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ABSTRACT 

Cation exchange capacíties of four SOil profiles representíng 1atge ranges in sa/ínity and Na saturation were meas(ll'lfl(/ 
by: 1) the sum of cations (CEC:) extracted by NHpAc at pH 7 minus the cations in saturation extracts, 2) the 
method of Bower et al (1952) (CEC,J in which the soil is saturated using NaOAc, the excess sal/ is removed by 
washing wilhethanol andthe Na ísremovectwith NHpAc, and 3) the methodofPolemio and Rhoades (1977) (CEC,.) 
in whích the soíl ís saturated wíth Na using a solution of NaCI-NaOAc in 60% ethanol, the Na is replaced with 
Mg(NO.) 

2 
and the Cl concentratíon in the Mg(NO.), solution is u sed to correct occ/uded salt. Values for CEC were 

essentíaltythe same foral/ methods ín the non-sa/ine and non-sodic Yo/o soil and in the surtace horizons o/the other 
three soils which were relatively free of sa/fs. However. ín the f'fiOderately to líghly saline subsoíls ofthe Pescadero, 
Soíano and Pescadero Varlant soils, the CEC s greatly exceeded the CEC 8 and CEC,.. E ven though the CEC 8 and 
CEC"" general/y gave the same va/ues, the CEC8 values were more hígh/y correíated wíth hyg-oscopic and saturation 
water contents. Using these correíations as criteria for a satisfactory method, the CEC

8 
appears to be the most 

reliable of the three methods that were compared. 

Keywords: Dissolution of minerals, Hygroscopic water content, Sum of cations. 

COMPENDIO 

Se determinó la Capacidad de Intercambio Catiónico de cuatro perliles de suelos representativos de un amplio 
rango de salinidad y saturación de sodio medida por: 1) La suma de cationes (CICs) extraídos con NH.OAc a pH 7. O 
corregidos por cationes en solución, 2) El método de Bower (C/C"' 1952) en el cual el suelo se setura con NaOAc, 
el exceso de sal se remueve mediante lavado con etanol y el sodio despíazado con NH.OAc y 3) El método de 
Polemio y Rhoades (CIC,., 1977) en el cual el suelo se satura con Na usando una solución de NaCI-NaOAc en etanol 
a/60%, el Na se desplaza luego con Mg (NO .)

2 
y la concentración de Cl en esta última solución se usa para corregir 

la sal ocluida. Los valoras de la CIC resultaron esencialmente iguales en el suelo Yo/o no salíno y no sódico y en los 
horizontes superliciales de los otros tres suelos. (relativamente líbres de sales). Sín embargo, en la moderada a 
fuertemente salinos horizontes subsuperlicíales de los suelos Pescadero, Solano y Pescadero Variant, la CICs 
excede notablemente la CIC8 y la CIC""' Aún cuando la CIC

0
yla CICPR dan generalmente/os mismos valores, los 

valoras de la C/C 
8 

correlacionaron más estrechamente con los contenidos de agua higroscópica y con el agua de 
saturación. Usando dichas correlaciones como criterio de se/eoción, la C/C • parece ser el método más confiable de 
los tres comparados. 

Palabras claves: Dilución de minerales, Contenido higroscópico de agua. Suma de cationes 

INTRODUCTION 

The cation-excllange capad! y (CEC), defined as the 
quantily of readily excllangeable cations neutralizing 
negative cllarge in the soil, is an importan! property of 

soils. The CEC is dependen! on !he condítions under 
whicll it is measured and íl varíes wilh the method used 
(Chapman. 1965) ldeally the method for determining 
CEC Should be selected to fit the specifíc soil, but in 

1 Con!ribution. from the Oepartm(Ul( of Soil and Environm!&Otal S(:ieooes, Univer&íty oi Callf0ff148 RMws.lde. CA. and the Nat100.al U~ ol Cobtlbla .at ~m1ra. 
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many laboratories a standard procedure for all soil 
samples is essential for rapid routine analyses 
(Rhoades, 1982). 

