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ABSTRACT

The validity of the current practice of using KCl-extractable aluminum for
evaluating the lime requirement of acid tropical soils was examined using Ap and B2
horizons of highly weathered soils from six different locations in Brazil, Colombia, and
Puerto Rico. The amount of Al (ITT) removed even upon exhaustive extraction by 1 N
KClI greatly underestimated the amount of CaCO, that was found to react with the soils
upon equilibration of the soils with an excess of CaCO; at the partial pressure of CO, of
the aif. The exchange acidity as determined by the BaCl,-triethanolamine method,
however, was found to agree closely with the maximum amount of CaCO, decomposed
by the soils, especially in those that were known to contain aluminous chlorite.

Contrary to expectation, the cumulative amounts of Ca?* removed, upon successive
extractions with water, from the highly weathered soils of the humid tropics were found
to be smaller than that removed fro:n a New York soil. The concentration of Ca** inthe
aqueous extracts (Ca®*) was found .o follow the relation: (Ca?*) = K&/(1 - 8) in
which O is the degree of Ca?* saturation of the soil and K is the hydrolysis constant.

There was no indication of fixation of Ca?* into nonexchangeable forms.

INTRODUCTION

Highly weathered soils of the humid tropics
are acid and highly leached, and thus differ
greatly from most soils of the temperate regions.
A great majority of these highly weathered soils
are classified as Oxisols and Ultisols in the U.S.
Soil Taxonomy (Soil Survey Staff 1970) and
contain kaolinite, gibbsite, goethite, and other
hydrated iron and aluminum oxides as the
major components of the clay fraction. Such
soils have relatively low cation exchange capac-
ity of which aluminum ions account for a large
proportion. Also, the exchange acidity consti-
tutes a major proportion of the cation exchange
capacity. Moreover, owing to the-presence of the
large amounts of iron and aluminum oxides,
some of these soils may have a net positive

1 Agronomy Paper No. 1113, Department of Agron-
omy, Cornell Univensity, Ithaca, N.Y. 14863. Sup-
ported by a grant to Cornell University from the U.S.
AID under the Institutional Grants Program estab-
lished hy section 211(d) of the Foreign Assistance Act
of 1961 as amended in 18686,

charge at low pH velues (Van Raij and Peech
1972) and are unable to retain cations.

The pH-dependent acidity is an important
component of the soil acidity. Many soils found
in the humid tropics are known to contain
pedogenic aluminous chlorite exhibiting pH-
dependent acidity (De Villiers and Jackson
1967) which has a great capacity to react with
lime. In general, calcium carbonate is added to
acid soils to neutralize soil acidity. There is no
general agreement on the method for determin-
ing the lime requirement of highly weathered
soils, It is generally agreed that accurate mea-
surement of the maximum amount of CaCQO,
that needs to be applied to obtain optimum
crop yields is very difficult. In general, liming
recommendations are based on raising soil pH
to some specific value. Soil pH value alone,
however, i8 not a good criterion for liming
recommendations because of the variation of
the exchange capacity of soils. Many methods
have been proposed for measuring the lime
requirement of soils. Since in acid soils, the
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aluminum jon is the most abundant cation and
largely responsible for soil acidity, many inves-
tigators (Kamprath 1970; Reeve and Sumner
1970) have suggested that lime should be added
to acid soils in amounts equivalent to neutralize
the exchangeable aluminum as determined by 1
N KCl. Surprisingly enough, some soils of the
humid tropics are known to have only a very
small amount of salt-extractable AI(III) even at
low pH values. Hence, lime requirement for
these soils, as estimated by this method, would
be considered minimal. Moreover, the exact
significance of the Al(IIl) extractable by 1 N
KCI has been questioned (Amedee and Peech
1976). Perhaps a more important consideration
is that applications of such minimal amounts of
lime would have a very insignificant effect in
increasing the effective cation exchange capac-
ity of these soils with very low inherent capacity
to retain cations such as K* and NH,* applied
as fertilizer salts.

