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Chemistry, Mineralogy, and Taxonomy
of Oxisols and Ultisols'

J. Co WL Kexe ANp G, URHARA®

ABSTRACT

Ultisols and Oxisols of the tropices Irequently con-
tain minerals of the constant surface potential type.
The surface charge density of minerals of this type
aries with pH and salt concentration. The fundn-
mental electrochemical  parameter for minerals of
this type is the zero point of charge. ‘The sero point ol
charge is the pH at which the net sartace charge is
sero. For pH o values more acid than the zcro point
charge. the sign ol the clecrical charge is positive.
The sign is negative for pH above the sero point of
charge.

For soils containing constint surfiace potential col-
loids, the zero point generally falls between pll 146,
The zero point ol cioge is higher in Oxisols than in
Ultisols and generally increase with depth in Oxisols.

The buffering capacity of oxidic minerals increases
with increasing pHoas predicted by theory, lmplica-
tions ol this property to liming ol soil of the tropics
is discussed. "The cellect ol anion adsorption on cation
retention is also discussed.

tPublished with the approval of the Ditector of the Hawaii
Agr. Expt. Station as ‘Technical Paper No, 1763, Data taken from
a thesis submitted by the senior author in partial fulfillment of
the requitements for the M.S. degree,

Gradoate student and Soil Scientist, vespectively.

ddditional Index Words: Constant surface  po-
rential minevals, ph-depeadent charge, Zero point ol
charge “Tropical soils, Liming.

The fine fraction ol soils can be categorized on the
basis of clectrochemistry into colloids with constant
surlace charge, or cotloids with constant surlace o
tential. Colloids with constant surface chanrge include
the familiar Lavered silicates which derive their surface
charge from ion substitution in lattice interior. They
are frequently called minerals with permanent clarge.

Colloids with constant surface potential are equally
well known, but have not been studied as extensively
s the Tavered silicates. They inchud = the erystalline
and non-envstalline oxides and hvdious oxides ol
aluminum. iron, titamium, numganese and silicon, as
well as several important Loered silicates and  their
amorphous chemical equividents, Kaolinite, halloysite,
allophime and most probably ale and pyeophyllite
fatl in this category. Quantz, the most abundant ‘min.
eral insoils also belongs 1o this group "The mechanism
ol chianrge origin for minerals of this tvpe is illustrated
in Fig. 1.

I the temperate regions where most soils rescarch
is conducted, the predominant soil minerals are those
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livdroxyls,

with constant surlace charge. Management parameters
developed and hased on soils containing this group of
minerals apply throughout the world, including the
wopics, when the chemistry of the soil iinerals are ol
the constant charge type.

I we study the Oxisols and Ultisols of the ropics
we Jdiscover thin minerals of the constant surface po-
tential type are quite common i often the only type
prosent ina soile In lact the oxic horizon, by dehni-
tion, camnot contain large quamtities ot clay with
permanent charge. For this reason Oxisols generally
are tound on remmants ol old geologic surfaces, When
the rock comtains casily weatherable minerals as in
hasitts and altra-basic igneous rock, Oxisols may lorm
relatively quickly. Uliisols which are associated with
Oxisols generally occar on steeper slopes and {re-
quently on retreating scrps. Ultisels e therelore
younger snd often contitin more minerals ol the per-
manent charge npe. Inosome instances, closely asso-
ciated Oxicols, Ultisols, and even Alfisols are miner-
alogically indistinguishable.

For purpose ol predicting soil hehavior i is help-
lul to separate minerals into the groups discussed
carlice.  Soil  namagement  parameters developed
through reseanch and experience on one group of
mineral soils do not necessavily apply 1o the other.
Most soils comain a mixture ol constant charge and
comtamt potential colloids. These soils can be ade-
quately managed by maodification ol parameters based
on cither group. Scrions difliculties arise when ex-
perience based on one group is extrapolated to soils
containing minerals which we predominantly of the
other tvpe. Many of the problems encountered in
tropical agriculture ave i result of this practice. There
is i need o examine soils and soil matervials for which
well-established management practices do not apply.

The separation ol mincerals into constant sarface
charge and constant surliree potential tvpe begins with
the Gouy-Chapman double Tayer equation.

2nekT . weyr,
A sinh OKT (n

where o, is the surkace charge density, n is the concen-
nation of the equilibrium solutions in number of ions

,reoem?, 7 is the valence of the conuter ion, € is the

diclectric constant of the medium, k is the Boltzmann
constnt, T is the absolute temperature, and 4, is the
surface potential.

For low surface potentials (i, << 25mV) equation
1 reduces 1o

Ke
1

o’y = lllu (2)
where K is the reciprocal of the dowt.'e laver thickness
and is a Tunction of clectrolyte concentration. For
brevity and case ol discussion, equation 2 will be used.

In constant surliace charge svstems, such as vermic-
ulite or montmorillonite suspended inan aqueous
solution, increasing the salt concentration (and there-
fore Ky, will result in a reduction in surlace potential
th,. becuse o, is @ constant. On the other hand, the
sime change in salt concentration will result in a
change in surtace chavge o, in constant potential sys-
tems. For some constant surlace potential colloids, s,
can be held constant by maintaining ptl constant. For
these colloids, i, is related to the hydrogen ion con-
centration through the expression

RT H-

Wy, — In b

b F He (3)
where Ris the gas constant, T is the absolute tempera-
ture, [ is the Faraday constant, H* is the hydrogen ion
concentration, and H-, is the hydrogen ion concentra-
tion at which s, = O.

Lquation 2 and 3 can be combined to give
Ke RT ,  H- Ke
L = 0.059) (ZPC-pl

i pom 1, A (0.059) (ZPC-pH)
(1)

[ .
where log TR the pHat the zero point of charge
0

T, =

(ZPC). Equation ‘| shows the relationship between ca-
tion exchange capacity (o) and pH. Colloids which
can be deseribed clectrochemically by equation 4 are
commonly valled colloids with pH dependent charge.

The clectrochemistry of Oxisols and many Ultisols
ol the tropics is more adequately deseribed by equa-
tion I than by assuming constancy of o, in equation 1.
There are three situations of equation -1 which are of
interest,
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The first involves the case 1 = H-, or (ZPC=pH).
When this unique situation is met, o, = O. Many fine
textured Oxisols, Ultisols, and even Alfisols, have low
cation exchange capacities. This simply means that the
pH at which CEC was determined was not far from
the zevo point of charge. Fqguation 1 also assures us
that a low CEC s not necessarily a permanent leature
ol soils with constant surlace potential colloids,

T'he second situation arises in soils when He > He,
or ZPC > pll In this situation the surface charge is
positive and the soil has o negative cation exchange
capacity or anion exchange capacity, "This situation
more requently occurs in the subsoil. In this situation
the soil pIT measured in N KCHis higher than the pH
measured in i witer suspension.

The last sitnation involves the case, T2 < He, or
Z20C < plL This is normally the case Tor most surface
soils. In this situation a soil material possesses net
negative charge and the pllin N KC will be more
acid than the pH in water. In most surface soils, »oil
solution pllis on the alkaline side of the ZPC, so that
the soil is a oon exchanger.

‘The three cases are graphically illustrated in Fig.
2. In Fig. 2,4, is plotted as a fundtion of pll for a low
(Cyy and high (€ clectrolyte concentration. The
slopes of the o, - - pH curves hecome steeper with in-
creasing clectrolyie concentration. 'The point of inter-
section corresponds to the ZPC on the plaxis and
net zero charge on the o, axis. For an indiflerent elec-
trofyte such as KCHor NaCl, all curves will intersect at
asingle point,

The change in ptwith chamge in salt concentra-
tion (more corvectly salt activity, a)

dpH
'l IOg LTS - B
(L
at any value ol a, is well-defined quantity for a par-
ticular clectrolyte. g8 is the Esin-Markov cocfficient
(Brecuwsma and Laklema, 1971) and s a negative
quantity when the colloid is negatively charged, zero
at the point ol zero charge, and positive when the col-
loid possesses net positive chinge.
It is & common practice to measure soil pH in
N KCE (pH ) and again in water (pHyo). The dif-
ference between the phl valoes

Al)ll = l)l[|“-| - lJllll'.'U

can again take on negative, zero or positive quantities

SURFACE CHARGE
(o]

+

I

|

I

|
C Co (zPC)

+

PH

Fig. 2 - Retationship between surtace diange o Losalt coneen

tation C, wnd equilibrinm pEE for colloids tor which He and
OH arve potential detevmining ions. When s positive pH in

creases with inocising concentration (o (SNE I he reverse s
ttue when pis negative.

corresponding 1o the sign ot the net charge on the
colloid.

Table 1 provides pll values tor the Halii and
Nipe soils. Tn both soils the  pllvalues hegin with
positive values in the subsoil and gradually change to
more negative values with increasing prosinity (o the
surfice, Interestingly the .pll values e negative
when the soil is acid, This suggests that the zero point
ol charge ol the soil colloid is lower in surlace hori-
sons than in the subsoil. This shilt in Z1°Cs 10 lowa
pHl values in the surlace horizons is probably due to
chemisorption ol organic mater. Free organic matier
nray also contribute 1o this shilt in ZPC.

Laboratory  potentiometric tination anves of a
powdered ivon oxide sheet brom asoil are prosented
in Fig. 3. The mimerals identified in this sample were
gocthite and hematite, The method used 10 obtain the
data was essentially thae described by vane Raij and
Peech (1972). The procedure diftered only in that this
sample and others shown later were not subjected 1o
acid washing, Serial ttration with acid (HCH or base
(NaOH) was made on air-dried samples with no other
pretreatment. The sapporting clecrolyte was CaCl.,
NaCl or Na,50,.

Unlike the linear relatiomship between o, and pH

PABLE L—ApH v Sies oF 1 Enremo st Ciarer or i Cotvoms (5 i Hani (Gisnse
HEMOX) AND NIPE (ACRORTHOX) SERIES,

Halii
Depthin Organic PH PHy 0 Apll
inches carbon (%)

0-13 2.87 4.54 4198 —0.44
182! 191 507 5.27 —0.20
23-30 1.31 h.28 528 0.05
30-44 0.99 5.22 5.00 0.22

Nipe*
Depth in Organic Pl P ApH
inches carhon (¢4)

0-11 6.0 1.3 5.1 —0.8
11-18 200 14 5.0 —0.6
18.28 1.33 1.7 5.0 --0.3
2838 0.86 ) a2 0.5
3818 0.72 6.1 5.0 0.6
41862 0.56 6.4 5.1 0.7
62.70 0.19 6.7 n.8 0.9

*Source: Soil Survey Investigation Report No. 12, SCS, USDA in cooperation with Puerto Rico Agr. Expt, St
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predicied by cquation -+, the curves are non-lincar.
The non-linear relationship is clearly predicted by
squation 1 Fquation 1 applies in the pH range very
near the ZPC, say 0.5 pH ounits on either side of the
ZPC, where the relationship between o, and pH can
he presumed 1o be lincar. Van Raij and Peecly (1972
however, have shown that even equation 1 did not
adequately deseribe theiv experimental data, but ob-
tained  good apreement between  experimental and
computed surface charge when the Stern modification
of equation 1 wis used.

The need 1o invoke the Stern model, and the
marked deviation of experimental data from  those
predicied by the Gouy-Chapnan equation suggests
that constant surface potential colloids have electro-
chemical properties quite diflerent from those of the
layered silicates, ‘This is especially true when CaCl, or
Na 80, is used as the supporting electrolyte instead of
NaCl In Fig. 2 we note a change in the shapes of the
curves, and in addition, a shift in the zero points of

charge to lower and higher values when calcium and
sulfate salts are used.

Theory predicts (Breeuwsma and Lyklema, 1971)
that in the absence of specific ion adsorption the
change in pH with each ten-fold increase in salt ac-
tivity is greater in absolute value on the alkaline side
of the ZPC for NaCl than for CaCl,. Similanly, for a
given g, on the acid side of the ZPC, the change in
pH should be greater with NaCl than with Na,SO,.
The fact that the change in pH is greater with CaCl,
and Na, 5O, is evidence tor specific adsorption of cal-
cium and sulfate jons. In addition the fact that the
ZPC has already shifted to lower and higher values
with CaCl, and Na,50, at the Jowest (0.001 N) elee-
trolyte concentration suggests that specific adsorption
of ions occurs at very low concentrations, wnd there-
lore can be important in soil solutions.

a, — pH curves Tor several soils are presented in
Fig. -1-7. The Halii soil is a Gibbsihumox and is oxidic
in mineritlogy, the Molokai is a Torox and kaolinitic,
the Paaloa is a Tropohumult and has a mixed min-
cralogy ol gibbsite, kaolinite, anatase, and a mixture
of iron oxides plus about 10 percent mica in the clay
fraction. The Hilo soil is a Hydrandept and is desig-
nated thixotropic in licu of mineralogy. It is a mixture
of gibbsite, organic matter and amorphous hydrated
oxides.

The foregoing discussion and laboratory data ex-
plains several ficld observations which are not ade-
quately explained by the constant surface charge
theory. ‘These observations include the inordinate
aemounts of lime needed 10 raise pH in soils with
virtually zero cation exchange capacity, and the in-
creased cation retention when sulfate or phosphate
fertilizers ave applied 1o soils. These deviations from
expected behavior occur when theory and experience
based on soils containing permanent charge mineral,
are applied to soils whose mineral composttion is pre-
dominantly of the constant surface potential type.