Problems of dissolution of minarais and fixation of 
cations during CEC detemninatíons have been discussed 
by Chapman and Kelley (1930), Bower (1950, 1955), 
Bower el al (1952), Babcock (1960), Rhoades and 
Krueger (1968), Polemio and Rhoades (1977) Sayegh 
el al (1978), and Rhoades (1982). Methods for alkaline, 
saline, calcareus, gypsíferous and sodic soils have be en 
proposed by Bower et al (1952), Shatemirov (1960), 
Peech et al (1962), Vergina and Dokuchayev (1964), 
Matushevsky (1968), Csrpena et al (1972), Papanicolaou 
(1976), and Polemío and Rhoades (1977). 

The objeelive of the research reported hereín was lo 
determine the CEC values of four soíl profiles 
representing extreme ranges in salinity, exchangeable 
cations and other soíls properties . The su m of cations 
extracted by NH,OAc was used to determine its 
límitations and the magnitude of overeslimation of !he 
CEC in satine soils. The Bower el al. (1952) method 
and the Polemio and Rhoades (1977) methods were 
compared because they ha ve both been recommended 
for alkaline saline soils. 

METHODS ANO MATERIALS 

Soil Samples 

Samples of the horízons of tour soíl profiles were 
collected to represen! a wide range in salinity and 
sodicity. The samples were a ir dried and ground to pass 
a 2-mm sieve. The profiles were the Pescadero, 
Pescadero Valiant, Yolo and Solano. 

The Pescadero soíl was classified as a fine 
montmorillonitic lhemnic Aquí e Natríxeralf. The pH was 
alkaline and increased with an increase in depth. The 
organíc matter content ranged from 5.8% in the upper 
layer to O. 79% in !he lower layers. The pro file was slightly 
saline at !he surface with an electrical conduelivity ot 
3.3 dS m·' which increased to 4.3 dS m·' al the lower 
horizons. The profile was a silty clay soil to a depth of 
73 cm. The dominan! minerals in the el ay fraction were 
montmorillon«e and kaolinne. Beca use of high saturation 
with Na. the soíl is dedicated to pasture and has nol 
been irrígated. 

The Solano soil was acid to a depth of 26 cm but the 
rest of the profile was alkaline with an increase in pH 
with increase in depth toa maximum pH of 8.5 forthe 
lowest horizon. The organic matter decreased with 
increased depth from 2.44% in the upper !ayer to 0.26% 
ín !he lower layers. The profile was nonsaline toa depth 
of 42 cm and sodic toa depth of 93 cm. The clay content 

ranged from 11.2% at the surface !ayer lo a maximum 
of38.0% forthe B22t (42-64 cm) horizon dominated by 
montmorillonile, kaolinite and vemniculne. The profile was 
classífied as a loamy mixed themnic Typic Natrargíd. 
This soíl is under pasture and has not been irrigated. 

The Yolo soil was classified as a fine sil! y mixed non­
acid thennic Typic Xerorthent. 1t is a sil! loam toa depth 
of 85 cm with a fine sandy !ayer between 85 and 1 08 
cm. The dominan! clay minerals were montmoríllonite, 
kaolinite and vemniculite. lt was an alkaline, nonsaline 
and nonsodic soíl wilh organic matter content ranging 
from 2.4% to 0.26%. This soil has been irrígatecl and 
cultivated for a long time and has evidently been well 
leached. 

The Pescadero Varían! soíl (fine montmoríllonitic 
thermic Aquic Natrargid) was situated in a depression 
of the field which is flooded duríng the rain y season. The 
pH ranged from neutral lo highly alkaline. lt was híghly 
salín e with eleelrical conduelivities ranging from 7.7 to 
28.3 dS m' and also ít hada high Na saturation. This 
soil is so impemneable that it is unproductive. The 
average clay content was 34. 7%, dominated by 
montmorílloníte and kaolinite. 

General Methods 

Water lost by drying air-dríed soils at 105"C was used 
as a measure of hygroscopic water (P.,). The water 
content of a saturated paste (U.S. Salinity Laboratory 
Staff, 1954) was used as a me asure of water content at 
saturatíon (SP). Val u es for pH were determinad on the 
saturated paste and the eleelrical conductivity of the 
saturation extrae!. dS m·'. was used as a measure of 
soil salinity. The organic matter (OM) was deter-mined 
by a Walkley-Biack procedure (Chapman and Pratt, 
1961). Texture analyses were determinad using !he 
method of Da y (1965). 

Cation-Exchange Capacity 

Sum of Cations (CEC,), A 5-g sample was placed in 
a centlifuge tube and 33-ml aliquot of M NH.OAc solution 
adjusted to pH 7, was added. The soil suspen-sion was 
shaken for 5 minutes, centrifuged at RCF = 1000 until 
the supernantant liquid was clear and then !he 
supematant was decanted in! o a 1 00-ml volumetric fiask. 
This extraction was repeated a total of three times. The 
volume ofthe extrae! was diluted to 100 mi and !he Ca, 
Mg, Na and K were determined by atom1c absorption 
spectrophotometry (AAS) and llame spectrophotometry 
(FS). The sum of catíons extraeled by NH, OAc minus 
the sum of soluble cations in the saturation extrae! was 
used as an estímate of the CEC _ 

Bower Method (CEC
9
). A 4-g sample of soil was 

placed in a centrifuga tube and a 33-ml aliquot of M 
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NaOAc solution, adjusted to pH 8.2. was added. The 
soil suspension was shaken for 5 minutes and then 
centrifuged at RCF = 1000 until the supematant liquid 
was clear. The supematant was then decanted and 
discarded. The sample was extracted in this manner a 
total of tour times. The sample was then washed four 
times with 95% ethanol to remove the excess NaOAc 
sotutíon. The adsorbed Na was replaced by three 
extractions with 33-ml aliquots of M NH,OAc solution 
adjusted to pH 7, and the extractad Na was determinad 
by FS (Boweret al., 1952). 

Polemio and Rhoades Method (CEC •• ). The 
melhod of Polemio and Rhoades (1977¡ was developed 
lar arid land soils, particularly for !hose containing 
carbonates. gypsum and zeolrtes. 

A 4.0-g sampte of soil was saturated with Na by tour 
successive equilibratíons with 33-ml alíquots of a 60% 
ethanol sotulion containing 0.4 M NaOAc-0. 1 M NaCI 
adjusted to pH 8 .2. During each equilíbration the soil 
suspension was shaken for 5 minutes. cenlrifuged untíl 
the supematant was clear alter which !he supematant 
liquid was discarded. The Na-saturated samples plus 
the occluded saturating solution were extractad three 

18 

limes wilh 33-ml aliquots of a 0.5 M pH 7 solution of 
Mg(NO,),. Total Na and Cl were determined in the 
extract. The exchangeable Na was calculaled as the 
total Na minus the occluded soluble Na which was 5 
limes the occluded Cl. 

RESULTS ANO DISCUSSION 

The relationships between salinity, expressed in dS 
m-', and de,Xh forfoursoil profites are presented in Figura 
1. The Yolosoil was free of saH through the profile. The 
Solano soil was nonsatine in the surface but increased 
to moderate levels of salinity in the subsoil. The 
Pescadero profile was moderately satine through the 
first meter and decreased in salinity at deeper deplhs. 
The Pescadero Varían! soil was saline al all depths and 
highly satine at depths lowerthan about 35 cm. Forlhe 
tour profiles lhe salinity ranged from less than 1 lo 28 
dS m·', providíng excellent soil materials fortesting !he 
reliab!lity of methods for determining CEC. 

Data tor NH,OAc-extracted ca-tions, the sum of catíons 
(CECJ. the CEC8 and CEc ••. all plotted as a function 
of profile depth, are pre-sented in Fígs. 2 to 5, 
respectively. for the Pescadero, Solano, Yola and 
Pescadero Varían! soils. The Pes-cadero soil was 
definitely sodic to a depth of about 60 cm with much 
lower amounts of extractad Na below that depth. 
Extracted Mg exceeded extractad Ca throughout most 
of the profile. The average CEC

8 
and CE Cm values were 

essentíally the same throughoutthe profile, butlhe se 
gave a large overestímation of lhe CEC except in lhe 
surface layers. Based on the profiles for extractad 
cations the overestimation of the CEC by se rasulted 
from extraction of Ca and Mg from the dissolution of soil 
minerals in NH,OAc. The extractad Ca exceedad CEC

0 
and CEC,.. lor the deapast deplh and the extracted Mg 
was equalto tha average of the CEC8 and CEC,.. at one 
depth. As !he díffarence between CEC, and CEC

6 
íncreased the extractad Na decraased, indicating 
indirectly that dissolution of Na minarais mighl hava 
conlributed very líttle to !he excess of CEC5 overCEC6. 

For the Solano soil the three melhods for detamnining 
CEC gave assentially !he same values in the three surtace 
horizons. Tha first lwo horizons of this soíl were slightly 
acid and the third horizon was only slighlly alkaline. All 
of these surface horizons were relatively free of salt. 
Below the 42-cm dapth the CEC5 exceeded the CEC, 
with a dominan! effect of Ca and Mg dissolution in the 
deepest horizons. 

The Yola Soil contained very little extractable Na. The 
extracted Mg exceeded the extractad Ca by a small 
amount throughout the profila. The CEC

5 
agreed well 
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Figure 2. Relationship among the CEC values 
determinad by three methods and the 

exc:hangeable cations in the Pescadero Soil 
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Figure 4. Relationship among the CEC values 
determinad by three methods and the 
exc:hangeable c:ations in the Yolo Soif 
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Figure 3. Relationship among the CEC values 
determined by three methods and the 

exc:hangeable cations in the Solano Soíl 
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Figure 5. Relationship among the CEC values 
determinad by three methods and the exchan­
geable c:ations in the Pescadero Variant Soíl 
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with the cec. but the CEC,.. was less !han the other 
CEC values for severa! horil!.oos. The data iodicate very 
lit! le íf any dissolutíon of minerals in NH, OAc in !hls soil 
indicating that !he extlliiCied cations are exchangeable 
caüons. This soil is noosaline nonsodic and because of 
the consisteocy and agreements amoog the CEC values, 
particularly the ce e s• it indicates that !he method$ were 
appropriately used and that !he data for !he other !hree 
saline-sodic profiles are real and nota result of errors. 

For the Pescadero Varían! soil the CEC• was near1y 
equal to the CEC8 in the surface horiZon. but it greatly 
exceeded !he CEC8 for all other dep!hs. The distribution 
of cations suggests that the dlssolution of Ca and Na 
were lík.ely the cause of high CEC5 values in this profile. 
Extracted ca exceeded CEC8 and CEC.,. in all except 
the surlace horizon. Extracted Na was correlated with 
CEC, whereas extracted Mg was nearly constan! 
throughout the profile. This saline-sodíc soil provides an 
extreme case of dissolution of minerals in NH ,O A e 
solution and is an excellenl example of !he 
overestimation ofCEC by!he se extracted in NH,OAc. 

Correlation coeff!Cients for !he relationships of CEC 
values wilh P., and SP for individual soil proflles are 
presentad in Tab/e 1. The CEC8 was highly correlated 
with P w for each soil, whereas the CEC.,. was correlaled 
with P w for only one son. The CEC,... was not correlated 
wíth any. The correlatíon and regression coefficients for 
the relatiooships of CEC0 with organic matter (OM) and 
el ay contents are presented in Table 2. There were no 
s1gnificant relationships with OM but the CEC

8 
was 

related lo clay contents for each soil. 

Tabla 1. Com~lation coefficlents for the linear 
relationships of CEC values with soil water 

contents of air dry solls (P wl and 
saturated soils (SP) 

SOIL CEC9 CECPR 

Pw 
Pescadero 0.986- 0.656 os 
Solano 0.990- 0.821. 

Yo lo 0.991- 0.101 os 
Pescadero variant 0.889. 0.400 ns 

All soils 0.802- 0.729 ... 

Sp 
Pescadero 0.750. 0.562 ns 
Solano 0.933 -· 0.712 os 
Yolo 0.061 ns 0.015 ns 
Pescadero variant 0.536 ns 0.630 ns 

All soils 0.497 .. 0.400. 

M, •, *", and *"*, r~ty.. indicale JlúMignilant tilf h 95% íWre4and 
signijioom ot lile 95%.- ...... -"'*'-ol p.-. 

P.-e 1 ~ r ro • fine rnontf1lQrillooitic therrnte Aqúic ~•. 
Solano • ~ mimd thermic T';'Pic Natrargid. 
Yoio• fine dty mWtct nonacid lhen'nie Typie Xetortbent, 
-Varianl•finomonlmorilloniti_Aquíc_IJ'd. 

