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SUMMARY

Soil potassium (K) availability to plants is mainly a function of diffusion pa-
rameters, involving liquid and solid phases of the soil. General adoption of diffusion
factors to determine K availibility is dependent on a method that allows rapid
analysis of these parameters, especially thebuffer power. The objective of this paper
is to derive mathematically buffer powers of the soil for K, Na, Ca, Mg, Mn, and Al.
Gapon's exchange equation was assumed to describe the reactions of cations be-
tween solid and solution phases of the soil. Equilibration of the soil with strontium
to determine Lhe concentrations of the cations in the liquid phase is implied in the
derivations. The soil was considered a closed system, with a constant cation ex-
change capacity. Monovalent and divalent cation activities in the soil solution were
expressed as monovalent K activity equivalence and divalent Ca activity equiva-
lence, respeciively. Each buffer power equation developed includes all major soil
cations. It is expected that these expressions may be useful in diffusion-controlled
nutrient plant uptake models as well as in determining plant availability of soil
cations. Buffer power equations of Ca and Mg might also be useful in modeling lime
dissolution rates in the soil.

Index terms: potassium, sodium, calcium, magnesium, manganese, aluminum, deri-
vation of exchange equations.

RESUMO: DERIVACAO DO PODER TAMPAO DIFERENCIAL DO SOLO PARA
CATIONS

A disporubilidade de potdssio (K) as plantas é, principalmente, fungao de pardmetros de
difusao, envolvendo as fases liquida e sélida do solo. A adogdo dos fatores de difusdo para
determinar a disponibilidade de K depende de um método que possibilite sua andlise rdpida,
sobretudo do poder tampao. O objetivo deste trabalho foi derivar matematicamente o poder
tampao do solo para K, Na, Ca, Mg, Mn e Al. Utilizou-se a equagdo de Gapon para descrever
as reagbes de troca dos cdtions entre as fases sélida e liquida do solo. Nas derivagdes,
constderou-se ter sido o solo equilibrado com estréncio (Sr) para determinar a concentragao dos
cdtions na fase liquida. O solo foi considerado um sistema fechado, apresentando capacidade
constante de troca de cdtions. A atividade dos cdtions monovalentes e divalentes foi expressa
como equivaléncia monovalente em K e equivaléncia divalente em Ca respectivamente. Cada
equagdo de poder tampao inclui todos os demais cdtions considerados nas derivagées. Espera-se
que essas expressoes possam ser lteis em modelos de absorgao de nutrientes, cujo processo seja
controlado por difusdo, assim como na avaliagdo da disponibilidade de cdtions ds plantas. As
equagées do poder tampdo de Ca e Mg podem, também, ser iiteis na modelagem da taxa de
dissolugao de caledrio no solo.

Termos de indexacdo: potdssio, sédio, cdlcio, magnésio, manganés, aluminio, derivagdo de
equagoes de troca.
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INTRODUCTION

Significant advances have been obtained over the
last 30 years on the understanding of nutrient flow
from soil to roots since the papers of Bouldin (1961)
and Barber (1962). However, most current K soil
diagnosis methods (Haby et al., 1990) still are based
on a single concentration of a certain chemical form
(usually the exchangeable pilus the solution
amounts). Based on current knowledge about the
process of transport of nutrients to plant roots, avail-
ability would be better expressed as a flux term in-
stead of concentration. For nutrients like P and K this
would imply expressing inflow (mol em™ of root)
based on diffusion. The main limitation to implement
this approach under practical conditions is the lack of
methods to determine routinely the actual param-
eters that control diffusion. Since the buffer power is
one of the most important factors in this process, the
objective of this paper is to derive mathematically a
differential buffer power of the soil for the major soil
cations.

METHODS

The derivations are based on the assumption that
the soil has been equilibrated with Sr(NOjy),
0.002 mol L'! (Wiethélter & Corey, 1994a). Exchange
reactions between cations in the soil solution and on
the solid phase were based on Gapon’s exchange equa-
tion (Gapon, 1933).

