6.16 6.39 6.69 6.92 7.30 7.80 8.16 8.46 8.70 9.09 9.37
7.0 4.31 4.68 4.95 5.30 5.66 5.77 5.956 6.24 6.59 7.04 7.36 7.63 7.85 8.20 8.46
8.0 3.95 4.29 4.53 4.85 6.09 65.28 6.44 6.71 6.03 6.44 6.74 6.98 7.18 7.60 7.73
9.0 3.65 3.96 419 4.48 4.70 4.88 5.03 5.28 6.67 5.956 6.23 6.46 6.64 6.94 716
10.0 3.41 3.69 3.90 4.18 4.38 4.56 4.69 4.92 5.20 5.56 5.80 6.02 6.19 6.46 6.66
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predicted by a computer program which corrects for
ionic strength and complexing and uses the apparent
solubility value of 10~59, the ion activity product of
CaCO; for groundwaters beneath irrigated lands (Sua-
rez, 1977). The SAR predicted in Col. 4 represents
the SARg4y calculated with the equation of Bower
et al. (1968), ie., Eq. [1]. The expression pK, —
pK.’ necessary to solve for SAR4s was determined by
the following corrected equation, following Bower et
al. (1965):

pKy' — pK¢' = a + 0.059

40" ("
(T * TriegE) ()

where a is 2.027. The ionic strength (u) was estimated
by the relationship

1,000 . = 1.3477 C + 0.5855, (28]

where C is millimoles cation charge per liter (Bower
et al,, 1965). 'The sum of the cation charges of the
drainage water was approximated by dividing the sum
of the cation charge of the irrigation water by the
LF. The pH, value was determined with Eq. [2],
only omitting the Mg. term. The SAR predicted in
Col. 5 is based on calculations using Eq. [3] (Rhoades,
1968), with a “y” value of 0.65 and pK, — pK. “a”,
and pH, as given above. The SAR values in Col. 6
were calculated with Eq. [11]. The apparent solu-
bility value of 10782 was used in place of K of cal-

cite in Eq. [15a]. The calculated value of pH., was
6.68 for the lysimeter Peo, (0.13 atm). Column 7 rep:
resents the solubility of CaCOj; (with a solubility of
10789 corrected for complexing and ionic strength at
Pco, = 0.13 atm. This value can be obtained from
Eq. [19] if it is corrected for ionic strength. Column
8 was calculated, using Eq. [23] to estimate ionic
strength, reading off the appropriate X value in Ta-
ble 1 and substituting into Eq. [21].

The determined values of SAR4w shown in Table
2, Col. 2, are fairly accurately predicted by the com-
puter-calculated values in Table 2, Col. 3. It is not
certain that the drainage waters were at steady state.
There might still have been some Ca-Mg ion exchange,
and fluctuations in Pco, and LF are to be expected.
All subsequent comparisons are best made with respect
to the program-generated values. The SARy4e cal-
culated with the Bower equation (Eq. [1] of this
paper) shown in Table 2, Col. 4, predicts SARyy for
Feather River water reasonably well but overpredicts
SARg4, for all other waters by a factor of about 2 to
2.5, with a mean absolute error of 9.10. A regression
equation could be fitted to the data; SAR4w, how-
ever, could just as easily be regressed to SAR;, directly.
The overprediction would be even greater if Mg was
added to the pH, calculation (as in Eq. [2]), as per
Bower et al. (1968). The Rhoades equation, incor-
porating the additional y parameter, adequately pre-
dicts SAR . as shown in Table 2, Col. 5. There is
some underprediction for Feather River water and

Table 2—Comparison of SAR of drainage waters from lysimeter experiment (Oster and Rhoades, 1975) to SAR calculated
using predictive equations.

