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Stabilization of Calcium by Surface Charge Variation in an Oxisol t 

D. N. MUNNS 

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 

Intherangeofwatercontent0.35to2.0. Effects ofime and watercon-

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 pH1, cation exchange capacity, and 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 rc.ults help explain why Ca-deficiency may sometimes be cor-
rected better by neutral Ca salts ttan by lime and why saturation-ex

tract Ca may approximate soil-solution Ca adequately for diagnostic 
purposes. 

Additional Index Words: Al, Mg, K, Na, anion and cation exchange 
Adiiona ylie ,Npal aionleschane
Wrsa, m fl nion 

stoichiometry, cyclic salt, mass flow, tropical soils 

V ARIABILITY OF SURFACE CHARGES has important effects 

on behavior of ions in highly weathered soils whose 
colloids are mainly kaolinite, sesquioxides and hunus. As 
soil pH is increased toward neutrality, negative surface 

-charge will increase and positive charge decrease, and as 

electrolytes in the solution phase become diluted, both posi
ti'" and negative surface charges Wl decrease (6. 9. II . 

12, 15, 24). The purpose of this paper is to show that varia-

lions in cation exchange capacity help to account for appar-

ent anomalies in beha\ ior of Ca which becanie evident from 
a field-liming trial on a line-textured Hawaiian Oxisol. the 

Wahiawa silty clay ( 17, 18. 19). 

Although Ca-deliciency is frequently corrected by small 
applications of limestone. the Wahiawa t, psoil required 

about 5 metric tons CaCO:/ha before (a in the saturation 
extract rose sulbstantially above the low value of 0.3 

ineq/liter (18). This "buffering" of Ca at low levels can be 

'Joint cottribttion froh )ep. of Soils idt Plaint Nutritiomt. Ulul, o. (.al-
ifornii.Daivis. CA tQ5616. a d I)ep. of Agronmom .\and Soil Sicite. hi . 
tf Ilait . 1. n part IX t the t S,1 tui 68_22. Suppurle d im .,ris 1iL. -.
Agcnc\ torItrn,ittalt cDclopment. Rcceiked I, 1076,e \tpit\Ct 
311iM aich I177. 

Assoiale P'rofcssor, tni\ olCaliltmiat. and i'ittes, o f, (;Ili\. 

llassaii. respectivelt. 

AND R.L. Fox' 

only partially explained by considering cation exchange 
equilibrium anti affinities of adsorption sites for Ca (17). 

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

This paper presents measurenlents 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 i,Wahiawa silt) clay (Tropeptic Eutrustox) fromn the 

University of Hawaii's Poanloho Eixperimental Farm on the island 
ofOahu. It is developed on malie aphanitic rock with possible vol
canic ash influence. The samples were taken from the surface t. 15 

cm laeyr, whih has about I.6V, organic carbon, and consists 
mainly of kaolinite and hematite with some eoctiite. gibbsilc. 

mica, manganese oxide, and ktliIphouIs minerals (23) 

For the stud) of ef'cots of pH (limle). a set oi samples %%ere 

taken from several pioints in a Coi 6minouts function lime trial 

described elsewhere (18). A single bulk sample from a point just 
outside tle trial of elfects of oisttire conwas used fir tle studic t 
tent on solutiot Composition atd effects ot iotic stietith oi CIEC 

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

Exchatngeable cations were extracted fnrom 3-, satiles of soil 
with three succes+ive 31-il portitis of I,!NI-I At. bulked and 

analvzed for Al. Ca. Mg. Na. and K. Since e\chanucablc Nat 5,it, 
< 0.1 geql/g soil. CEC \as taken as the sum of exehan.ceable Al. 
Ca. Mg. and K. 

