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ABSTRACT

A procedure to determine the exchanger-phase composition (and
thus the Na/Ca selectivity) of calcareous and gypsiferous soils was
developed and tested on three soils and three phyllosilicate minerals.
The procedure corrects for anion exclusion and mineral weathering
by measuring the Cl, SO, and HCO, in the soil solution and in the
extracting solution. Anion exclusion was found to be significant in
the montmorillonite system, but generally less than 10% of the cat-
ion-exchange capacity in the soil, illite, and vermiculite systems.
Mineral weathering contributed significantly to the total extracted
Ca. Thus, exchangeable-Ca values were overestimated by 30 to 500%
in the gypsiferous soils and 3 to 20% in the calcareous soils when
weathering was neglected. The proposed method allows the deter-
mination of cation-exchange capacity, exchangeable-cation compo-
sition, and anion exclusion at any solution composition, concentra-
tion, and pH.

EVERAL PROBLEMS have been identified in the de-
termination of exchangeable cations and cation-
exchange capacity (CEC) of arid-zone soils (Rhoades,
1982; Thomas, 1982). Thomas (1982) states that, for
soils containing CaCO; or gypsum, the traditional
NH,OACc extraction procedure should not be used to
determine exchangeable Ca and that no satisfactory
substitute exists. The high solubility of CaCO; and
gypsum in 1.0 M NH,OAc precludes the accurate es-
timation of exchangeable Ca. The preferred method
to date has been to determine exchangeable sodium
percentage (EsP) or exchangeable sodium ratio (ESR)
by difference; that is, the CEC is determined separately
and the exchangeable Ca or Ca + Mg is calculated as
the difference between the CEC and the exchangeable
Na + K (U.S. Salinity Laboratory Staff, 1954). As-
suming exchangeable K to be negligible, the following
relationship is often used (Nadler and Magaritz, 1981;
Jurinak et al., 1984);

ESR = NaX /(CEc — NaX)

where NaX is exchangeable Na.

For sodic, saline soils, the relationship between sol-
uble Na and exchangeable Na is most commonly as-
sumed to follow the relationship developed by the U.S.
Salinity Laboratory Staff (1954):

ESR = —0.0126 + 0.01475sAR

where SAR is the sodium adsorption ratio, Na/(Ca +
Mg)!2, with concentrations in mmol L-! and the Ga-
pon selectivity coefficient (K;) is assigned an average
value of 0.01475. Evaluation of the quantity of amend-
ment needed to reclaim a sodic soil or the effect of a
particular irrigation water on the ESP requires knowl-
edge of K under the pertinent conditions.
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Exchangeable Na can be determined by several dif-
ferent methods. The traditional procedure (Bower et
al., 1952) involves subtracting soluble Na (determined
from a saturation extract) from the amount of Na ex-
tracted with 1.0 M NH,OAc. However, Bower and
Hatcher (1962) cautioned that, for highly saline soils
(electrical conductivity of the saturation extract >10
dS/m), the traditional method for determining ex-
changeable Na may underestimate the true value due
to anion exclusion (negative adsorption).

In an attempt to minimize the anion-exclusion
problem, Nadler and Magaritz (1981) measured ESP
values by first removing all soluble salts with ethanol
washings prior to an NH,OAc extraction. This pro-
cedure resulted in extraordinarily high ESP values
when compared with those estimated from the SAR
values of corresponding saturation extracts. The au-
thors maintained that the ESP values represented true
field conditions and that the measured SAR values were
artificially low due to CaCO; dissolution into the sat-
uration extract. However, the removal of soluble salts
by washing prior to extraction of exchangeable cations
should, in theory, reduce the measured ESP values as
Ca from dissolving solid phases replaces some of the
Na on soil exchange sites.

High exchangeable-Na values were also reported by
Gupta et al. (1985) when high pH, sodic soils were first
washed with 90% ethanol to remove soluble salts prior
to extraction. They attributed these high values to Na
release from zeolitic and feldspathoidic minerals that
may have been present in the strongly alkali soils.

In addition to uncertainties in the determination of
exchangeable Na, there are differences of opinion re-
garding the best method for determining CEC (Okazaki
et al., 1963; Rhoades, 1982). Various procedures for
CEC have been developed that have attempted to re-
duce the effects of Ca-mineral dissolution by: (i) sup-
pressing the solubility of CaCO; and gypsum through
the use of water/alcohol mixtures, high pH, or both
(Bower et al., 1952; Polemio and Rhoades, 1977; Mis-
opolinos and Kalovoulos, 1984; Tucker, 1985; Gupta
et al., 1985; Begheyn, 1987); (ii) removing the CaCO,
and gypsum by repeated washings or reaction with
selective-exchange resins (Frenkel et al., 1986; Cruanas
and Cardus, 1987); or (iii) dissolving and reprecipi-
tating the CaCO; and gypsum as a less soluble phase
(Begheyn, 1987). Rhoades (1982) recommends the CEC
procedure developed by Polemio and Rhoades (1977)
for such soils. However, there has been some concern
that the use of alcohol-based solutions may alter the
solvation of cations and the dielectric constant of the
solution, thereby affecting the double-layer environ-
ment of the exchanger (Gupta et al., 1985).