1 2 3 4 5 6 7 T8
River SAR SAR SAR SAR SAR SAR SAR
water LF measuredt progt Bower§ Rhoadesy Eq.[11)# Ca=6.45mMtt  Eq.[21]}F
Feather 0.102 1.43 0.70 0.54 0.45 0.78 0.68 0.82
0.199 0.65 0.37 0.39 0.30 0.44 0.37 0.47
0.309 0.49 0.24 0.31 0.22 0.30 0.24 0.32
Grand 0.328 11.5 9.24 21.4 10.7 9.36 7.80 10.3
Missouri 0.275 4.7 3.08 6.93 3.76 3.20 3.48 3.21
0.341 34 2.59 6.22 3.18 2.69 2.90 2.72
0.088 6.7 7.18 12.3 7.718 7.49 8.23 7.56
Salt 0.168 © 139 16.1 30.0 17.1 16.1 17.7 16.8
0.305 109 9.85 22.3 11.3 10.0 10.7 10.4
Colorado 0.086 5.6 6.5888 11.6 7.35 6.63 7.42 6.71
0.192 3.7 3.47§$ 7.78 4.49 3.81 - 438 3.78
0.304 2.6 2.56 6.18 3.24 2.70 3.13 2.69
Sevier 0.107 148 16.7 32.2 21.4 16.4 16.8 16.6
0.222 10.9 10.4 22.3 15.4 10.4 10.6 10.9
0.320 9.0 8.07 18.6 10.3 8.19 8.31 8.39
Gila 0.112 22.6 23.388 48.3 29.9 25.3 19.0 254
0.230 16.1 14.7 33.7 18.8 15.5 18.4 15.4
0.296 13.5 12.5 29.7 15.7 12.9 15.5 12.8
Pecos 0.099 12.8 14.488 25.3 15.6 13.5 15.9 13.1
0.211 8.4 8.488% 17.4 9.71 8.01 10.2 7.70
0.320 6.3 6.1688 14.1 719 5.95 7.83 5.63
Error{y 9.10 1.81 0.32 1.23 0.50

1 Measured SAR of drainage water (Oster and Rhoades, 1975).
1 SAR determined by program with P, = 0.13 atm.

§ SAR determined by Eq. [1] of this report {(Bower equation) and equations similar to Eq. [2} without the Mg term.
{ SAR calculated from irrigation water using equation of Rhoades (1968), (Eq. [3] of this report) and an equation similar to'Eq. [2] without the Mg term.
# SAR calculated from Eq. [11] and [16a], assuming apparent IAP = 10-*°(Suarez, 1977).

11 SAR calculated assuming Ca of the drainage water = 6.45 mM and SARgy, = (NajgJ/{(Mg;/LF) + 6.45}"/2

1t SAR calculated from Eq. [21) with X values determined from Table 1 and P¢o, = 0.13 atm.

§8 Gypsum and CaCO, precipitated.
{1 Mean absolute difference between computer model and other methods.
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overprediction for all other waters. The mean ab-
solute error was 1.81. The overprediction would also
be greater if the Mg term were included in the pH,
calculation. Table 2, Col. 6 was calculated with Eq.
[11], the pH-SAR equation derived in this paper. It
predicts SAR very well using the same terms as the
Bower equation (except that pH., = 6.68, derived
from Eq. [15a] rather than pHe, = 8.4) without ad-
ditional fitting parameters. The mean absolute error
was only 0.32. The values calculated in Table 2, Col.
7, represents the Ca value of 6.45 substituted into the
simple SAR expression. Despite lack of correction for
ionic strength of the individual solutions and the as-
sumption that HCO; = 2Ca, the mean absolute error
was only 1.23. The data in Table 2, Col. 8, were cal-
culated from Eq. [21]; calculation of SAR was very
accurate with a mean absolute error of 0.50.

Substantial errors in predicting Ca result in only
modest errors in predicting SAR. For example, if the
Ca concentration of Gila drainage water at LF =
0.230 is one-half the actual value (8.75 instead of 17.5
mM), then the SAR increases from 14.7 to 17.4 or an
error of 18%,. If we assume Ca in the drainage water
is zero, the SAR increases to 22.6. For numerous wa-
ters, the empirical equations gave SAR values greater
than those obtained assuming Ca was zero. At con-
stant SAR, the Ca term becomes less important as
salinity increases due to the square root term. The
sensitivity of SAR to Ca also decreases as Mg/Ca
increases.