Effects of Ionic Strength on CEC (Fig. 2) 

Samples of 3-g soil \wcrC sUl-pcmL.d in 200-t-1l lot, of citie. KCI 

or ('a I.,. various oticeitl' iOlIs. . 5. andI 50t 11ll/ 101at \i/. I. 
Ill.%..Io suspesi,,,' \\tc 

shaikeln illie'nillentl\ for \%at'illeastlled the 
K .I.and 0.2. 2. M ) i t ('a lWic Ions 

2 days. Then fll In 
tlnt, i \tn ',,uIttsccllcitt it-'Ct..Tmalalhmmrltm n 
sct. th c 

, ss is 
ile of 

is decalnled (ll otllat\si'. lie et soil sanlle \\c h d to 
d le iite t tllitillllesidtlil NOlItIti01. id tlmitl :Xt',tttCd \%mlm0 
thrCe sLIcCCs,i\e 3.(-ml potrtihn, of IM Nil ,('.llhcs \\erc lulked 
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tSOIL o6 e m hnfrte etiue (tIdyitryn48+I?6,sO5 l Fig.sapeWt--t)4wr3 Effects of variation in moisture content on: a,(A) Laton ai
iStof stivites in centrifugally extracted solution phase, (f = calculated ac-

Fig. I-Exchangeable cations and saturation-extract Ca in relation to tivity coefficient: Na data fitted by curve (Na)=0.7/0), (B) estimated 
changes in pH induced by addition of CaCOQ, in the field. "Loosely cation contents in solution, per gram of soil, (C) soil pH and es

3 	 Bheld Ca" was determined by 
-

extraction with dilute KCI (17). 	 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 cndionic strength.i 0 d (crt o 5.0e 

\sample and collect the effluent (K. R. Helyar, unpublished).) The 

. yo17Isamples at 0 = 0.4 were then further centrifuged (at I-day inter

vals) fthigher RCF. viz. 13,000 and 21.000, to release Solution 

tlo.iiextracts corresponding, respectively, to 0 values of .37 and 0.35. 
Thee centrifuge could not remove water from this soil at e < 0.35, 

tz KCI 	 nor can plants. At this point the soil moisture retention curve flat

tens, reflecting discontinuity interaggregate voids anda between 
E t ooc x 

o 	
much smaller inlraggregate vois which require extremely high 

hio~tOo I .:'Jforces 	 to eipty (22). Since centrifugal extraction emptied only 

large porest salt sieving and Dorman effects probably had little in

adluence on the cationic composition of the xtracted Exctolutiabs. 
tracted ,,erh analyzed Mg. c IonicFig. 2uCation exchange capacity (sum of exchangeable metal cat- solutions for Ca. Ni and K.

ions) in relation to ionic strength of solution phase (14), as deter- strengths were calculated (Fig. 3C), again assuming other cations 

mined in soil samples l.s pended in solutions of KCI or CaCI.,. to e negligible and anina,thebeiotrlvalnnt. Activity coefficients 
were Calculated Us.inlg extended Dcbyc-Hi~ckcl co)efficients pre
sented by Adan' I, 2). So il paste pHi was determined (Fig. 3C), 

for determination of ex.chani-eahle cation,,. wvih correction for the at10 down to 0).4, 1-kaveraging readings from 10 separate inser

farn rtoil,,fcations left in the re,idual ,lutti.n the initial equilibration. 	 clhcide, kkellseparated from the reference elec
erro~r due to nICI.atiL athorption beintg as1sumedCL negligible. VaILie, 	 trode to minimize salt-effccts, from the liquid .Junction. 

oflCIEC %keretaken. its tile ,If oexc hangeable Ca. Mg. K. a tt 
AI. 10111C llC initial equilibrating ,olutions Abay i o utdlcu-etdl h'tith nrede0,III11 were cd 	 P e e 
lated front lli n 0l.7al %'![]tie for (.'i. Ml'. a.nd K. &P,,tllnline tlh r" 

cleiow, iche ncIii :hland anion ill hc i(onoialnt (i.e.. Aluminum ,,latidelrinIc( hy colorimietricp.Isa)o (ie u
tliall IIC.l) lota quinolinttl into chlo (10).leo extracted n efrm Other caties 

were deh..rnir,'d hbyatomic ath,orpti(on sPectron'iltl after addition 

Effects of Moisture Content on Solution-phase Cations (i1tLaCl:, and] I&I'. 
(Fig. 3.) 

S0C-anaC 1alille %CICatr ollctp t)Vaios (k iliRESULTS 	 AND DISCUSSION 

lestiteol eItllI', I III ,llpprc, microbial activily I. ih nil [fcCCsad. Effects of CaCO:t
arnd then CCntrIiftt.11ld ait.ItiJ, ,,u1liCiCit ,,peedl 10 Separate a.bolut 3 
clear solution Irtim) ech ,anple. For VaiLUC,O' (/ equlU~1112. I. and Figure I shows how exchangeable cations, exchange ca

,o il] ",aLm .. p ac ity 'adtion e x tra t re la te d toosoil p H a s(.X . tie p]I ', i,li \\cre . rc ,,pcc i\e l .. 10 . 15 . alil] 2 0 () .ihe ,an dt Ca il1 th e .a.tultr 
.,tllliy. C' uLip anti tilI' t.CIIrt-u11.Cwate l in affected hb, lillil,'2.al\d 4 .Iii 0 I i iid o va ius C" t, I'Lill fill l 5 	 I.xchiang, ahle A ] declined front low iniCLttllihr;11i01 IIIIC \\a,. IX I1.11sl". 	 .% 

i l c ' .I. g l
nllin l h v,%., k-Cd. I-III i ahIC,, (11I/cqtal hll 0.0 'andt 0.4, Ihc ',allillIc' a l , )c,, n .v Zit;lp th t a . 

l /ia , liil Itkc,aihhebl K'ands4(1 ,11 l va slu in so ,,,lia zero tal Ii5.
\\ka, (HI c.(~li(il'qII;IlI)IIll I ktl ,. CvllnJihll.ulil III 11111': 

-' ' -' n 
(IC!'li'.',..".llM 'l '..t ".thlIi~iCnl ll2 1.2LI Sl2h l .. %'%thl 1111W . 1110, 1 V, c.-h 	 CIIIt . 

HI [ ll._ V\\r.'kIIJll'It'd "lll 'S,,llnplhl2. 

0ll;ll2', [l,.lI o"IP '['hlc (1-C(! llill of1 Cw h'llu11212,lld L'all(II- illt-'t' 11 h'eC
and 4.1101I,itn 1 )-1 1011'h ;ti IkIII III liIIill2 anldt 

[e, .too 'l) \kill) H CI' llit.- III stllpl I th 
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CEC = f pH x hu.
.ueq/gsoil. as the pH increased fromfold. from 65 to 175 

4.8 to 7.1. This 	additional charge, being almost precisely l 
equivalent to the amount of CaCO, reacted, helped to keep where A. B, and C are arbitrary coefficients.
 
dissolved Ca low. The ton of the charge/pH curve is con-

For calculating changes in CEC the coefficient A is of no
siste n t w ith c u rve s d ete nni ined o v e r a t w ide r ra nge of ' p H byc o c r . C e f i nt 8 w s s i i a d Nr L r s i il r nt ( e 
othes (, 1, I). 11 stiate concern. Coefticient Bwas estimated by regression from thecxtrpoltiont( yildsanothers (9, 12, 15). Extrapolation I( ptlt 4 vields an estimate 

of pf about 50 consistent with thle data of Fig. I A, and C was estimated graphically from the 
ecntrmne c ioont eie adata 	 of Fig. 2. Corrections were applied to take account of 

likely contribution from kaoli nite and mica. 
the small variation of ionic strenth associated with increase 

The additional CEC was occupied by Ca. Some of the 
and the small variation in pH associated 

exchangeable Ca was in atlosely adsorbed form. easily in pH in Fig. I . 
with increase in A in Fig. 2. For simplicity. B and C Were 

displaced by dilute KCI (17). Both this fraction and the Ca 
constants within the appropriate limited rangespH was raised taken asin the saturation extract increased little as 

,,vried with change in Moisture Con
from 4.8 to 5.8. but increased sharply as pH was further over which pH and 

raied to7. (Fig. 1.Inltentpar!, this agrees with evi- (Fig. 3C). The coefficients had values of 4.6 and 1.5rom5. 

dence that Ca is held loosely against hydrolytic displace- for B and C, respectively. As thle moisture content de

clays (5,14). creased, the drop inp! iFig 3C) should have tended to de

raised from 5.8 to 7.I Fi. 

ment from pH-dependent sites on silicate 
ease CEC and the rise in /i (Fig. 3C) should have tendedprobably importantHowever, charge sites on humus are 

t) increase CEC.
here, and some of the Ca on pH-dependent sites is evidently Figure 3D shows the calculated net increase in CEC as 0 
held strongly (17, and Fig. I). 	 decreased from 2 to 0.37, and compares this with the oh

served decrease in the content of dissolved cations per gram
Effects of Ionic 	Strengt.i (I) of soil, replotted front Fig. 3B. The variation in CEC is 

Figure 2 shows effects of varying concentrations of KCI small in relation to the CEC itsell" (about 1.5 1.eq/g in 60 
and CaCI. on CEC. The curve appropriately implies exis- /ieq/g). but it isenouCgh to account for the shift indissolcd 
tence of about 50 #leq/gpernanent charge, at /, = 0, and an cation content and the buffering of dissolved cation concen
increase in CEC with increasing A (6, Q, 11. 12, 15). irations. 

Effects of Soil Water Content, 0 	 Stoichiometric Considerations 

Figures 3A and 	3B show effects of 0 on solution-phase Variation in CEC requires explanation of the stoichio
model of soil with fixed surface charge metric changes in solution and in the interface. The ohcations. A simple 

would predict that total cations per grain of soil Would served shilts in pH (Fig. I . Fig. 3C represent quantities of 

remain constant, and that total concentration in solution free hydrogen ion in solution that are negligible in conipari
would increase reciprocally as 0 decreased. This was not son with the changes iniother solution cations and in CEC. 

true, except for the individual cation Na. Two processes may help to account for stoichionietry ,shen 

The soil adsorbs Na weakly. This would be expected CEC increases with increased pH or decreased 0. Thei, are: 

where much of the charge is pH-dependent and Ca is the (i) association and dissociation of weak acids in solution. 
main comiplementary cation (14). Exchangeable Na was < and (ii) variation in anion exchange capacity (AEC). which 

0.2 .eq/g soil. although Na was a major constituent of the occurs sinmltaneoulsly with variation in CEC when pH or 

soil solution, where it is probably maintained by inputs of salt concentration is altered (0. 9. II, 12. 15, 24). 
cyclic salt. Because Na was essentially not adsorbed, total Lining presulably increased CE(C b\ causing release ot 

Na in solution remained constant its 0 decreased (Fii,. 33B) surface protons which reacted ssith ca0bonate to produce 
CO., and water. Calculated increase in ibicarbonate accouIntsand Na concentration rose shaiply (Fig. 3A). 