In addition, Gupta et al. (1984) observed both an
increase in CEC and an increase in Ca selectivity when
CaCO; was removed from soils. This is consistent with
the problem of incomplete Na saturation during the
CEC determination in the presence of CaCOj;, resulting
in higher apparent ESP values.



1000 SOIL SCI. SOC. AM. J., VOL. 54, JULY-AUGUST 1990

Since the CEC of many soils is sensitive to ionic
strength and pH (Pratt, 1961; Pratt et al., 1962; Chan
et al., 1979; Gillman, 1981; Kalisz, 1986), it would be
preferred if the exchangeable cations and the cation
selectivity could be determined under conditions
somewhat representative of the field. In addition to
the problems with variations in CEC and exchangeable
Na (and, thus, errors in calculated SAR-ESR relations),
the present procedures do not allow investigation of
the variation in Na-Ca selectivity of calcareous and
gypsiferous soils as a function of pH and ionic
strength.

The procedure described here was developed to de-
termine the composition of the exchangeable cations
(and, thus, Na—Ca selectivity) in calcareous and gyp-
siferous soils, taking into account the weathering of
CaCO, and gypsum during the equilibration and ex-
tracting steps and accounting as well for anion exclu-
sion.

Rather than try to suppress Ca-mineral dissolution
or to selectively remove these minerals, the procedure
corrects for mineral dissolution by measuring SO, and
CO; + HCO;, both in the bulk solution and in the
extracting solutions. The dissolution of gypsum and
calcite during the extraction step is accounted for by
assuming that the SO, in the extracting solution is due
to gypsum dissolution and that the HCO; is from cal-
cite dissolution. Correction is made for HCO; and SO,
in the soil solution or as soluble salts in the soil prior
to extraction. The idea of correcting for weathering by
measuring the resultant CO; + HCO; has been pro-
posed by Carpena et al. (1972) and Papanicolaou
(1976) for calcareous soils; however, there are impor-
tant differences between their procedures and our
method. Also, Rhoades (1982) suggested that meas-
urement of SO, could be used to correct for gypsum
dissolution in gypsiferous soils. Correction for primary
mineral weathering is not included in this procedure
and is assumed to be insignificant compared with cal-
cite and gypsum dissolution.

In contrast to earlier methods, the proposed pro-
cedure can be used to simultaneously determine the
composition of the exchanger, the CEC, and the selec-
tivity coefhicient at any solution composition, concen-
tration, and pH. In addition, this procedure allows the
determination of anion exclusion, which can be sig-
nificant under saline conditions. The method also
avoids the use of Ba salts, which cause enhanced
CaCO; dissolution due to BaCO; precipitation.

This procedure was tested on three soils and three
specimen phyllosilicate minerals at concentrations
ranging from 25 to 1000 mmol, L-! and at SAR values
ranging from 0 to 50 (mmol/L)!/2,

In addition, we present some data on mineral sol-
ubility in various solutions. These data explain many
of the anomalous SAR-ESP relationships found in the
literature.

MATERIALS AND METHODS

The solubility of CaCO, and gypsum in various solutions
was determined by batch equilibration and determination
of Ca in the supernatant solutions. The solubility of Na salts
in ethanol/water mixtures was determined by batch equili-
bration and electrical-conductivity measurement of the
supernatant.

Table 1 lists some general characteristics of the three soils
studied. The soils differ mainly in mineralogy and gypsum
content. The Imperial Valley clay was sampled in the Im-
perial Valley, California, from an area mapped as the Im-
perial clay series, which is classified as a fine, montmoril-
lonitic (calcareous) hyperthermic Vertic Torrifluvent. The
Shiprock and Many Farms soils were sampled on the Navajo
Indian Reservation near the locations of the same names.
The Shiprock soil has not been mapped, but appears to be
a mesic Torriorthent (possibly Shalet or Fruitland series).
The Many Farms soil is also unmapped but appears to be
a mesic Torrifluvent (possibly Tours or Navajo series). The
surface soils (0-15 cm) were used in these studies.

The phyllosilicate minerals included Wyoming bentonite
(SWy-1; Source Clays Repository, Columbia, MO), Silver
Hill illite (Source Clays Repository), ground and sieved to
<250 pm; and a specimen of Utah vermiculite, ground to
<250 um (described by and obtained from Rhoades [1967]).
These three minerals represent predominant clay minerals
contributing to the CEC of arid-land soils.

A weighed amount of soil (5 g) or clay (1 g) was added to
a tared 50-mL centrifuge tube an equilibrated with a solution
of known pH and chemical composition by repeated shak-
ing, centrifuging, and decanting. This equilibrium step was
repeated four times for each sample. For dilute solutions,
we preferred to first rinse the soil with a solution of high
concentration and then subsequently step down to a low
concentration, keeping the saAR and pH constant. In this
study, we used solutions made with Na, Ca, Cl, SO,, and
HCO, at sAR values from 0 to 50 (mmol L-')"/2, Magnesium
was not added to the solution, and analysis for Mg in the
equilibrating and extracting solution showed negligible
amounts.

Following the fourth equilibration, the suspension was
centrifuged and the supernatant saved for analysis.

The mass of equilibrating solution entrained in the cen-
trifuged soil was determined by weighing the centrifuge tube
plus wet soil. This is the carryover solution. The volume of
carryover solution was determined using the solution density
of the final decantation, which was measured by weighing a
pipetted volume. A density of 1.0 can be assumed if the salt
concentration is <0.2 M.

The wet soil was extracted with a solution made from a
salt that had a cation and anion that were not found in the
equilibrating solution. Ammonium acetate is traditionally
used for this step, but is not recommended. Not only does
NH,OAc solubilize large quantities of CaCO,; (as further
demonstrated below), but titrating HCO, in the 1.0 M OAc
solution requires an additional step (Amrhein and Suarez,
1987). To eliminate these problems, we used 0.25 A
Mg(NO,),, as also used in the Polemio and Rhoades (1977)
CEC procedure. If the original equilibrating solution con-
tained Mg or NO,, however, this extractant would not be
suitable.

Analyses of the equilibrating and extracting solutions for
Ca, Mg, K, Na, and SO, were done by inductively coupled
argon plasma spectrometry. Alkalinity was determined by
titration to pH 4.40 using 0.010 A KH(IO,), (National Bu-
reau of Standards primary acid standard). Chloride was de-
termined by argentiometric titration on an automated Cl
titrator.

This procedure requires more analyses than other CEC and
cation-selectivity methods, since HCO; and SO, need to be
determined on both the equilibrating and extracting solu-
tions. However, the procedure also can be used in situations
where simultaneous determination of exchangeable cations,
CEC, and anion exclusion is desired.

The calculations partition the total extracted cations and
anions into several possible phases. Calcium in the
Mg(NO,), extracting solution could have come from the ex-
change phase (CaX), the solution phase (carryover solution),
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Table 1. Characteristics of the soils and minerals on which the procedure was tested.

Texture
Dominant clay CaCoO, Surface charge
Soil/mineral mineralogyt equivalent Gypsum Clay Silt Sand Surface area density
gkg! m2g"' pmol. m™
Imperial Valley clay S,V.M,K 109 trace 560 430 10 295 1.02
Shiprock soil, A horizon V,K,M,C 113 240 530 230 115 1.05
Many Farms soil, A horizon M,V,SK 139 200 420 380 121 1.12
Wyoming bentonite (SWy-1) S trace ND¢ ND 753 0.91
Silver Hill illite (IMt-1) M 0 ND 119 1.14
Utah vermiculite v 0 ND 173 4.15

+ Mineralogy key (based on relative x-ray diffraction peak intensities): S, smectite; V, vermiculite; M, mica (illite); K, kaolinite; C, chlorite.

} Not determined

or from dissolving carbonates or gypsum. Sodium in the
extracting solution is partitioned into exchanger and solution
phases. Sodium from the dissolution of zeolites or feldspa-
thoid minerals (Rhoades and Krueger, 1968; El-Nahal and
Whittig, 1973) is not considered in the procedure; however,
the use of Mg as an extractant should suppress the removal
of lattice Na from zeolite (El-Nahal and Whittig, 1973). Chlo-
ride in the extracting solution is partitioned wholly into the
solution phase. Anion adsorption is not specifically ac-
counted for, but, instead, determined as the net results of
concurrent anion adsorption and anion exclusion. In many
soils, anion exclusion is nearly balanced by anion adsorp-
tion. Sulfate and HCO, are partitioned into both the solution
phase and dissolved-mineral phase (gypsum and CaCQO,).
The composition of the exchanger phase was determined
using modifications of the different methods originally out-
lined by Bolt et al. (1978). The following terms are defined:

i = ions participating in the reaction,

T; = total ions found in the Mg(NO,), extract (mmol,
kg™'),
C; = concentration of ions in the carryover solution

(mmol, kg™),
[i] = ion concentration in the final-rinse decantation
(mmol, L"),
iX = ions associated with the exchanger phase (mmol,
kg),
gravimetric solution content, = volume of carry-
over solution/soil wt. (L kg'),
E; = equivalent fraction of ion in solution; Ey, = [Na}/
[Na] + [Ca), and E, = [Ca]/[Na] + [Ca],
NaX/CaX, and
is in mmol, kg

0,

ESR =
CEC =

Method A, from Bolt et al. (1978), assumes that Cl is the
only anion in the equilibrating solution and that the equiv-
alent fractions of Na and Ca in the carryover solution are
equal to the equivalent fractions of those same ions in the
equilibrating solution. Anion exclusion is accounted for by
considering only cations associated with anions in the carry-
over solution to be soluble. All other cations are considered
exchangeable.

METHOD A:
NaX = Tny — Toifna
CaX = T, — ToEG
ESR = NaX/CaX or NaX/(cec — NaX)
cec = NaX + CaX

Method B assumes that the concentrations of cations in
the carryover solution are equal to the concentrations in the
final decantate, and that Na, Ca, and Cl are the only ions
in the system. Anion exclusion is accounted for by calcu-
lating an excess Cl value. This term (CIX) is generally neg-
ative, indicating that the carryover solution is deficient in
Cl, compared with the bulk-solution Cl concentration.

METHOD B:
NaX = Ty, — 6,[Na]
CaX = T, — 6,[Ca)]
CIX = Tq — 6,[C]}
ESR = NaX/CaX or NaX/(cec — NaX + CIX)

CEC NaX + CaX — CIX

In soils containing CaCO, and gypsum, mineral weath-
ering can affect the composition of both the equilibrating
rinse (soil solution) and the extracting solution. Specifically,
the anions SO, and HCO, will be present in the soil solution
as well as Cl, and the amount of exchangeable Ca can be in
error due to extensive mineral dissolution during the ex-
traction step.

Following are the additions we have made to the Bolt et
al. (1978) methods. First, in order to determine the concen-
tration of SO, and HCO; in the carryover solution (Method
A), we assumed that the fraction of HCO, and SO, that was
excluded from the carryover solution (due to anion exclu-
sion) was the same as for Cl. This approximation is good
for HCO, and is probably reasonable for SO,, even though
SO, exclusion is probably greater than Cl exclusion, it is
counter-balanced by higher SO, adsorption. Exact calcula-
tion of excluded HCO; and SO, is not possible, due to min-
eral weathering during the extraction step. In the systems
studied, Cl was the dominant anion, particularly at high con-
centrations. Since the quantity of salt involved in anion ex-
clusion was significant only at concentrations > 100 mmol,
L-! (Jurinak et al., 1984), the assumption of equal exclusion
seems reasonable. Assuming that all of the extracted Cl was
from the carryover solution, then T, = carryover Cl. There-
fore, the fraction of Cl excluded from the carryover solution
is equal to 1 — T/6,[Cl]. Assuming that the fraction of
HCO, excluded is equal to the fraction of Cl excluded yields

Carryover HCO; _ Ty
6,[HCO,] 6,[C1]

Solving for carryover HCO; (Cyeo,) simplifies this expres-
sion to

CHCO3 = [HCO,]T/[Cl]
By analogy, the carryover SO, (Cso,) can be estimated by
Csos = [SOLT/ICL]

The correction for CaCO; and gypsum dissolution is based
on the assumption that any HCO, and SO, found in the
extracting solution, in excess of that which should be present
from the carryover solution, is due to calcite and gypsum
dissolution, respectively. Thus, the amount of Ca in the ex-
tracting solution is partitioned into contributions from the
exchanger phase, the solution phase, and dissolving mineral
phases.

The amount of Ca added to the Mg(NO,), extract as a
result of weathering was calculated as follows:
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Ca derived from CaCQ; dissolution = Cagye = Thcos

~ CHeog . .
Ca derived from gypsum dissolution = Cag.m = Tso,
- CSO4

The calculations for exchangeable cations, CEC, and anion
exclusion were then performed as follows:

CORRECTED METHOD A:
NaX = Ty, = (T + Csoq + Chcos)Ena
CaX = Tee — (Ta + GCsos + Chcos)Eca — Claacie —
Cagypsum
ESR = NaX/CaX
CEC = NaX + CaX

CORRECTED METHOD B:

NaX = Ty, — 6,[Na]

CaX = T, ~ Tycos — Tso, + 6 ([HCOs] + [SO,] —
[Ca])

CIX = T — 6,JC1}

_ [HCO;JCIX
HOOX = ==

_ [S0JCIX
(1

CEC = NaX + CaX — CIX — SO,X — HCO,X
ESR = NaX/CaX or NaX/(cec — NaX + CIX + SO,X
+ HCO,X)

The example in Table 2 is given to clarify and compare the
calculations. The soil, in this case, was calcareous and
slightly gypsiferous, and the initial equilibrating solution had
a total concentration of 25 mmol, L-! and an sAR of 5. Since
the total solution concentration was low, the correction for

S0.X

Table 2a. Composition of the fi-
nal equilibrium solution and
the soil-solution content (6,)
prior to extraction.

Table 2b. Amount of cations and
anions in the Mg(NQO,), ex-
tracting solution.

mmol, kg™!
Na 12.67 mmol L Total Na 13.2
Ca 14.56 mmol, L! Total Ca 158.5
Cl 25.03 mmol_ L' Total Cl 13.9
HCO, 0.27 mmo] L' Total HCO, 25.1
SO, 1.95 mmol, L Total SO, 10.0
0, 0.562 L kg™!

Table 2¢. Calculated values for exchangeable cations and anion ex-
clusion using Methods At and Bf.

Corrected for Not corrected for
mineral weathering  mineral weathering
Method Method Method  Method
A B A B
mmol, kg™
SO, in carryover solution 1.1 - - -
HCO, in carryover solution 0.2 - - -
Exchangeable Na 6.1 6.1 6.7 6.1
Exchangeable Ca 116.6 116.1 151.1 150.3
Cl exclusion - —-0.17 - -0.17
HCO, exclusion - —0.002 - -
SO, exclusion —-0.013 -

Cation-exchange capacity 122.7 122.8 157.8 156.6

Exchangeable Na ratio 0.052 0.052 0.044 0.041
Gapon selectivity coefficient
Kq) 0.0111 0.0111 0.00943  0.00863

t Method A uses the anion concentration in the extracting solution to calculate
the concentration of soluble cations carried over from the equilibrating step
to the extracting step.

$ Method B uses the volume of the equilibrating solution carried over to the
extracting step to calculate the concentration of soluble cations present in
the extracting solution.

anion exclusion was minimal (C1X, HCO,X, and SO,X are
close to zero). However, the correction for mineral weath-
ering was significant, as can be seen by comparing CaX and
CEC values.

Failure to correct for mineral weathering resulted in a 28%
error in the CEC (too large) and a 15% error in the ESR (too
low), so the mineral-weathering correction is important. In
this instance, the K; value was too low by 15% and 27%,
respectively, using Method A and B without mineral-weath-
ering corrections. Using Method B for estimating the ESR
may be invalid because the exchangeable cations do not nec-
essarily sum to the cec (Helmy, 1963a,b). The term total
adsorbed metal charge has been used by Sposito et al. (1983)
for the sum of exchangeable cations calculated using Method
B. If anion exclusion is insignificant, the CEC will be equal
to the total adsorbed metal charge. In soils or clays where
anion exclusion is important, the ESR values determined by
the two methods can be significantly different (see below).

The determination of cation selectivity in soils equili-
brated at high salt concentrations requires particularly ac-
curate determination of the solution composition. In this
procedure (and in all other procedures where there is no
removal of soluble salts prior to extraction, including the
Polemio and Rhoades {1977] CEc method), there is the po-
tential for error magnification. This problem can be attrib-
uted to the likely error when one large number is subtracted
from another large number to obtain a small number (in this
instance the exchangeable-cation concentration). For ex-
ample, the carryover Na (from the original equilibrating so-
lution or from 1initial soluble salts) can be a significant pro-
portion of the total extracted Na. The difference between the
total extracted Na and the carryover Na is taken as the ex-
changeable Na.

A sensitivity analysis of the potential error in this pro-
cedure was done by assuming the exchanger to be Na sat-
urated and that NaCl was the only soluble salt (Table 3).
This analysis assumed a 5% error in the determination of
both Na (5% too high) and Cl (5% too low) in the extracting
solution. Such assumptions yield a maximum possible error
for this situation. The carryover-solution-volume/soil-
weight ratios in Table 3 are actual measured values for soils
and clays after centrifugation and decantation. Table 3 shows
that the potential error increases with increasing solution
concentration. The Polemio and Rhoades (1977) cEc
method recommends equilibrating the soil with 0.5 M Na,
so potential errors for this particular procedure would range
from 18 to 55%. Decreasing the equilibrating solution con-
centration to 0.050 M would reduce the error to acceptable
levels at the assumed 5% error levels for Na and Cl. Un-
fortunately, as shown later, 0.05 M solutions may be insuf-
ficient to achieve Na saturation.

The determination of exchangeable cations in calcareous
and gypsiferous soils of low CEC requires replication and
careful, accurate analyses. This is especially true when such
samples are equilibrated with saline solutions.

Table 3. Potential error in calculation of cation-exchange capacity
(CEC) assuming a Na-saturated soil and that both Na and Cl
concentrations are in error by 5%.

Carryover- Measured CEC at three solution
solution concentrations
Actual volume to
CEC soil-weight ratio  0.050 M 0.50 M 1.0M
mmol -kg! L-kg™! mmol, kg™!