Of the 21 waters examined, six precipitate gypsum.
This is not typical of arid land irrigation waters, but
these waters have been included as a test of the con-
ditions under which the equations can be used. Ob-
viously, a model that considers CaCO; precipitation
alone cannot yield accurate predictions of Ca in a
CaCOjygypsum-controlled system, and none of the
equations presented would be useful in a pure Ca-
Na-SO4 system. For waters that precipitate CaCO; and
gypsum, a CaCO; model alone will usually predict
SAR quite well. The reasons are twofold: (i) relative
insensitivity of SAR to Ca concentration, especially at
high salinity (discussed above); and (ii) the interac-
tion of CaCO; and gypsum precipitation. If gypsum
precipitation is not considered, CaCQj; precipitation is
overestimated for waters that precipitate gyl[;sum 8yp
sum precipitation removes Ca and SO, which allows
more HCO; to stay in solution). The CaCOj; over-
estimate does not completely compensate for gypsum
precipitation but usually equals a substantial portion
of it. The data in Table 2 show that Eq. [21], as
expected, is not as accurate for waters that precipitate
gypsum and CaCO; as compared to those that precipi-
tate only CaCO; The mean absolute difference be-
tween the program and Eq. [21] was 0.86 for the
six gypsum precipitating waters vs. 0.50 for all the
samples.

The low accuracy of the Bower equation stems from
two difficulties: (i) the form of the SAR-pH rela-
tionship used; and (ii) the choice of a fixed pHeq and
specifically pH,, as 8.4. This 8.4 value is very close
to the pH of a pure calcite solution, when HCO; =
2Ca at Peo, of 10~35 (atmospheric CO, pressure). How-
ever, due to the form of the equation, it will not ac-
curately predict SAR when HCO; = 2Ca and Peo,
equals 10735 Also, the appropriate pHe, for a Peo,

pHeq

Fig. 1. pH vs. negative log of HCO;,~ activity. Dashed line rep-
resents dissolution of CaCO;. This line represents the satura-
tion line only when Ca = 14 HCO;. Since Ca* is not fixed
by the diagram, any and all points on the figure can rep-
resent saturation.

of 0.13 atm (Pco, of the lysimeter expriment) is 6.68
when HCO; = 2 Ca. The determination of pH.q, ne-
cessary for proper use of the pH, concept, is dependent
on the solution composition, leaching fraction, and
Pco,.

The necessity of considering Pco, and determining
the HCO;/Ca ratio is evident from Fig. 1. All points
on the figure can represent calcite equilibrium, since
we have one variable [Ca?*] which is not specified.
The solubility of CaCOj; in distilled water is given by
the dashed line. Any point on the line when HCO;
= 2Ca defines the system (i.e. Pco,, pH, HCO;, and
Ca). If HCO;/Ca is not given, the system is not de-
fined when other salts in addition to CaCO; are
present. If we calculate pH, and want to determine
equilibrium (pH,,), we still have two degrees of free-
dom, since Pco, and Ca or HCO3 must still be speci-
fied. At atmospheric Pco,, for any solution with a pH
above 8.4, HCO;/Ca ratios exist which result in CaCOjs
equilibrium, supersaturation, and undersaturation.
Thus, pH, values below 8.4 need not indicate super-
saturation or a tendency towards precipitation as as-
sumed in the Bower equation.

In the absence of precise Pco, data, it is certainly
better to estimate Pco, based on soil type, soil moisture
content, and crop than to make no assumption and
leave one degree of freedom in the solubility relations.
That Pco, need not be precisely known is evident by
examining the exponent terms in Eq. [21]. If it is
known that the Pco, is very low (near that of the at-
mosphere) the equations developed here will ade-
quately account for this change if some rough estimate
of Pco, is made. In contrast, the empirical equations
would not be adequate at low Pco, even with a regres-
sion equation, unless the regression equation were de-
termined for samples at the same Pco;. A similar prob-
lem is encountered with waters of different HCQO;/Ca
ratios. By examining Eq. [1] or Eq. [8], it is not
clear how a change in Pco, ot HCO;/Ca would alter the
coefficients of a regression equation. Use of Eq. [21)
properly requires that we know the final HCO3/Ca
ratio of the drainage water. It is apparent that using
the HCO3/Ca ratio the drainage water would have
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if no precipitation or dissolution occurred, is often a
reasonable estimation of the actual HCO;3/Ca ratio.
It should be noted that the use of a constant value
of Ca,q at a given Pco, (as per Table 2, Col. 6) is often
sufficient; it is not, however, much more "difficult
to use Table 1 and Eq. [21].