The experimental o, — pH curves clearly show
that the buffering capacity (the steepness of the o, —
pH curvesy inereases witly inercasing calcium jon con-
centration. More important the curves are steeper for
calcium than sodinm salts and become steeper with
increasing pll This suggests that Ca(OH), or CaCO,
is not a particularly cfficient chemical lor increasing
soil solution pH of constint porential colloids. Tne
need to use the Stern-double Tayer equation (van Raij
and Peech, 1972y also suggests that most of the counter
ion charge resides in the compact or Stern layer a few
angstroms from the colloid surface, and only a small
fraction of the total charge is in the dilluse layer. In
a sense, the eflective charge (the charge in the diffuse
layer or total charge minus charge in compact layer)
necessary for retention of other cations, and soil dis-
persion is very small. For this reason some oxidic soils
disperse with great difliculty even at high pH’s, and
possess excellent physical properties in the field. There
is also a suggestion that the calcium ions in the Stern
layer are held with some affinity, and are not com-
pletely removed with a single extraction with neutral
salt or N NH,OAcat pH 7.

The small change in pI upon addition of a large
quantity of lime to a soil with low cation exchange
capacity, and the inability to account for calcium in
readily exchangeable form has sometimes been at-
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Fig. -L.=Net clectvic charge of Halii (Gibbsihumox) surface
soil @) and subsoil (b) as a function of clectrolyte concentra-

tributed to leaching losses. This observation can also
be explained by high chavge development and strong
retention of calcium jons upon application of lime.
Interesting and useful research possibilities exist in
this arca as there arve insuflicient field and laboratory
data to clearly support cither view.

Il we again examine the o, - pH curves in Figures
3 to 7, we note that at the plt's very near the ZPC
measured with NaCl, the colloid is rendered postively
charged in the presence of sullate ions. This indicates
that sulfate ions, like calciwm ions on the opposite
side of the ZPC, are dli(i(nl generators of surfacee
charge. Since addition of Na,50, increases positive
charvge, one would expeat lhc cation retention to he
reduced. In fact, the reverse elfeet is observed.

Ayres and Hagihara (1958) showed that addition
of (NH),50, to a Hydrandept (see Fig. 6 for o, —
PH curves) reduced potassium losses due to leaching.

This apparent inconsistency has been clavified by
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tion and equilibviem pH.

Breeuwsma (AL Breeuwsnn, 19730 Adsorption ol lons
on Hematite. Ph.D. Thesis. Agricaltural University,
Wageningen, The Netherlandsy and Breewwsma and
Lyklema (1971). 'They show in their work with hema-
tite (ale,0) that, while specific adsorption of salfate
ions results ina shilt ol the Z2PC 1o higher pHL and
therelore inareines the positive charge on the colloid
relative 1o the pH ool the ZPC obtained with Na(l,
super equivalent adsorption ol sullate ions vesults in
charge reversal. In short, the neganve chinge in the
compact Tayer exceeds the net positive charge on the
oxide surface, so that the counter ions in the diffuse
layer are ctions.

Phosphate is even more effective than salfate ion
for increasing the cation retention capacity of oxidic
materials, Fach millimole of sorbed phosphate in-
creases crtion retention by about 0.8 me per 10
grams of soil (Mckaru and Ueharva, 1972), "The greater
plant response o CaSiO, than 10 CaC.O, observed in
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some liming experiments is in part due to the adsorp-

tion ol silicate ions on the oxide surface and the re”

stthtant increased cation retention.

SUMMARY AND CONCLUSIONS

Unlike soils of the temperate regions which con-
rain clay minerals of the constant surface charge type,
sails of the tropics, particularly the Oxisols and Ul-
ol contain minerals which are predominantly of the
comstant surface potential type. This lauver group in-
cludes the kaolin minerals, allophane, the erystalline
Aud non-erystalline oxides and hyvdrous oxides of silj-
<o ion and aluminam, and organic matter. For
these materials, hydrogen and hyhoxyl ions are the
porential determining ions. "The sign and magnitude
ob e net surface charge on minerals of the constant
saraace potential group are controlled by soil solu-
tion pH. The sign of the charge can be positive, zero,
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cquilibrium pH.

or negative, When the net charge is zero, the soil or
material is said to be at its zero point of charge. For
most soils containing minerals of the consti.t surface
potential type, the pH at the zero point of charge
ranges from pll 3.5 to 5.0. The pH at the zero poimt
of charge generally decreases with incrcasing organic
vutter content, and therctore, the zero points of
chinge generally increase with inereasing soil depth.

Lime application increises net negative chinge by
deprotonation of surface hydroxyls, Oxides can de-
velop very high surface charge densities, and this ac-
counts for the loge quantity ot lime required to
change soil pIT in oxidic soils with virtually zero
cation exchange capacity.

Negative surlace chinge density can also be in-
creased by shilting the zero points of charge to lower
pll values. “This cin be accomplished in die field by
addition of organic mauer, phosphate fertilizers or
silicate amendments.
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