Precipitation-dissclution reactions were as-
sumed not to exist in any of the derivations presented.

All derivations imply a closed system with a
defined total cation exchange capacity, excluding H".
The inclusion of H* would probably increase the va-
lidity of the buffer powers if a closed system of elec-
trical neutrality were considered, as indicated by
Bouldin (1989).

The derivations include the following steps: 1)
substitution of the cation exchange capacity equation
(Eq. [1]) and definition of the ratio between exchange-
able K and K activity in the soil solution (Egs. [2] to
[11]); 2) definition of the differential equation (Egs.
[12] and [13]); 3) differentiation of the former equa-
tion and calculation of the K buffer power (Eqgs. [14]
to [20]); 4) similar procedures are then repeated and
equations to express the buffer power of the soil for
Na, Ca, Mg, Mn, and Al are derived.

DERIVATIONS
Potassium buffer power

The cation exchange capacity {CEC} of a soil is
usually expressed with the following equation:

{CEC} = {MX} + {D X} + {A] X}, [1]
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in which { } represents cmol, kg!, X! refers to one
equivalent of anionic charge, M is the summation of
the monovalent cations (Na and K), and D is the
summation of the divalent cations (Sr, Ca, Mg, and
Mn). Strontium (Sr) is here included because it is
assumed that the soil has been equilibrated with
0.002 mol L™ Sr(NO,),. In principle, Sr could simply
be omitted from this derivation and the final result
would not be affected, as long as any other method
would be used to determine the concentrations in the
liquid and solid phases of the soil.

Exchangeable amounts

Using Eqgs. [19] and [25] of Wietholter & Corey
(1994a),

[MX} (D*)2
Yoo R [2]
Pe {D,X | (M)
and
MX! (A3
kM = 3
* " ALX] o), -
Eq. [1] then becomes
, MX] (D> [MX] (AI*)"
CEC} = MX : ; 4
{ } i }+ k[\)/]c‘ (M+)K k;’;Al (M+)K [ ]

in which () refers to activity in solution (mmol L )
and kD and k}ﬁ are Gapon'’s selectivity coefficients
(Gapon 1933) M%)y and (DZJ')Ca are, respectively,
the monovalent K activity equlvalence and the
divalent Ca activity equivalence, as proposed by Egs.
[16] and [13] of Wietholter & Corey (1994a), and are
expressed by the following equations:

M) = (K') + ky* Na*) [5]
(D%, = (Ca®) + k5L (Sr™) + keE (Mg™) + kr (Mn™). [6]
The values of kN2, k¥* kM& and kM" are also

Gapon’s selectivity coefficients, obtained in the same
type of expression as presented for Egs. [2] and [3].

A

Rearranging Eq. [4] yields
MX] _[CEC]

M) M)c+a’ o
where,
It can also be stated that
{MX} = {KX} + {NaX} [9]

and
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va _ INaX] (K")

X KX} (Na”) [10]

Substituting Eqgs. [9] and [10] into Eq. [7], the
distribution coefficient of K becomes

KX] _[CEC|- [KX]
(K ki*(Na)+a '

[11]

Letting Y = {KX}, X = (K*),C, = {CEC} and C,, =
denominator of the right hand side of Eq. [11],

C,Y=C X-XY. [12]

Since Y can not be solved explicitly in terms of X,
to differentiate Eq. [12] it is necessary to use the
method of implicit differentiation. Thus,

day G -Y
dX X+C,°

[13]

It should be noted in Egs. [12] and [13] that both
C, and C, are assumed constants in the soil while
{KX} and (K") are changing. This should be a reason-
able assumption considering that the derivative of Y
with respect to X implies an infinitesimal change in
both Y and X. As a consequence, C, and C, may be
assumed constants.

The slope of {KX} vs. (K*) is known as the tangen-
tial buffer capacity (BC), expressing the capacity of
the solid phase to buffer the activity of K in the soil
solution. Substituting the values for X, Y, and C, in
Eq. [13], BC becomes

AKX ’
d(K*) N
(K + k;(“(Na‘) +

[CEC} - [KX]
(D™ (APY)”

+
M M
kDC‘ kAl

BC = [14]

Multiplying and dividing the right hand side of
Eq. [14] by kg’c and, from Eqs. [2] and [3],

e
o _ 5
i ky , [15]
Eq. [14] becomes
K [[CEC) - [KX]
BC = > [16]

K (KD + kY (Na) + (D)2, + Kb (A"

The buffer power (b) of the soil for K is generally
expressed as the change of the labile pool concentra-
tion (C) with respect to the concentration in the soil
solution (Cy). It has been demonstrated by Van Rees
et al. (1990) that the use of BC instead of b in uptake
models might result in erroneous estimations of dif-
fusion. Therefore, letting

_4dc

b aC, [17]
where
C ={KX} + 0.25(K")", [18]
and
C,=EKIA, [19]

beingy* the monovalent activity coefficient, which can
be calculated with Eq. [4] of Wiethslter & Corey
(1994a) and the equation proposed by Davies (1962,
p-41), expressed in a general form with Eq. {38)] of
Wietholter & Corey (1994b). The differential buffer
power of K then becomes

Ky [lCBEC) - (KX]]
by = 10p - > B +0.25
B [ky (K)+ky ky'(Na')+ D>) + ko (A1) 1y
Ca Ca Ca
[20]

The constant 0.25 in Eq. [20] converts mmol K*
L! solution to cmol, kg! (10 g of =0il and 25 mL of
0.002 mol L' Sr(NQ,), are used in the Sr equilibra-
tion procedure), 10p is the conversion factor from
{cmol, kg (mmol L) to (mmol cm™ soil)/(mmol em™
solution) and p is the bulk density of the soil, in units
of g soil cm™® soil. Therefore, the units of by are (mmol

em™ soil)/(mmol em™ solution).

According to Eq. [20], the buffer power of K is
directly proportional to the selectivity coefficient be-

tween monovalent and divalent cations (kgc) and

the cation exchange sites not occupied with K, {CEC}
- {KX}; it is also inversely proportional to the concen-
tration (activities divided by y*) of all major soil cat-
ions.

Sodium buffer power

Solving Eq. [10] for {KX} and substituting it and
Egs. [6] and [9] into Eq. [4] and taking the derivative
of {NaX} with respect to [Na*], in a similar approach
as used for Eq. [11], the buffer power of the soil for Na
becomes:

kg k‘l‘j‘a [[CEC) - |NaX}]

N,
.3

by, = 10p
N [kgc (K)+ "k (Na)+ (D™ + kg'a @™ 1y

Dey

Calcium buffer power
Solving Eq. [2] for {MX} and Eq. [3] for {AL:X};

changing the units of the exchangeable amounts of Sr,
Ca, Mg, and Mn of Egs. [2], [7] and [8] in Wietholter
& Corey (1994a) from cmol kg to cmol, kg''; using
Eq. [6] and substituting into Eq. [1]; and, taking the
derivative of {D, X} + 0.5[Ca®'] with respect to [Ca®'],
the differential buffer power of Ca is obtained,
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M +, 2. 1 Al 8+ 15
ky (M) +207)2 +kpy (AT
ICEC! - [ Ca, X }|—= o
l (A 19 ] 9, Ly
2(D )Cn
be, =5p Tolg M s T A, T e 08|,
e )Ca[kD&(MM(D Yoa+ K (A7) ]/v

[22]

where YZ* represents the divalent activity coefficient
and can be obtained from the same equation used

to calculate y*. The units of b, are (mmol cm™® soil)/
(mmol em ™ solution).

Magnesium buffer power

Using a similar approach as in Eq. [6], the diva-
lent Mg activity equivalence is

D>y = Mg™) + Ky, (Sr™) + kg, (Ca™) + Ky (Mn™) ,

(23]

where, upon transformations, k(“’g and k%g can be

obtained from Eqs. [14] and [15] of Wietholter &
Corey (1994a).

Through a process similar to that outlined forbg,,
the differential buffer power of Mg can be derived:

Al 3,13

Ky (M) + 205 + Ky (A7)
[P \ Mg 8 Mg
{CEC| - | Mg, X | Q(Dzé)xz
by, = Sp 9otz M Ve Al o Sy 2. 0 +05
My, [kDm(M )+ (D7) + K, (A ]/~{
[24]

Since lime dissolution rate in the soil is a function
of Ca and Mg diffusion away from the lime particle,
Egs. [22] and [24] might be useful in modeling this
process.

Manganese buffer power

Based on the similarity between Eqs. [6] and [23]
for Ca and Mg, the divalent Mn activity equivalence
can be defined by the following equation:

Mg

D)y, = Mn®) + K55 (S67) + ki (Ca®) + kyf Mg™) . [25]

Following the same reasoning used for Ca and
Mg, the differential buffer power of the soil for Mn
becomes:

M 2. 1y Al

K ) 42072 + Ky ar™)?
i | Mo M Mn
{CEC) - { Mn, X | PN
by =5 20 D +05
Mn = 9P v M ek 2, 1 Al Slpy 2. T
O [k (M) + (D™ )E + iy (A7) *)y
Mn Mn
[26]

Aluminum buffer power

Solving Eq. [25] for {MX} and taking the recipro-
cal of Eq. [26], both of Wietholter & Corey (1994a),
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and then substituting into Eq. [1], it can be demon-
strated that the differential buffer power of the soil
for Al is given by

M, .+ D 2+l 3.4
2k, (M) + 2k, (D7) 2 4 RAL)
E

3(Al
ML . D 2.(1/2} 3.ty 34
[k M) + I (D )y + (ALY ]y

ICEC} - { Al X |

where y** is the trivalent activity coefficient and
is calculated from the same equation used to estimate

Y.

It should be considered that b,; is meaningless
for soils with a pH above 5.6, since the activity of Al
in the soil solution is then controlled by the solubility
product of AI{OH);. Under such circunstances, pre-
cipitation-dissolution reactions are involved, which
are not predicted by the Gapon type of exchange
equation.

DISCUSSION

In studies of K uptake modeling and especially in
the quantity/intensity (Q/I) approach (Beckett, 1964),
it has been assumed that the slope of {KX} vs. (K*) is
linear, which is valid over a narrow range of concen-
trations of K. However, for soils that are either very
high or very low in K content, the relationship is not
linear (Beckett, 1971). Therefore, the inclusion of both
(KX} and (K*) itself in the buffer power equation
presents probably some advantage, since this ac-
counts for the appropriate slope at any point along the
isotherm curve. However, this is true only if the
relationship between K on the solid phase and in the
soil solution can be described by a Gapon approach
(when all sites have the same binding energy and only
electrostatic exchange occurs). In addition, the inclu-
sion in Eq. [20] of all major cations that compete with
K for exchange sites, makes, in principle, the buffer
power of K applicable for a wide variety of soils.

Buffer powers of Na, Ca, Mg, Mn, and Al probably
have much less meaning than the buffer power of K
in terms of plant nutrient availability. However, the
equations derived do express the importance of one
cation on the buffer power of another cation. In addi-
tion, buffer powers of Ca and Mg might be applicable
in studies of lime dissolution rates.

CONCLUSIONS

Using the Sr equilibration procedure to estimate
concentrations of the major cations in the soil solution
and assuming solely electrostatic exchange reactions
between liquid and solid phases, differential buffer
powers of K, Na, Ca, Mg, Mn, and Al were derived
mathematically. The buffer power equation for each
element includes all cations used in the derivations.
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