Use of these equations is not restricted to drainage
water. If the term analogous to leaching fraction is
known for any other point in the soil, the SAR at
that point can be calculated, with the appropriate
Pco, value by using Eq. [21] and Table 1. Also, if
the drainage water leaving the root zone enters an en-
vironment of different fixed Pco, (open system), we
assume that the SAR will adjust accordingly. Simple
predictions are not possible if the waters undergo
chemical reactions below the root zone since closed-
system CO; conditions may prevail. In those instances,
we would need to know the total mass of inorganic
carbon present as CO, and the water content.

SAR of Surface Soil Water

In many instances, the SAR of the nearsurface soil
environment is needed. The suitability of a water for
irrigation, for example, often depends on its potential
for causing surface crusting and reduced infiltration
rates. The near-surface soil environment is usually
characterized by a Pco, level slightly above atmospheric
and a salinity level slightly above that of the applied
irrigation water. Most irrigation waters from surface
sources in arid areas are calcite supersaturated but
at a level of saturation where precipitation is negligi-
ble. For such conditions, the SAR of the irrigation
water per se will be a suitable indicator of the resultant
near-surface soil water SAR (and ESP) under steady-
state conditions. Bingham et al. (1979) found good
agreement between SAR,; and ESP of the top 0.3 m
of a soil irrigated with four different waters. Although
the exchangeable-Na percentages were very low (<5),
the results are consistent with the above reasoning
and with computer model predictions. If irrigation
is infreq_uent or nonuniform, or both, near-surface
SAR’s will be greater than predicted, as will salinity.
In those instances, a reasonable estimate of near-sur-
face soil water SAR may be obtained by allowing for
concentration of the applied water. Use of ground
water for irrigation (especially irrigation drainage
water) will usually result in large degrees of super-
saturation after degassing of CO,. For these waters,
the appropriate Pco, value should be chosen (e.g.
Peo, = 7 X 107% atm) and SAR surface calculated
by Eq. [21] and Table 1. In this instance, use of
irrigation water SAR values would be expected to
underpredict surface SAR, and thus surface-ESP values.

If the irrigation water is substantially undersatu-
rated with respect to calcite, which is quite unusual,
then the SAR of the irrigation water will again not
be a good predictor of surfacesoil water SAR and ‘ESP.
Assuming calcite or Ca containing silicates are pres-
ent, these waters will dissolve Ca. In this instance,
assuming a LF of 1.0, a Pco, of 7 X 1074 atm, and
an IAP value of 10789, Ca will equal 0.955 mM for
a pure CaCOs-water system. Substitution of this value
into Eq. [4] results in an expression for estimating
near-surface soil water SAR. Alternatively, Table 1
and Eq. {23] can be used either with the irrigation
waters-HCOj3/Ca ratio or, if the water is very under-

saturated, with the HCO;/Ca ratio of 2. These ex-
pressions yielded SAR estimates comparable to the
computer model, when tested with the data of Schroer
(1970). Consequently, the high degree of correlation
between surface ESP and SAR reported by Oster and
Schroer (1979) also exists with these equations. With
these data, irrigation water-SAR did not correlate well
with surface ESP, because the prepared irrigation wa-
ters were at widely varying levels of calcite under-
saturation. This is not typical of most irrigation wa-
ters in arid lands and SAR of surface-derived irriga-
tion water will generally be a good predictor of near-
surface soil ESP.

CONCLUSION

The derived pH.-SAR equation predicts SAR4w bet-
ter than existing empirical equations. Proper appli-
cation of the pH. concept requires that we calculate
pHe, taking into account the HCO;3/Ca ratio and
Pco,. This eliminates the advantage of using pH. as
Ca can be directly estimated and SAR calculated using
Eq. [21] and Table 1. This equation is more accurate
and easier to use than existing equations for calculat-
ing SAR in soil and drainage waters. Satisfactory re-
sults can be obtained with rough estimates of Peo,,
as SAR is not very sensitive to Pco,. Under saline con-
ditions and with Mg/Ca ratios > 1, SAR is not par-
ticularly sensitive to the concentration of Ca. This
explains why fair predictions of Ca will result in good
SAR predictions. For calculation of soil water SAR
at the surface, it is usually best to estimate SAR sur-
face from the irrigation water SAR, or if it is a ground
water, make some correction for degassing and CaCOj;
precipitation.
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