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SUMMARY 

Potassium release and fixation were studied on Ferralsols (typic Eutrustox) of Southern 
Togo both by isotopic exchange with 42K+ ions and by exchange with 1 M ammonium 
acetate. Experiments were conducted on soil samples taken from surface (0-30 cm) and 
subsoil (80-100 cm) layers of four plots. These plots, with the same soil type, were sub- 
jwted to various kinds of use: forest and crops, with or without fertilizers. A single wetting 
and drying of the soil samples increased the amounts of exchangeable K. This exchange- 
able K release could stem from clay protonation during drying. However, the K release is 
insufficient to allow permanent intensive agriculture without K fertilizer addition. Soil 
samples weredherefore treated with KCl in order to study K fixation. About 20% of the 
appliedLwas fixed and the percentage increased with wetting and drying. The fixation can 
beexplained by the presence of about 2% of interstratified clay minerals in these kaolinitic 
soils. Comparison of the kinetic characteristics of the isotopically exchangeable K with the 
amounts of ammonium exchangeable K revealed the existence of several kinds of 
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exchange site for K ions. 
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Because of Africa’s population growth (it has doubled in the last 25 years), it is absolutely necessary 
that Africa’s agricultural production increases. In densely populated areas, such as Southern Togo, 
production can only be increased by a significant improvement in efficiency. It is therefore necessary 
to shift from an extensive agricultural system to a sustainable intensive system. 

Amounts of exchangeable K are much smaller in tropical soils than in soils under temperate 
climates (Von Uexkuell, 1968), but K is not often given as the first limiting factor for crop produc- 
tion in tropical soils (Anon., 1968). This fact can be explained both by poor crop yields and, 
sometimes, by the release of exchangeable K from soil particles. However, K becomes a limiting 
factor whenever large dry matter yields are expected. In soils with small amounts of exchangeable K, 
the application of K fertilizers appears to be essential in order to increase crop production. 

When K+ ions are added to a soil, some of them move from the solution to the solid phase of the 
soil. Most of the ions retained by the solid phase of the soil remain exchangeable with NH: ions, and 
are considered to be readily available to crops. Some others, however, enter sites where they are not 
exchangeable with NH: ions; they are said to be ‘fixed’ and are considered to be unavailable to crops 
(Volk, 1938), although it has been observed, from greenhouse and field experiments, that some of 
these ‘fixed’ K+ ions can move into the crops and so contribute to plant nutrition (Hainnaux et al., 
1974; Quemener, 1986). 

It was assumed, for a long time, that Ferralsols do not fix K, because their main clay mineral is 
kaolinite (Pedro, 1974). However, K fixation was observed in some Ferralsols. Due to the lack of K 
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fertilizers are very expensive in Africa, and must therefore be put to the best possible use. Thus a 
better understanding of exchangeable K release and fixation mechanisms in these Ferralsols is 
required. These mechanisms were studied on the ‘Terres de Barre’ of Southern Togo, where K 
deficiency is the main limiting factor for the crops. 

Davié, 35 km north 
Agronomiques 
cropped since 1969 
factorial long-term 

MATERIALS A N D  METHODS 

of Lomé, on one of the experimental stations of IRAT (Institut de Recherches 
Tropicales). Four plots were studied: one plot under natural forest (F), one plot 

where K fertilizers were applied until two years ago (C), and two plots of an NPK 
experimental design (KO and K2). The KO plot had received no K since 1976, 

Treatments 
Release of exchangeable K. As wetting and drying are known sometimes to increase the release of 
exchangeable K, the soil samples were wetted at field capacity and then dried once at room tempera- 
ture (22°C). The amount of exchangeable K released was determined by comparing the quantities of 
exchangeable K before and after wetting and drying. 

Fixation of exchangeable K. The soil samples were thoroughly mixed with finely powdered KCI at 
rates of O, 50 and 100 mg K kg-l. Quantities of exchangeable K before and after K addition were 
compared in order o determine K fixation. As wetting and drying are known to play a role in the 
transformation of from the exchangeable form to non-exchangeable forms (Van der Marel, 1954; 
Scott & Hanway, 1 60; Olupelu Jaiyebo, 1968; Jackson & Luo, 1986; Onchere et al., 1989), one set of 
samples with added K was wetted and dried once as previously. 

Determination of K content 
The K content was studied using three methods: 

Heteroìonìc exchange. Two procedures were used. First, 20 g of soil were extracted by three success- 
ive additions (total of 250 cm3) of 1 M ammonium acetate buffered at pH 7. The total contact time 
between the soil and the acetate solution was 2 h. The quantity, Kexchr of K extracted was measured 
in the solution, after filtration, by flame photometry. 

Secondly, sodium tetraphenylborate (NaTPB) is known to extract non-exchangeable K from 
some soils. Some samples of check soils, treatments KO and K2, with and without wetting and 
drying, were treated with NaTPB (Quemener, 1979; 1988). One gram of soil was shaken with 20 cm3/ 
of 0.1 M NaTPB for 7 d at 26°C. Then 10 cm3 O f  M NH,CI wert added and mixed with the soil. The 
precipitate of KTPB was dissolved with 50cm3 acetone, and K was determined by flame 
photometry. 