In many soils of the temperate regions, it is
known that Ca** applied as CaCO, is held very
strongly by the permanent negative charges of
the mineral colloids. Very little of the Ca?*
moves to lower depths in the profile. In highly
weathered soils where the negative charge is
mainly pH dependent, it has been reported that
Ca®* and other cations are not held as strongly
as in their counterpart coils of the temperate
regions (McLean 1971; Sawhney and Norrish
1971; Kamprath 1972). Also, appreciable losses
of Ca** by leaching have been reported in soils
of the humid tropics (Mahilum et al. 1970).
Other investigators (Mikami and Kimura 1964;
Uehara et al. 1972) have presented some evi-
dence that Ca’* can be “fixed” into nonex-
changeable form by the highly weathered soils.
The purpose of this investigation was to study
only the chemical aspects of liming soils of the
humid tvopics, particularly their reactions with
CaCO,, and evaluation of several common labo-
ratory methods for determining the lime re-
quirement of soils. Also, an attempt was made
in the present study to determine the fate of
Ca®* applied as CaCOj; to soils of the humid
tropics.

MATERIALS AND METHODS

Description of soils

Soil samples collected for this study com-
prised the Ap and B2 horizons of highly weath-
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ered soils from six different locations in Brazil,
Colombia, and Puerto Rico, known to represent
extensive areas of potentially productive agri-
cultural soils. One sample fror ‘he plowed layer
of a New York soil was also included for
comparison. Soil names used in this study were
adapted from the U.S. Soil Taxonomy (Soil
Survey Staff 1970). A description and some
chemical characteristics of these soils are given
in Table 1.

Comparison of soil acidity as determined by

I N KCl and BaCl,-TEA methods with the

maximum amount of CaCOy found to react
with the soils

Determination of exchangeable aluminum by
1 NKCI: The aluminum extractable by 1 N KCI
was determined by Yuan's procedure (Yuan
1959). A 10-g sample of soil was mixed with 50
ml of 1 N KCl in a 125-ml Erlenmeyer flask and
allowed to stand for a period of one hour with
intermittent shaking. The mixture was filtered
through a 4.25-cm Buchner funnel fitted with
Whatman No. 32 filter paper. Additional KCl
solution was l.ached through the soil, in small
portions at a time, until 225 ml of the extract
had been collected. The extract was transferred
to a 250-ml volumetric flask and made up to
volume with 1 N KCI. Two 100-ml aliquots were
transferred into 500-ml Erlenmeyer flasks,
boiled for a few minutes to expel CO,, and then
cooled to room temperature, The first aliquot
was titrated with standard NaOH to the phe-
nolphthalein end point for total titratable acid-
ity (H* + AI’*). To the second 100-ml aliquot
of the extract, 10 ml of 4 percent NaF solution
was added and the mixture was again titrated to
the phenolphthalein end point. This second
titration gives only the amount of exchangeable
H*. The amount of exchangeable Al** was ob-
tained hy difference between the total acidity
and exchangeable H*,

Determination of exchange acidity by BaCl,-
TEA method: Exchange acidity was determined
by BaCl,-triethanolamine method (Peech
1965). A 10-g portion of soil was mixed with 100
ml of 0.5 N BaCl,-TEA extracting solution
adjusted to pH 8.0. The mixture was allowed to
stand overnight and filtered through a 4.25-cm
Pyrex Buchner funnel fitted with Whatman No.
32 filter paper. A volume of 250 ml of leachate
was collected. The exchange acidity was deter-
mined by titrating with standard HC! using a
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THBLE 1
Description and some chemical characteristics of the soils studied
o Orean oHin Exchangeable
ng. Soil name Depth ,J'.‘;’:'lrc H,0 OCTCII:’ Ca’ Mg*
cm % me/100g  me/100g
1 Acrohumox-Ap 0-20 2,93 5.01 4.30 1.93 0.40
(Brazil)
2 Acrohumox-B2 200-230 0.57 4.95 4,25 0.03 0.08
{Brazil)
3 Haplustox-Ap 0-16 341 4,15 3.95 0.07 0.06
(Colombia)
4 Haplorthox-B1 61-91 1.09 5.00 4.25 0.50 0.62
(Puerto Rico)
) Tropohumult-Bl 61-91 0.59 4.61 4.00 1.60 0.20
(Puerto Rico)
6 Haplustox-Ap 0-15 3.40 4.75 4.20 0.05 0.07
(Brazil)
7 Haplustox-B1 45-60 1.50 5.25 4.56 0.03 0.04
(Brazil)
8 Haplustox-Ap 0-15 3.62 4.35 4.00 0.04 0.05
(Brazil)
9 Haplustox-B1 45-60 1.74 4.85 4,05 0.03 0.03
(Brazil)
10 Fragiochrept-Ap 0-15 3.23 4.40 4.00 0.99 0.21
(New York)

mixed indicator of bromeresol green and methyl
red; 250 ml of the extracting solution was
titrated to the same end point. The difference
between the amount of acid required to titrate
the blank and the soil extract represents the
amount of exchange acidity.

Determination of the maximum amount of
CaCO, that can react with the soils: A known
excess amount of CaCQ, was mixed with 20 g of
soil in a 50-ml beaker. After moistening with 20
ml of H,0, the soils were allowed to equilibrate
with CaCO, at the partial pressure of CO,
existing in the atmosphere and at a temperature
of 25°C for 10 weeks with alternate wetting and
drying and occasional mixing. After equilibra-
tion of the soils with CaCQ,, the amount of
residual CaCO, was determined by the Schol-
lenberger method (Allison and Moodie 1965).
The amount of CaCO, that had reacted with the
soil was found by subtracting the amount of
residual carbonate found from the amount origi-
nally added to the soil.

Results and discusion

The amounts of acidity estimated by the
different methods are shown in Table 2. The
amounts of CaCos found to react with the soils
after incubation for 10 weeks with an excess of

precipitated CaCQ, were much higher than the
exchangeable aluminum content as determined
by extraction with 1 N KCl, in many instances
by more than threefold. They were found to be
in better agreement, however, with the ex-
change acidity as determined by the BaCl;-trie-
thanolamine methed, especially for soils 3, 4, 5,
and 10 which were known to contain aluminous
chlorite.? The KCl-extractable acidity greatly
w::derestimated, whereas the exchange acidity
by the BaCl,-triethanolamine method tended to
overestimate, the lime requirement of most of
the soils examined in this study. Inasmuch as
the method of equilibration of the soils with
CaCQy is too tedious for routine use, the BaCl,-
triethanolamine method should provide a satis-
factory benchmark for the full lime requirement
of theve soils, The actual amount of CaCO, to
be appi.ed will vary depending upon the crop to
be grown (Pearson 1975) and the type of soil.
Also it should be obvious that the effective
cation exchange capacity of some tropical soils
can be markedly increased by liming as can be
seen from the data given in Table 2. Many
investigators (Bornemiza et al. 1967; Kamprath
1971), however, have reported that liming of

1 Personal communication by Dr. R. M. Weaver.
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TABLE 2

Comparison of the maximum amount of CaCO0, found to react with acid soils with the exchange acidity and the
amount of exchangeable aluminum

Amount of
Sail no. Soil name extpacicble ity E; CaCO, that
AL(III) BaCl,-TEA e
me/100 g me/100 g me/100 g
1 Acrohumox-Ap 0.90 9.90 7.719
2 Acrohumox-B2 0.30 6.70 4.63
3 Haplustox-Ap 3.90 18.70 16.40
4 Haplorthox-B1 4,12 16.70 16.63
5 Tropohumult-B1 11,03 20.60 18.62
6 Haplustox-Ap 0.75 13.10 8.24
7 Haplustox-B1 0.156 8.70 4.95
8 Haplustox-Ap 2.25 15.80 9.82
9 Haplustox-B1 1.86 12.10 8.60
10 Fragiochrept-Ap 3.38 16.40 14.86

certain tropical soils to high pH values results in
adverse effects, contrary to the results obtained
on most acid soils of the temperate regions.
There are many theories advanced in attempt to
explain the over-liming injury (Schuffelen and
Middleburg 1954; Nye 1966; Pratt et al. 1969).
Some investigators have suggested that liming
causes a deterioration of the structure of the
soils of the humid tropics. Others have main-
tained that liming of tropical soils decreases the
availability of some nutritive elements. The real
cause of this adverse effect remains to be
demonstrated and probably varies with differ-
ent soils.

FATE OF CALCIUM APPLIED AS CACO; TO ACID
TROPICAL. SOILS

Methods and experimental procedures

Preparation of Ca?*-saturated soils: A 60-g
sample of soil was mixed with amounts of
CaCO, equivalent to the maximum amount of
CaCO, that had been found to react with the
moist soils upon incubation for 10 weeks. The
CaCO;,-treated soils were moistened and al-
lowed to react for the same period of time with
alternate wetting and drying. At the end of the
reaction period, the pH values were measured in
H;0 and in 0.01 M CaCl,. In another method,
the soils were treated with CaCO, as described
above, moistened with water, saturated by
bubbling CO;, and evaporaied to dryness on a
steam bath at 60°C. Again, the pH values were
measured as previously described.

Study of loss of adsorbed calcium by leach-

ing: Prepared fully Ca?*-saturated soils were
subjected to a series of successive extractions
with water to simulate the losses of Ca?* by
leaching under field conditions. A 7.5-g sample
of soil was mixed with 30 ml of distilled water in
a 50-ml polycarbonate centrifuge tube and cen-
trifuged at 18,000 rpm for 20 min in a Sorvall
RC2-B refrigerated centrifuge maintained at
25°C. The supernatant solution was decanted,
and the extraction procedure was repeated eight
times.

Although irrelevant to the object of this
study, it should nevertheless be of interest to
note that the color of the aqueous extracts
became increasingly more yellow upon succes-
sive extraction of the soils with water. This
increase in the intensity of the yellow color was
especially pronounced in about the third extract
apparently due to mobilization of Fe(Ill), as
determined by the aa’-dipyridyl method, espe-
cially in the limed surface soils, indicating that
the color must have been due in part to mobili-
zation of some organo-Fe(Ill) complex after
removal of the soluble salts present in the soil.
The exact mechanism of this mobilization of
Fe(IIl) in limed surface soils is not known, but
this phenomenon may ‘e of interest in studies
of soil genesis.

After extraction with water, the soil sediment
was saved for the determination of exchange-
able Ca?*, The extracts were evaporated to
dryness on a steam hotplate after addition of 3
ml of 1:1 HCL This was followed by the addition
of 1 ml of HNO, and 5 ml of 30 percent H,0,
and evaporation to dryness again. The residue
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of salts was taken up with 1 N HCI containing
0.5 percent La®*, and the volume was made up
to exactly 10 ml. The concentration of Ca** in
the extracts was determined by atomic absorp-
tion using a Perkin Elmer model 290B spectro-
photometer.

Results and discussion

The pH values of soils incubated in the
presence of sufficient amount of CaCO, re-
quired to fully saturate the soils, as measured in
H,0 and in 0.01 M CaCl,, are shown in Table 3.
It will be noted that a good agreement was
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found between the pH values of soils prepared
by both methods.

The cumulative amounts of Ca®*, expressed
in me per 100 g of soil, have been plotted in Fig.
1 as a function of the uumber of extractions.
The cumulative amounts of Ca?* removed after
eight successive extractions varied widely with
different soils, ranging from 0.7 to 4.2 me of
Ca?* per 100 g of soil. This variation in the
cumulative amounts of Ca?* removed was
largely due to differences in the amounts of
Ca** removed in the first three extractions,
after which the rate of removal upon further
extraction was essentially the same for all soils

TABLE 3

Comparison of pH values of Ca** -satura

ted soils as prepared by two methods

Ca?*-saturated soils as prepared by

Incubation Evaporation on

Soil . Amount of steam hath
no. Soil name CaCO, applied
pH in
H,0 .01 M CaCl, H,0 0.1 M CaCl,
me/100g
1 Acrohumox-Ap 7.79 7.10 6.60 7.09 6.80
2 Acrohumox-B2 63 7.30 6.95 7.40 6.95
3 Haplustox-Ap 16.40 7.65 7.00 7.29 6.85
4 Haplorthox-B1 156.53 7.31 7.20 7.50 7.05
3 Tropohumult-B1 18.62 7.05 6.91 7.26 6.95
6 Haplustox-Ap 8.24 7.16 6.61 7.18 6.50
7 Haplustox-B1 4.95 ND* ND* 7.58 6.81
8 Haplustox-Ap 9.82 6.86 6.40 6.89 6.38
9 Haplustox-Bl 8.60 7.60 6.90 7.20 6.78
10 Fragiochrept-Ap 14.86 ND* ND* 7.20 6.80
* Not determined.
S
VHAPLORTHOX-BI  NO. 4
VIROPOHUNULT-81  NO.8
OFRAGIOCHREPT-A0 NO. 10
. A oacromumox-s2 Mo 2 v/V"”_v
*{,6 WHAPLUSTOX - Ap N3 /
V@ | gacRONUNOX-2p  NO | /'
&% | owarLuson-ap  N0.8 _— M
ggﬂ-anmmonm L] ./' e —
gi ° '/'/'
gg’z- /v / o Y- P . |
§§ v/ o/n_————o
[3 v D/ .
@ l/ ;./—-s—"—: ./;l""_—__——-g-———g
/ / ——
® '—-._______ 0 s 0 b A e— L]
(===
o ] F3 3 4 5 6 7 ]
NUMBER OF EXTRACTIONS

Fi6. 1. Loss of adsorbed Ca®* upon successive extractions with water,



264

with the exception of Soil 4. Contrary to expec-
tation, the cumulative amounts of Ca?** re-
moved from the highly weathered soils of the
humid tropics were smaller than that removed
from a New York soil, No. 10,

Theoretical considerations of hydrolysis of Ca**
upon successive extraction of the soil with water

The hydrolysis of adsorbed Ca?* can be
represented as follows:

(RO-)Ca’ + 2HOH &~ 2ROH + Ca(OH), (I)

in which R represents Fe(lII) or AKIII). Since in
highly weathered soils, the charge is solely
determined by potential determining ions and
Ca**-goil and Ca(OH); are completely dis-
sociated, the net reaction for the hydrolysis of
the adsorbed Ca?* can be written:

RO- + HOH=ROH + OH~ (2)

and the equilibrium constant is given by
K- [ROH]} [OH")
[RO-]
in which [RO-]) = [Ca?*] = Ca®* adsorbed in
ne per 100 g of soil,
or [Ca?*] = B(CEC)

where O is the degree of calcium saturation and
CEC is the cation exchange capacity, and
[ROH] = [H*] = H* adsorbed in me per 100 g
of soil, or

(3)

4)

[H*] = (1 -0) CEC (5)

Also, one may substitute (Ca?*) = (OH-) which
is the concentration of Ca®* in solution, ex-
pressed in me per liter, Hence

(1 -0) (CEC) (Ca**)

K - (6)
6(CEC)
and
K- (1 —O)B(Ca") )
or

(Ca**) insolution = K l9 8
Initially, © = 1 since [Ca?*] = CEC. Thus, the
concentration of Ca?* in solution should be
proportional to the degree of Ca?* saturation of
the soil or, more correctly stated, directly pro-

LIMING OF SOILS

portional to the quotient 6/(1 - ©). It should be
noted that €/(1-0) decreases very rapidly with
decreasing degree of Ca** saturation of the soil.
The hydrolysis constant K can be calculated for
each of the soils upon progressive extraction
with water using Eq. (8) in which the concentra-
tion of Ca®* in solution is expressed in mil-
liequivalents per liter. In Fig. 2, the concentra-
tion of Ca?* in the successive extracts has been
plotted against the value of /(1 - ©). The
hydrolysis constant is given by the slope of the
line. It should be obvious from Fig. 2 that the
hydrolysis constant varied widely with different
soils (0.01 to 0.19). Essentially the same value
for the hydrolysis constant of adsorbed Ca**
was obtained by the dilution method.?

RETOVERY OF ADSORBED ca®*

Determination of exchangeable Ca?* by ex-
traction with 1 N KCl: Following eight succes-
sive extractions of the Ca?*-saturated soils
with water in the study of hydrolysis of the
adsorbed Ca?* described in the preceding sec-
tion, the soils were extracted successively nine
times with 1 N KCl and the clear supernatant
solutions were collected in 250-ml volumetric
flasks. The concentration of Ca®* in the KCI
extracts was determined by atomic absorption.
The total amount of Ca** removed by extrac-
tion with water and KCl is considered to be
exchangeable. The difference between the total
amount of Ca** applied, including the initial
exchangeable calcium content of the soil, and
the exchangeable calcium extracted with water
and 1 N KCl is considered as Ca?* “fixed" by
the soil. Because of the large relative error
arising from substraction of two large quantities
to obtain a small one, the Ca®* remaining in the
soil following extraction with 1 N KCl was
determined directly by extracting the soil with
6 N HCl as described below.

Determination of residual calcium after ex-
haustive extractions of the soils with water and
1 N KCI: Following extraction of the soils with
water and 1 N KCl, the soils were transferred to
a 150-ml beaker and digested with 30 mlof 6 N
HCl for 2 hr on a steam plate. The soil suspen-
sions were then filtered through a 4.25-cm Pyrex
glass Buchner funnel fitted with a Whatman

3G. Amedee. 1974. Liming of highly weathered soils
of the humid tropics. Ph.D. thesis, Cornell University,
Ithaca, New York.
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TABLE 4
Removal of adsorbed Ca** upon extractions with water and I N K Cl, and fixation of Ca** by the soils

Ca®* remaining

e Ca?’* extracted by in soils after .
Soil no. Soil name excl:'l‘al.tg:" extractions ..g:; 4"
H,0 1 NKC! limed unlimed
me/100g me/100 g me/100 ¢ me/100g me/100 g me/100g

1 Acrohumox-Ap 9.72 1.08 7.50 0.71 0.27 0.44
2 Acrohumox-B2 4.66 1.20 3.25 0.06 0.02 0.04
3 Haplustox-Ap 15.47 1.22 12.33 1.04 0.08 0.96
4 Haplorthox-B1 16.03 4.15 10.91 0.46 0.06 0.40
5 Tropochumult-B1 20.22 2.87 16.67 0.27 0.02 0.25
6 Haplustox-Ap 8.29 0.88 6.83 0.42 0.03 0.39
8 Haplustox-Ap 9.86 0.92 8.54 0.35 0.03 0.32
9 Haplustox-B1 8.63 0.66 7.317 0.36 0.02 0.34
10 Fragiochrept-Ap 15.85 1.94 12.00 1.76 0.66 1.10

No. 32 filter paper, and the filtrate was made up
to volume. A 20-ml aliquot was evaporated until
the solution became very viscous, then it was
transferred into a 250-ml separatory funnel with
Teflon stopcock using enough additional 6 N
HCl to effect the transfer. The iron dissolved by
HC! was removed by extraction with diethyl
ether and the resulting solution was transferred
to a 150-ml beaker and carried through the
same procedure described in the determination
of Ca’* by atomic absorption. A correction was
made for the native nonexchangeable calcium
present in the soil by subjecting the unlimed
soils to the same exhaustive extraction with I N
KCI to remove the exchangeable Ca?*, followed
by digestion with 6 N HCI and carried through
exactly the same procedure described for the

limed soils. The difference between the
amounts of Ca?* extracted by 6 N HCI from the
limed and the corresponding unlimed soil was
considered as “*Ca?* fixed" by the limed soils.

The total initial exchangeable Ca?*, which
includes the initial exchangeable Ca?* content
of the soil plus the amount of Ca?* applied as
CaCOs,, the amount of Ca?" recovered by ex-
traction with water and 1 N KCI, and the
amounts of Ca** fixed by each soil are given in
Table 4. It will be noted from the results in
Table 4 that, with the exception of two soils,
Nos. 3 and 10, the amount of Ca?' found
“fixed” into nonexchangeable form was less
than 0.5 me per 100 g and is hardly significant.
Thus, there is little evidence to indicate that the
highly weathered soils of the humid tropics have
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the capacity to fix calcium into nonexchange-
able form.
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