By contrast. Ca, Meg. and K concentrations increased foi onl\ 2' of the increase in solutior 'a. it' atniosphcrc 

little with decreasing 0 (Fig. 3A). and their total content in equilibration is assumcd. More bicarhtel ",old of course 
solution. per gran of soil. decreased (Fig. 33). Fie partial form if the soil air \ as,enriched in CO. Anions Irolin solh

removal of these cations from the solution can be viel, ed as hie organ ic acids should also increase s,ith p1. But. newitlier 

a buffering of their concentrations against tile effect of bicarbona!c nor*org anic anions iiai he abundant bcCCMaNc 

decreasing o. The removal is unlikcl\ to be luc to precipita- the soil has little microbial activit., as indicied bh\\

tion. because Ca, M. anld K have 11o salts sulticientl.s in- treincl sl\ rate,, of N ininerali/ation (18). Oi the ,ithc! 

soluble to precipitate fronm such dilute acid soilutions as hand. liiiiing could rlesCe amnplC alttlts,of1;id,orbjd 

these. On the other hand. increased sorption of'Ca. Mg. and anions, sincc .\IC ii, hiili I cathe red soils can dccrcasc 

K. implying increase in charge with decrease in (. canl be uarkedl\ \with increase in phi in tile range 4 to 7 (1. I I1 
justified. 	 (This dcreasc ill positive charge could lso Cnhiln:ce the 

The surface charge of variable-charge ("constant-poten- streiigth of adt'irpt scr\ Cdi in f ('a and contribute t, the 
tial") colloids is a function of pH and ionic strength. Theo- buffering of (-"i ill solution in h Ill I rance 4.8 to 5.S. I 

retical formulations of these relationships have beel pre- When i0\\ia" increased. increases in bicarbolatc -Ind dl,

sented (e.g.. 6. t). 12. 24). Although these forinulations sociated organlic allions \ere ag-aill pro al.fl miinor ill I,-l.i 

t-:lnlot le applied s\ itLb p'ecision 1t soils containing ill- to tie shiti in (IC, 1 but1 ,imltica milil il' e'tiomi 	 mi moll 


delinled li\ltll S of colloids. tile\ suggest that the sstein aiiioii, inas ha.o' ]e nll eleased becausC dCCICI iCn ,ill,+.,0, 
.\LC i, 'ell as [ll 

model: b \ iC\\Cd a, ,iiinltaineOl eti,I ralh titn ot,1ail\ itll 
can be appr0iinatel.\V dcC'ibCd h, the following silmipliied 'clitralin \ould dcrcleC \as CI .i\ 
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face charge site by adsorption of a proton and neutralization 
of a positive site by a hydroxyl, resulting in "desorpfion ofsf" anositiesite hag hinx res3. 

salt"' and lit:le 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-tract thh
mated the concentration in solution in the field moisture 
range with no > 30% error (Fig. 3A). This correspondence 
is not unusual in acid soils (7, 8, 21), and accounts for ob-
served relationships between saturation-extract Ca and plant 
growth (I8). 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 accumulation 
is unlikely at deficient or nearly deficient concentrations, 
which for tnany plants of interest are around I meq/liter (4, 
13, 16). For a high-Ca legume operating at I meq/liter in 
the soil ,,).':tion. it can be estimated (4, 20) that cotvective 
flow is likely to approximate plant uptake, so that gowth 
should relate to saturation-extract Ca mucn as it relates to 
concentrations of Ca in solution culture. At Ca concentra-
tions much below I meq/liter, convective flow of Ca should 
fall short of uptake. Saturation-extract Ca would then es-
tirnatc the concentration or' Ca at the outer boundary of an 
inward diffusion gradiertt, and thus tend to underestimate 
intensity of deficiency on markedly deficient soils. This
minor fault would be minimized by calibration of the test in 
the field. 

Correction of Ca-deficiency requires little CaCO3 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
selectitg crops withseletinith low Ca-requitcnenta-rquicnint adand byb using just ow crps 	 u~ng~ust40:841 

enough lime to correct acidity (with stIpplementary Ca 
provided by neutral salts which raise CEC less than car-
bonates do). These suggestions agree with practical expefi-
ence in Hawaii. where the mlost important crops, sugar cane 
(Saccharunt )fficinarut L.) and pineapple (Ananas cono-
sis), are !ow-Ca crops and where gypsum has been recoin-
mended as a source of' Ca (3). 
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