50 0.50 54 78 103

100 0.50 110 130 155

300 0.75 321 354 390

700 2.80 770 875 1015
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RESULTS AND DISCUSSION

The solubility of Na salts in ethanol and the solu-
bilities of CaCO; and gypsum in various extracting
solutions are reported in Table 4. The use of ethanol
to remove soluble salts from soils is ineffective, due
to the low solubility of Na,SO, and Na,CO,. In fact,
the high ESP values reported by Nadler and Magaritz
(1981) and Gupta et al. (1985) can be attributed to
incomplete removal of Na salts from their soils. Gupta
et al. (1985) washed sodic, high pH soils with 90%
ethanol until the electrical conductivity of the solution
was less than 0.010 dS/m. According to the solubility
data of Table 4, significant amounts of Na,SO, may
still be present under such conditions. Subsequent ex-
traction with NH,OAc would then dissolve the
Na,SO,, which would be reported as exchangeable Na.

Workers often adjust NH,OAc solutions to pH 8.6
in order to suppress CaCO; solubility. The data in
Table 4 demonstrate that this is only partially effective
in reducing CaCO; dissolution. The data also further
demonstrate the problem of using NH,OAc to meas-
ure exchangeable-Ca levels.

Due to the solubility of CaCO; and gypsum in the
0.25 M Mg(NO,), extracting solution, the weathering
correction for exchangeable Ca was significant in our
study, but varied depending on contact time with the
extracting solution. For gypsiferous systems without
weathering corrections, exchangeable Ca would have
been overestimated by 30 to 500% with resultant errors
in K; of comparable magnitude. In the calcareous sys-
tem, the weathering correction reduced the apparent-
exchangeable-Ca values by 3 to 20% and increased the
K values by the same percentage. The correction for
mineral dissolution in the pure mineral systems varied
from O to 20%, apparently depending on the amount
of impurities in the mineral specimen. We knew from
earlier work that the Wyoming bentonite sample had
a trace of CaCO; (Amrhein, 1987, unpublished data).

Representative values for the various corrections to
ESR as a function of SAR at two different total concen-
trations are presented in Fig. 1. The points marked A
(solid circles) are the ESR values determined by mod-
ified Method A, which includes mineral weathering
and anion exclusion. This is considered the best es-
timate of the ESR and, thus, of K. The points marked
B (open circles) are the ESR values determined by mod-
ified Method B, which includes the weathering cor-
rections but assumes no anion exclusion. The differ-
ences between points A and B are due to anion
exclusion. The points marked C (open triangles) are
the ESR values determined by the old Method B with-
out the mineral-weathering or anion-exclusion correc-
tions. Since the slope of the ESR-SAR plot is K, an
accurate determination of the ESR is required in order
to observe differences in the selectivity coefficient due
to total solution composition, pH, or exchanger-phase
composition.

For the Shiprock soil, and for the Many Farms soil
at low concentrations, anion exclusion was not an im-
portant phenomenon. For the Wyoming bentonite and
the Many Farms soil at higher concentration, however,
anion exclusion was important. This suggests that ESR
calculations using Method B will not be accurate. The

Table 4a. Solubility of Na salts in ethanol/water (v/v) mixtures.

Electrical conductivity of
saturated solution

Salt 95% ethanol 90% ethanol
dS m™!

Na,SO, 0.0025 0.0050

Na,CO, 0.019 0.029

NaHCO, 0.075 0.122

NaCl 0.87 0.93

NaOAc 2.44 2.46

Table 4b. Calcium carbonate and gypsum solubility in water and
salt solutions.

CaCO; Gypsum

—— mmol, L!
Water 0.3 30
1.0 M NH,OAc, pH 8.6 9.1 133
1.0 M NH,OAc, pH 7.0 20.5 135
0.25 M Mg(NO,),, pH 7.0 2.7 101

data uncorrected for mineral weathering (open trian-
gles) always underestimate the ESR values, especially
in the gypsiferous system (Fig. 1, Shiprock soil).

One advantage of this new procedure is that it allows
the determination of cation selectivity and CEC at any
exchanger-phase composition. Figure 2 shows the re-
lationship between modified Method A and modified
Method B for calculating cation-exchange capacity.
Plotted on Fig. 2 are 150 points, each point repre-
senting the average of four replications determined on
three soils and three clay minerals of concentrations
from 25 to 1000 mmol, L-!, SAR values from 0 to 50,
and pH values from 6.5 to 8.5. Figure 2 shows that
either calculation method will yield the same CEC
value when anion exclusion and mineral weathering
are properly taken into account.