Table 2. Com~latlon and regrenion coefficients for CEC8 
values wlth soil organic matter and clay contents 

PROPERTY SOIL SLOPE INTERCEPT r 

Organic matter Pescadero 0.319 22.90 0.782 ns 
Solano • 0.384 20.20 0.432 ns 
Yolo 0.166 2.08 0.294 ns 
Pescadero Variant 0.432 19.20 0.582 ns 

Clay Pescadero 0.050 11.10 0.930 .. 
Solano 0.068 0.37 0.989 .. 
Yolo 0.067 11.90 0.843. 
Pescadero Vllriant 0.060 • 0.95 0.882 •• 

m; Non-s<grufocant value 
Siqnfficant a11he So/1> l8Y8l o{ &igniftcaf'ICfll 

~ Significan! at the 1% W:wel of ~ 
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When multiple correlation was used to evaluate !he 
relation of day content, organic matter and !he water 
content of !he saturated paste, using data for atl profiles, 
the best corretation and regression was: 

y = 5.19 + 0.034~ + 0.0233JS )\\ 

with R2 = 0.654 and R = 0.0805 

where, Y = CECa in cmol (+) kg'1 

)) = clay content in g Kg·' 

~ = OM in g Kg·' 

The water content of the saturated paste was not 
significan! in multiple correlation and regressionlargely 
because H was highly correlated with X,. the clay 
content. wHh r = O.M. 

The muillíple correlation coefficient R2 = 0.654 means 
that 65% of !he variation in the CEC9 was associated 
with clay and organics metter content. The other 35% 

was probably related to the CEC5 of the clay fractioins 
of the four soíls. The CEC per Kg of clay everage 75, 70 
124 and 57 cmo!(+) Kg·'. respectively, forthePescadero, 
Solano. Yolo and Pescadero Variant soils. 

According to Banin and Amiel {1969) two soil 
propertíes, the saturation pon::entage (SP) and air-dry 
hygrosoopy water content (Pw), are proportional to CEC. 
Polemio and Rhoades (1977) used these Characteristics 
to test indirectly the accuracy of their CEC method since 
there exists no absoluta reference method. Their 
coefficients of linear correlation showed better 
correspondence between CEC and SP, and between 
CEC and Pw when determined bythe newly developed 
CECPR method. The same procedure was used to 
evaluate the resuHs of the present research. The better 
correspondence was found between the CECa and Pw 
which gave pasílíve r values significan! at the 1 % level. 
The ce c.., gave a signílicant rvalue of 0.82foronlythe 
Solano soíL Also !he CEC""' was not correlated with 
SP for any soíl. 

40,-----------------------------------------------, 

30 

~ y • 
~ 

+ 
~ ' . 
o 20 5 
g 
o 

10 

o 
1 

o Pescadero 

Y = 1 ,3 + 7,3X 1 

r = 0,986 r--

1,3+ 7,3X l 
0,986 1~ 

2 

1,3 + 7,3X 

0,986 

3 

Water. % 

• 

• 

• 

~;: 

4 5 

o 

• 
• 

1,3 + 7,3X 

0,986 

• Yolo " Solano • Pescadero Varían! 

6 

Figure 6. Relatlonship between CEC8 and the hygroscopic water content for each of four soils 
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The relationship between CECa and hygroscopic water 
content. Pw, for each soil presentad in Fjg. tl. The 
regressíon equations forthe Pescadero, Solano and Yoio 
are essentially the same and the CECa values at 4% 
water ha ve a narrow range of 24 to 28 cmol( +) kg·'. The 
data for the Pescadero Varían! soíl, however, show a 
lower correlation coefficient and a lower CEC per uní! of 
hygroscopic water. Thís soíl also showed the lowest CEC 
per unit of clay. The dala for lhis soil also explaín the 
lower correlalion coefficients for all soíls as compared to 
the coefficients for each soil (Tab/e 1). 

The lack ol correspondence between the CEC,. and 
the two soil properties for all the soils except for P w in 
Solano soil, support the conclusion that this method ís 
no! adequate tor the CEC determination in the soils 
studied. Similarly, gíven the hígh correlation between 
CEC and P w for all the soils, and between CEC and SP 
for Pescadero and Solano soils when the CEC• values 
are used, gíven credence to the conclusion that lhe 
method of Bower el al. (1952) is !he most reliable for 
salíne-sodíc soíls. 
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