Homoìonìc exchange. The method involving homoionic, isotopic exchange has frequently been used 
to analyse available soil phosphorus and the phosphorus-fixing capacity of soils (Morel et al., 1989). 
This method has se dom been used to study available K because of the very short half-lives of the K 
isotopes (12.3 h fo ,*K and 23 h for 43K). A 1:lO soi1:solution suspension was shaken for 17 h to 
reach a steady stat (Shipley & Clark, 1972). The steady state is defined as that state of the system 
where the concentr tions of all components of the solution remain constant, and where there is no 

then added to the soil-solution mixture o11 a magnetic stirrer at 200 rpm. About 5 cm3 of the mixture 

1: 1- 

net transfer of mat i er between soil and solution. A quantity of radioactivity, R, as 42K+ ions, was 



Table 1. Physico-chemical characteristics of the surface soil (S, 0-30 cm) and subsoil (D, 80-100 cm) samples 

F" c" KO" K2a 

S" D" S D S D S D +u 

2 

2 
2 E 
!3 

!3. 

5 
Clay (0-2 pm) 12 41 9 44 12 43 12 45 g. 

$ 

Silt (2-50 pm) 8 6 9 6 7 5 8 5 
Sand (50-2000 pm) 80 53 81 50 81 52 80 49 

pH (water) 7.2 5.3 6.2 5.1 5.6 5.3 5.8 5.7 

Carbon (%) 0.55 0.17 0.45 0.17 0.41 0.17 0.51 0.20 
C/N 

m 

10 5 9 5 8 4 10 4 

K+ (mg kg-') 92 25 30 16 14 10 36 13 
Ca2+ (mg kg-') 563 301 287 337 175 325 274 262 
Mg2+ (mg kg-') 113 145 64 28 43 181 61 

CEC (mmol, kg-') 36 42 28 43 21 43 32 42 

O r. 
J' 

158 2 
11 10 12 2 Na+ (mg kg-') 10 21 5 6 7 

z 
Base saturation (%) 100 67 79 71 48 74 67 65 2 

N 

K total (mg kg-') 740 510 - ~ 620- 740 390 640 440 540 

- 
"F, natural forest; C, cropped since 1969; KO, no K since 1976; K2,lOO kg K ha-' a-' since 1976; S, surface soil; D, subsoil. 
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were sampled with a syringe at various times, t ,  and the solution immediately filtered through a 
millipore filter (0.01-pm pore diameter). The samples were generally taken at 1,lO and 100 min. The 
time required for filtration was about 5 s. The quantity of radioactivity, r,, in solution at each time t 
was determined by solid scintillation counting, and the K+ ion concentration, c, of the solution was 
measured by atomic absorption spectrophotometry. c remains constant throughout the experiment 
because the system is in steady state, but the quantity, Y,, of radioactivity in solution decreases as 
time t increases (Fardeau et al., 1977; Diatta & Fardeau, 1978). The decrease in r, is due to the 
homoionic exchange of 42K+ ions with exchangeable K+ ions located on the solid phase of the soil. 
The quantity, E,, of K+ ions isotopically exchanged in the soil-solution system at each time t is 
calculated assuming that the isotopic composition of the K+ ions in the solution is equal to that of 
the total isotopically exchanged K+ in the soil-solution mixture (Morel et al., 1989): 

(rt/lOc) = (RIE,) (1) 

E, = (R/r,)lOc (2) 

or 

the factor 10 taking into account the fact that 1 g of soil is mixed with 10 cm3 of solution. The 
quantities r, and R are expressed in units of radioactivity, the quantities E, in mg K (kg soil)-’ and 
the concentration c in mg K dmF3. 

As r1 decreases with time, the quantity E, increases. The relation Y, = f(t), for times ranging from 
1 min to 4 months, i.e. for a period of isotopic exchange of the time-scale required for plant growth, 
is: 

r, = r , t-” (3) 

where rl is the quantity of radioactivity remaining in solution after 1 min of isotopic exchange, and n 
is an empirical parameter between O and 0.5, which is dependent on the soil and its K fertilization. As 
Equation (3) can be written logr,= -nlogt+logr,, the value of n is determined by calculating the 
parameters of the linear regression between the values of logr, and the corresponding values of logt. 
By combining Equations (2) and (3): 

- E, = (R/r,)lOct” (4) 

Thus the quantity E, of isotopically exchanged K at each time t is known if rJR, n and c are 
determined. 

The quantity El is the quantity of K+ ions that move, in a given time t ,  between the soil and the 
solution. As these ions move between the soil and the solution, they must be regarded as plant- 
available. 

The method permits us to examine E,=(R/r,)lOc, i.e. those K+ ions that are isotopically 
dilutable during the first minute of exchange. It has been demonstrated, using simultaneous pot 
experiments and an indirect isotopic dilution procedure that, as for phosphate ions (Sen Tran et al., 
1988), the K+ ions which are takenup by crops are not significantly different from E, (Fardeau et al., 
1979). In addition, and as in the case of phosphorus (Morel et al., 1989), the r,/R parameter 
determined during isotopic exchange is generally a good indicator of the K fixing capacity of soils 
(Fardeau et al., 1977; