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Stabilization of Calcium by Surface Charge Variation in an Oxisol!

D. N. Munns anp R. L. Fox?

ABSTRACT

In the surface layer of a Ca-deficient, fine-textured Hawaiian Ox-
isol, concentrations of Ca in solution were poised against tendencies to
increase with liming in the pH-range 5-6, and to decrease with dilution
in the range of water content 0.35 to 2.0. Effects of lime snd water con-
tent on the distribution of Ca between solid phase and solution were
shown to be quantitatively consistent with effects of pH and ionic
strength on exchange capacity.

Relationships between soil pH, cation exchange capacity, ard dis-
solved Ca were determined in soil samples taken from a field-liming
trial. Effects of ionic strength on exchange capacity were determined
by summation of adsorbed metal cations after equilibration of soil
samples in different salt solutions. Effects of water content on cations
in solution were determined by analysis of solutions centrifugally ex-
tracted at various water contents.

The results help explain why Ca-deficiency may sometimes be cor-
rected better by neutral Ca salts than by lime and why saturation-ex-
tract Ca may approximate scil-solution Ca adequately for diagnostic

purposes.

Additional Index Words: Al, Mg, K, Na, anion and cation exchange
stoichiometry, cyclic salt, mass flow, tropical soils

VARIABILITY OF SURFACE CHARGES has important cffects
on behavior of ions in highly weathered soils whose
colloids are mainly kaolinite, sesquioxides and humus. As
soil pH is increased toward neutrality, newative surtace
charge will increase and positive charge decrease, and as
electrolytes in the solution phase become diluted., both posi-
tive and negative surface charges will deerease (6. 9. 11,
12, 15, 24). The purpose of this paper is to show that varia-
tions in cation exchange capacity help to account tor appar-
ent anomalies in behavior of Ca which became evident from
a ficld-liming trial on a fine-textured Hawaiian Oxisol, the
Wahiawa silty clay (17, 18, 19).

Although Ca-deticieney is frequently corrected by small
applications of limestone, the Wahiawa topsoil required
about 5 metric tons CaCO,/ha before Ca in the saturation
extract rose substantially above the Jow value of (.3
meq/liter (18). This **buffering™ of Ca at low levels can be
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only partially explained by considering cation exchange
equilibrium and atfinities of adsorption sites for Ca (17).

Further, concentrations of Ca in aqueous extracts varied
little with dilution, an effect that has been observed in other
acid soils (7, 8, 21). This apparent buffering of Ca against
effects of dilution, which has possible diagnostic signifi-
cance, is also not readily cxplained in terms of cation ex-
change alone.

This paper presents measurements of effects of pH and
ionic strength on the soil’s cation exchange capacity, and
shows that these effects are quantitatively consistent with
the effects of liming and water content on the distribution
of Ca between solid phase and solution.

PROCEDURES
Soil Samples

The soil is @ Wahiawa silty clay (Tropeptic Eutrustox) from the
University of Hawaii's Poamcho Experimental Farm on the island
of Qahu. It is developed on mafic aphanitic rock with possible vol-
canic ash influence. The samples were taken from the surface 0-15
cm layer, which has about 1.6% organic carbon, and consists
mainly of kaolinite and hematite with some poethite. gibbsite.,
mica, manganese oxide, and amocphous minerals (23)

For the study of effects of pH lime). a set ol sumples were
taken from several points in a continuous function lime trial
described elsewhere (18). A single bulk sample from a point just
outside the trial was used for the studies of effects of moisture con-
tent on solution composttion and etffects of jonic strength on CEC.

Effects of pH (lime) on CEC and Adsorbed Ca Fractions
(Fig. 1)

Exchangeable cations were estracted from 3-g samples ot soil
with three successive 30-ml portions of 13 NH,CL bultkhed and
analyzed tor Al Ca, Mg, Na, and K. Since exchangeable Naowas
< 0.1 geg/g soil. CEC was taken as the sum of exchungeable Al
Cu. Mg, and K.

Effects of lonic Strength on CEC (Fig. 2)

Samples of 3-g soil were suspended in 200-mi tots ot either KU1
or CaCly, at various concentrations, vizo 0.8 50 and 30 A tor
KCL and 0.2, 2, and 20 mM Tor CaCl,. The suspensions were
shaken intermittentls tor 2 days. Then pH o was measired i the
suspensions and they were centrifuged. The equilibrium solution
wits decanted tor anadysiss The wet soil sample was werghed to
determine the amount of residual solution, wnd then extracted wath
three successive 20-ml portions of 13 NH CL These were bulked
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Fig. 1—Exchangeable cations and saturation-extract Ca in relation to
changes in pH induced by addition of CaCO, in the field. **Loosely
held Ca*' was determined by extraction with dilute KC} (17).

100 -
c {corrected to pH 5.0)/’7:
4 -
1 u =Z
> -
= yr48+176x
g
a
s S0
Q
w »
z I KCt o
5 CoCl, ©
x -

o ! t 4 )
0 0.l 0.2

SR

Fig. 2— Cation exchange capacity (sum of exchangeable metal cat-
jons) in relation to ionic strength of solution phase (), as deter-
mined in soil samples suspended in solutions of KCl or CaCl..

for determination of exchangeable cations, with correction for the
cations left in the residual solution from the initial equilibration,
error due to negative adsorption being assumed negligible. Values
of CEC were taken as the sum of exchangeable Ca, Mg, K. and
Al Tonic strengths of the initial equilibrating solutions were caleu-
jated from analy tical values for Ca. Mg, and K. assuming oth »
cations to be negligible and anions to be monovalent (i.e.. essen-
tially Ch.

Effects of Moisture Content on Solution-phase Cations
(Fig. 3.)

Several samples were made up o virjous water contents (with
addition of toluene to suppress microbial activity ), equilibrated.
and then ventrifuged at just sufficient speed to separate about 3 i
clear solution from cach sample. For values of gequal to 201 and
0.%. the sorlb sample sizes were. respectivels 10015 and 20 ¢ the
cywlibration time was 1¥ hours, and the centrituge was run tor §
min i fow speed. For valoes of g equad 1o 0.6 and 4 the sample
was T e cquihibration time 3 diy s, centrifugation nime 40 min
trefriverated ot 23 Cyoand the speed safticient o give relative ven
wituzal Torce @t the bottom ol the samp'e equal o 160 o (4 6
and 2000t 0 04 Clhe 1002 siamples were estracied instan
less steel contituze cups hied with acry e castings o suppant e
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Fig. 3—Effects of variation in inoisture content 8, on: (A) cation ac-
tivites in centrifugally extracted solution phase, (f = calculated ac-
tivity coefficient: Na data fitted by curve (Na)=0.7/6), (B) estimated
cation contents in solution, per gram of soil, (C) soil pH and es-
timated ionic strength of solution phase, and (D) changes in cation
exchange capacity; comparison of estimates from removal of cations
from solution with estimates from shifts in pH and ionic strength,

sample and collect the effluent (K. R. Helyar, unpublished).) The
samples at @ = 0.4 were then further centrifuged (at I-day inter-
vals) at higher RCF. viz. 13.000 and 21,000, to release solution
extracts corresponding, respectively, to 8 values of 0.37 and 0.35.
The centrifuge could not remove water from this soil at § < 0.35,
nor can plants. At this point the soil moisture retention curve flat-
tens, reflecting a discontinuity between interaggregate voids and
much smaller intraggregate voias which require extremely high
forces to empty (22). Since centrifugal extraction emptied only
large pores. salt sicving and Donnan effects probably had little in-
fluence on the cationic composition of the extracted solutions, Ex-
tracted solutions were analyzed for Ca. Mg, Na, und K. lonic
strengths were calerlated (Fig. 3C), again assuming other cations
to be negligible and anions to be monovalent. Activity coefticients
were caleulated using extended Debye-Hiickel coefticients pre-
sented by Adams (1, 2). Soil paste pH was determined (Fig. 3C),
at # down to 0.4, by averaging readings from 10 separate inser-
tions of a glass clectrode, well separated from the reference elec-
trode to minimize salt-cttects from the liquid junction.

Analytical Procedures

Aluminum was determined by colorimetric assay of the 8-
quinolinol comples extracted into chloroform (10). Other cations
were determirad by atomic absoption spectrometiy alter addition
ol LuaCly, and HCLL

RESULTS AND DISCUSSION
Effects of CaCO,

Figure 1 shows how exchangeable cations, exchange ca-
pacity. and Ca in the saturation extract related to soil pH oas
affected by liming . Exchangeable Al dectined from Jow ini-
tial values to essentially zero at pH 5. Eachangeable K and
Mg declined slightly with increasing hme. possibly becase
ol displacement and leaching during the 4 months between
liming and sampling.

The CEC osum ol eschangeable cationsy increased three-
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fold, from 65 10 175 peg/g soil. as the pH increased from
4.8 to 7.1, This additional charge, being almost precisely
equivalent to the amount of CaCOy reacted, helped to keep
dissolved Ca low. The form of the charge/pH curve is con-
sistent with curves determined over a wider range of pH by
others (9. 12, 15). Extrapolation t¢ pH 4 yields an estimate
of permanent charge of about 50 gey/g. consistent with the
likely contribution trom kaolinite and mica.

The additional CEC was oceupied by Ca. Some of the
exchangeable Ca was in a loosely adsorbed form, casily
displaced by dilute KCl(17). Both this fraction and the Ca
in the saturation extract increased httle as pH was raised
from 4.8 10 5.8, but increased sharply as pH was further
raised from 5.8to 7.1 (Fig. ). In pan, this agrees with cvi-
dence that Ca is held loosely against hydrolytic displace-
ment from pH-dependent sites on silicate clays (5,14).
However, charge sites on humus are probably important
here, and some of the Ca on pH-dependent sites is evidently
held strongly (17, and Fig. 1).

Effects of Ionic Strength (1)

Figure 2 shows effects of varying concentrations of KCl
and CaCl, on CEC. The curve appropriately implies exis-
tence of about 50 geqg/g permanent charge, at = 0, and an
increase in CEC with increasing g (6, 9, 11, 12, 15).

Effects of Soil Water Content, 6

Figures 3A and 3B show effects of 6 on solution-phase
cations. A simple model of soil with fixed surtace charge
would predict that total cations per gram of soil would
remain constant, and that total concentration in solution
would increase reciprocally as ¢ decreased. This was not
true, except for the individual cation Na.

The soil adsorbs Na weakly. This would be expected
where much of the charge is pH-dependent and Cu is the
main complementary cation (14). Exchangeable Nu was <
0.2 peg/e soil. although Na was a major constituent of the
soil solution. where it is probably maintained by inputs of
cvelic selt. Because Na was essentially not adsorbed. total
Na in solution remained constant as ¢ decreased (Fig. 3B)
and Na concentration rose shwply (Fig. 3A).

By contrast. Ca, Mg, and K concentrations increased
little with decreasing @ (Fig. 3A). and their total content in
solution. per gram of soil, decreased (Fig. 3B). The partial
removal of these cations from the solution can be viewed as
a buffering of their concentrations against the effect of
decreasing ¢. The removal is unlikely to be due to precipita-
tion. because Ca, Mg, and K have no salts sufticiently in-
soluble to precipitate from such dilute acid solutions as
these. On the other hand. increased sorption of Ca, Mg. and
K. implying increase in charge with decrease in 4. can be
justified.

The surtace charge of variable-charge (" constani-poten-
tial™*) colloids is a function of pH and ionic strength. Theo-
retical formulations of these relationships have been pre-
sented (e.g.. 6. 90 120 2400 Although these formulations
cannat be applicd with precision (o soils containing ill-
detined mixtures of colloids. they suggest that the system
can be approximately deseribed by the tollowing simplified
model:

L)oo vot. 4, 1977
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CEC = f(pH x w)
lop CEC = A + B log pH + C log u,

where A, B, and C are arbitrary coefficients.

For calculating changes in CEC the coefficient A is of no
concern. Coefticient B was estimated by regression from the
data of Fig. 1A, and C was estimated graphically from the
data of Fig. 2. Corrections were applied to take account of
the small variation of jonic strength associated with increise
in pH in Fig. 1. and the small variation in pH associated
with increase in g in Fig. 2. For simplicity, 8 and C were
taken as constants within the appropriate limited ranges
over which pH and g varied with change in moisture con-
tent (Fig. 3C). The coefficients had values of 4.6 and 1.5
for B and C, respectively. As the moisture content de-
creased, the drop in phi iFig, 3C) should have tended to de-

ease CEC and the rise in g (Fig. 3C) should have tended
w increase CEC.

Figure 3D shows the calculated net increase in CEC as 6
decreased from 2 10 0.37; and compares this with the ob-
served decrease in the content of dissolved cations per gram
of scil, replotted from Fig. 3B. The variation in CEC is
small in relation to the CEC uself (about 1.5 peg/e in 60
peq/g). but it is enough to account for the shift in dissolved
cation content and the butfering of dissolved cation concen-
rations.

Stoichiometric Considerations

Variation in CEC requires explanation of the stoichio-
metric changes in solution and in the interface. The ob-
served shifts in pH (Fig. 1. Fig. 3C) represent quantities of
free hydrogen ion in solution that are negligible in compari-
son with the changes in other solution cations and in CEC.
Two processes may help to acrount for stoichiometry when
CEC increases with increased pH or decreased 6. They are:
(i) association and dissociation of weak acids in solution.
and (ii) variation in anion exchange capacity (AEC), which
oceurs simultancously with variation in CEC when pH or
salt coneentration is altered (6. 9. 11, 12,15, 24).

Liming presumably increased CEC by causing release of
surface protons which reacted with carbonate to produce
CO, und water. Caleulated increase in bicarbonate aceounts
for only 2% of the increase in solutior Ca. it atmospherie
equilibration is assumed. More bicarbonate would of course
form if the soil air was enriched in CO,. Anions Trom solu-
ble organic acids should also increase with pH. Butoneither
bicarbonate nor organic anions may he abundant because
the soil has little microbial activity. as indicated by o
tremels slow rates of N omineralization (18). On the othe:
hand. liming could release ample amounts ot adsorbed
anions. since AEC i highly weathered soils can decrease
markedh with increase in pH in the ringe 40 700 T 15
(This decrease i positive charge could alse enhance the
strength of adsorption of Ca and contribute to the abwerved
butfering of Cion solution in the pH range 4.8 10 S.80

When ¢ was increised. increases in bicarbonate and dis-
soctated organic anions were again probably minor i el
ton o the shift in CEC: but signiicint amounts of adsorbed
anions may have been released because decrease m salt cor
centration would decrease AEC as weltl as C1C Tins man
be viewed as simulttancous neutrahzation of o negative s



685 MUNNS & FOX! STABILIZATION OF Ca BY CHARGE VARIATION IN AN OXISOL

face charge site by adsorption of a proton and neutralization
of a positive site by a hydroxyl, resulting in **desorption of
salt’” and litle change in pH.

Agronomic Implications

The data suggest that analysis of Ca in the saturation ex-
tract may be a useful simple test for Ca-fertility. It approxi-
mated the concentration in solution in the field moisture
range with no > 30% error (Fig. 3A). This correspondznce
is not unusual in acid soils (7, 8, 21), and accounts for ob-
served relationships between saturation-extract Ca and plant
growth (18). Diagnostic interpreta ion of solution Ca data
would be impaired if Ca were to become concentrated at the
root surface by convective mass flow; but this accumnulation
is unlikely at deficient or nearly deficient concentrations,
which for many plants of interest are around | meq/liter {4,
13, 16). For a high-Ca legume operating at 1 meg/liter in
the soil «<oittion, it can be estimated (4, 20) that convective
flow is likely to approximate plant uptake, so that giowth
should relate to saturation-extract Ca much as it relates to
concentrations ot Ca in solution culture. At Ca concentra-
tions much below | meg/liter, convective flow of Ca should
fall short of uptake. Saturation-extract Ca would then es-
timate the concentration ot Ca at the outer boundary of an
inward ditfusion gradient, and thus tend to underestimate
intensity of deficiency on markedly deficient soils. This
minor fault would be mirimized by calibration of the test in
the field.

Correction of Ca-deficiency requires little CaCOj, in some
soils (16). However, in soils like the Wahiawa, Ca-sensitive
crops may need large, expensive lime applications to co.-
rect Ca deficiency, more than they need for correction of
acidity or Al or Mn toxicity. Efficiency could be gained by
selecting crops with low Ca-requircment and by using just
enough lime to correct acidity (with supplementary Ca
provided by ncutral salts which raise CEC less than car-
bonates do). These suggestions agree with practical experi-
ence in Hawaii, where the most important crops, sugar cane
(Saccharwm officinarum L.) and pineapple (Ananas como-
sus), are low-Ca crops and where gypsum has been recom-
mended as a source of Ca (3).

ACKNOWLEDGMENT

We are grateful to V. W, Fogle for atomic absorption analyses, to P,
Pankratz for drawing the figures, and to R. (5. Burau for helpful discussion
and criticism.

LITERATURE CITED

1. Adams, F. 1971, lonic concentrations and activities in soil solutions.
Soil Sci. Soc. Am. Proc 25:420-426.
2 Adams. F.1974. Soil solution. p. 441-482, fn E. W, Carson (ed.)

24,

. Shama, M. L.,

The plant root and its environment. Univ. of Virginia Press, Char-
lottesville.

. Ayres, A. S, 1961, Liming Hawaiian sugar-cane soils. Hawaii. Plant,

Rec. 48:83-92.

Barber, S. A, and P. G. Ozanne. 1970. Autoradiographic evidence
for differential effect of four plant species in altering the calcium con-
tent of the rhizosphere soil. Soil Sci. Soc. Am. Proc. 34:635-637.
Baweja, A.S., and E. O. McLean. 1975. Bonding of Ca and K by
vermiculite and kaolinite clays as affected by H-clay addition. Soil
Sci. Soc. Am. Proc. 39:48 -50.

. Brecuwsma, A.. and J. Lyklema. 1973, Physical and chemical ad-

sorption of ions in electrical double fayer of hematite. J. Cotloid Inter-
face Sci. 43:437-448.

Brenes, E., and R. W. Pearson. 1973. Root responses of three
Gramineae species to soil acidity in an Oxisol and an Ultisol. Soil Sci.
116:295-302.

Eaten, F. M., R. B. Harding, and T. J. Ganze. 1960. Scil solution
extraction at tenth-bar moisture percentages. Soil Sci. 90:253-258.
El-Swaify, S. A., and A. H. Sayegh. 1975. Charge characteristics of
an Oxisol and Inceptisol from Hawaii. Soil Sci. 120:49-56.

Frink, C. R., and M. Peech. 1962, Determination of aluminum in soil
extracts. Soil Sci. 93:317-324,

. Gallez, A., A.S. R. Juo, and A, Herbillon, 1976. Surface and charge

chanacteristics of selected soils in the tropics. Soil Sci. Soe. Am. J.
40:601-607.
Keng, J. ¥ C,, and G. Uchara. 1974. Chemistry, mineralogy and
taxonomy of Oxisols and Ultisols. Soil Crop Sci. Fl. Proc.
33:119-126.

- Loneragan, J. F. K. Snowball, and W. J. Simmons. 1968. Response

of plants to calcium concentration in solution cultures, Aust. J. Agric.
Res. 19:845-857.

McLean, E. O., and V. C. Bittencourt. 1973. Complementary ion cf-
fects on K, Na, and Ca displacement from bi-ionic bentonite and illite
systems as affected by pH-dependent charges. Soil Sci. Soc. Am.
Proc. 37:375-379.

Morais, F. 1., A. L. Page, and L. J. Lund. 1976. Effect of pH, salt
concentration and nature of electrolytes on charge characteristics of
Brazillian tropical soils. Soil Sci. Soc. Am. J, 40:521-527.

Munns, D. N. 1976. Mineral nutrition and the legume symbiosis. p.
353-390. Chap. 10in Vol. 1V. In R. W. F. Hardy and A. H. Gibson
(eds) Treatise on dinitrogen fixation. Wiley, New York.

Munns, D. N. 1976, Heterovalent cation exchange equilibria in soils
with vanable and heterogencous charge. Soil Sci. Soc. Am. ).
40:841-845.

Munns, D. N.. and R. L. Fox. 1977. Cowparative lime requirements
of tropical and temperate legumes. Plant Soil 46:533-548.

. Munns, D.N., R. L. Fox, and B. L. Koch. 1977. Effects of lime on

nitrogen fixation in tropical and temperate legumes. Plant Soil
46:591-61.

Oliver, S.. and S. A. Barber. 1966. An evaluation of mechanisms
goveming supply of Ca, Mg, K, and Na to soybean roots. Soil Sci.
Soc. Am. Proc. 30:82-86.

- Pratt, H. L., and F. L. Bair. 1962, Cation exchange properties of

some weid soils of California. Hilgardia 33:683-706.
and G. Uchara. 1968, Influence of soil structure on

water relations in low humic latosols. Soil Sci. Soc. Am. Proc,
32:765-774.

. Tanwrz, 7., M. L. Jackson, and G. D. Sherman. 1953, Mineral con-

tent ol low humic, humic. and hydrol humic latosols of Hawaii. Soil
Sci. Soc. Am. Proc, 17:343-346.

Van Raij, B., and M. Peech. 1972, Electrochemical properties of
some Oxisols and Alfisols of the tropics. Soil Sci. Soc. Am. Proc.
36:587-593.