Table 5 compares the CEC as measured by the Po-
lemio and Rhoades (1977) method, a modified Pole-
mio and Rhoades method in which the saturating so-
lution was made to several different concentrations (at
SAR = ), and the proposed procedure at concentra-
tions 25, 50, 125, 500, and 1000 mmol, L' and SAR
values of 0, §, 15, 25, and 50 (mmol L-')"/2, The Po-
lemio and Rhoades (P&R) method, when modified to
low saturating-solution concentrations, gives low CEC
values (Table 5). This is attributed to incomplete sat-
uration of the exchanger with Na as a result of Ca
release during weathering. This demonstrates that, in
calcareous soils, it is nearly impossible to saturate a
soil with Na at solution concentrations <0.5 M. This
explains the low CEc values measured by Gupta et al.
(1984) using 0.1 M NaCl. The recommended Na con-
centration for CEC determinations by the P&R method
1s 0.5 M.

There was no trend in the CEC with either total elec-
trolyte concentration or ESP for the soils or minerals
equilibrated with various salt solutions (Table 5). This
is in contrast to the reported increases in CEC with
increasing ionic strength for soils high in variable-
charge materials (Chan et al., 1979; Gillman, 1981;
Kalisz, 1986). Thus, for soils low in kaolinite, Fe~Al
oxides, and organic matter, the assumption of constant
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Fig. 1. The relationship between ESR and SAR as calculated by three methods at two concentrations. Line A corresponds to modified method
A, which corrects for both mineral weathering and anion exclusion. Line B corresponds to modified method B, which corrects for mineral
weathering but not anion exclusion. Line C corresponds to unmodified method B, which does not correct for either mineral weathering or

anion exclusion.

CEC at a given pH seems reasonable. Determinations
of K and Mg in the equilibrating solutions and K in
the extracting solutions showed that release of these
cations during extraction was negligible. The CEC de-
termined by the new procedure agreed quite well with

that from the P&R method (at 500 mmol, L-!) for all
of the samples except illite. The CEC of illite was
strongly dependent on ionic strength in the 60%
ethanol solution but not in the water suspensions.
Mineral weathering cannot explain such results.
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Table 5. Cation-exchange capacity determined at various equilibrating solution concentrations.

Concentration, mmol_ L'

Soil or mineral 20t 50t 125¢ 500t 760t 1000t 25-1000%
cmol, kg!
Imperial Valley clay 13.6 = 0.1 17.8 = 0.2 228 + 04 30.2 £ 0.7 31.1 £ 1.0 294 + 1.2 28.1 + 23
Shiprock soil, A horizon 6.4 1 0.1 94 + 0.0 10.5 = 0.2 12.1 + 0.3 12.1 = 0.5 127 £ 1.5 11.7 = 1.0
Many Farms soil, A horizon 134 x+ 0.2 13.2 £ 0.2 134 + 04 13.5 £ 0.6 13.8 = 0.7 14.0 + 0.7 13.0 + 0.7
Wyoming bentonite 56.2 + 0.8 603 + 1.8 68.1 = 0.9 68.2 + 1.4 700 + 2.3 68.5 + 0.9 66.4 + 4.4
Utah vermiculite 70.0 = 0.5 73.1 £ 14 73.0 £ 1.5 718 = 1.8 ND§ 70.7 £ 2.1 7.2 + 6.7
Silver Hill illite 1.5 + 0.1 12,6 = 0.3 13.5 = 0.1 171 + 1.5 ND 240 = 2.2 136 + 1.5

t Modified Polemio and Rhoades (1977) method, uncorrected for mineral dissolution, SAR = o,
1 Proposed procedure, corrected for anion exclusion and mineral weathering. Mean of all samples equilibrated with 25, 50, 125, 500, 1000 mmol_ L' and SAR

values 5, 15, 25, and 50 (mmol L-')’? and SAR = 0 at 100 mmo]_ L-'.
§ Not determined.

Table 6. Measured anion exclusion + standard deviation as a function of equilibrium solution concentration and sodium adsorption ratio

(SAR).

Equilibrium Wyoming bentonite

Utah vermiculite

solution

concentration SAR 5 SAR 15 SAR 25 SAR 50

SAR S SAR 15 SAR 25 SAR 50

mmol_ L

25
50
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500
1000

Ll
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H+H o+ HH

(L
——

——
o000
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—oeee
[V N PSR N
Mmoo
-IES WS X -
WO
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—oerme
QN = QW

cmol, kg!

—0.09 + 0.06 0.04 = 0.09 —0.07 = 0.05 0.14 + 0.08
—0.21 + 0.04 —0.06 = 0.03 —0.22 = 0.02 —0.88 + 0.40
—0.85 + 0.21 —0.64 + 0.60 —0.25 + 0.10 —1.2 + 0.2
-39+02 -10x25 -09zx17 -27=x1.1
-32+07 -47+24 -55x26 -39=zx17

W+

Equilibrium

Many Farms soil, A horizon

solution

concentration SAR 5 SAR

15 SAR 25 SAR 50

mmol, L!
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-0.1
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6
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0.

cmol, kg™!

0.01 —0.29 + 0.07 —0.06 + 0.01

0.05 —0.15 + 0.01 —0.27 + 0.05

0.03 — 0 3 0.03 —0.56 + 0.09

0.2 0.5 —-0.72 + 0.22
0.

7 +
1.3 +
0.6 —0651 24 —1.1 * 0.05

100

80

60

40

20

Method B CEC, cmol¢ /kg

20 40 80 100
Method A CEC, cmolc/kg

Fig. 2. Cation-exchange capacities (CEC) as determined by the mod-
ified Methods A and B when mineral weathering and anion ex-
clusion are taken into account. See text for description of Methods
A and B.

%

Calculation by Method B allows quantification of
anion exclusion at various salt concentrations and ex-
changer compositions. Table 6 gives the anion-exclu-
sion values for the bentonite, vermiculite, and Many
Farms samples, and shows that anion exclusion was
a significant fraction of the total cec for bentonite (as
much as 28% at 1.0 mol, L!). Thus, determination of
exchangeable cations by Method B without accounting

for anion exclusion could result in an error in the CEC.
Based on the extent of exclusion on SWy-1 bentonite
at 50 mmol, L}, the observation of decreasing total
adsorbed metal charge with increasing exchangeable
Na, as reported by Sposito et al. (1983), may be ex-
plained by anion exclusion.

The surface-charge density of vermiculite was 4.5
times larger than that of the bentonite. Thus, according
to diffuse-double-layer theory, vermiculite should ex-
hibit more anion exclusion and a lower K5 value.
Measured anion exclusion, however, was substantially
lower for the vermiculite system, and its average Ky
value was more than double that of the bentonite sys-
tem. The quantity of salt involved in anion exclusion
tended to increase (predictably) with increasing con-
centration, but was largely unaffected by exchanger
composition. El-Swaify et al. (1967) found anion ex-
clusion on vermiculite to be independent of both ionic
strength and exchanger composition. However, Jacobs
(1966) found a trend of increasing anion exclusion
with increasing salt concentration for hydrobiotite,
similar to our results.

The Imperial Valley soil has a high cec and its clay
mineralogy is dominated by smectite. Even though
anion exclusion was expected in this system, it was
not significant (mean = 0.2 + 0.8 cmol kg'). It seems
likely that anion exclusion occurs, but is being bal-
anced by anion adsorption. The exclusion calculation
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actually yields net anion exclusion (exclusion minus
adsorption). A similar conclusion can be made for the
illite and for the Shiprock soil, which also had no net
anion exclusion (mean values of 0.1 + 1.2 and 0.3 +
0.7 cmol kg, respectively). The Many Farms soil ex-
hibited some anion exclusion with increasing salt con-
centration; however, the amount was low, generally
less than 10% of the CEc (Table 6).

CONCLUSIONS

Exchanger-phase composition and Na-Ca selectiv-
ity of calcareous and gypsiferous soils were accurately
determined by accounting for mineral dissolution dur-
ing the equilibration and extracting steps. This offers
an alternative to the currently accepted procedure of
calculating exchangeable Ca by difference. Thus, it al-
lows for the determination of exchangeable cations,
CEC, anion exclusion, and Na-Ca selectivity at any
solution composition, concentration, and pH. This is
in contrast to other methods, which require as many
as three different soil samples for individual deter-
minations of CEC, exchangeable cations, and soluble
cations. The use of é¢thanol to remove soluble salts
prior to extraction for exchangeable cations is not rec-
ommended, due to the low solubility of Na salts in
ethanol/water mixtures. ' t

Anion exclusion was accounted for, and mineral
weathering was determined, by measuring the CO; +
HCO; alkalinity and the SO, in equilibrating and ex-
tracting solutions. Weathering corrections were sig-
nificant when determining exchangeable Ca, which
would have been overestimated by 30 to 500% in the
gypsiferous soils and 3 to 20% in the calcareous soils
with similar errors in the K; values.

No trends in CEC with ionic strength (.025-1.45 M)
or exchangeable Na were observed for the three soils
and three minerals studied, when anion exclusion and
mineral weathering were properly accounted for. An-
ion exclusion was significant in the Wyoming benton-
ite system but was generally <10% of the CEC for all
other systems. Apparently, anion exclusion was partly
balanced by anion adsorption on the soils and the illite
sample.

With the exception of the illite data, there was good
agreement between the P&R CEC method and our pro-
posed method. Two methods for partitioning the total
extracted cations into soluble and adsorbed phases
were compared. The method using anion analysis to
calculate soluble cations (Method A) was preferred
over the gravimetric method to determine the volume
of entrained solution (Method B), because the sum of
the exchangeable cations is consistently equal to the
CEC in Method A. In Method B, a portion of the CEC
is accounted for via an anion-exclusion term. Thus,
the sum of exchangeable cations may not necessarily
equal the CEc.
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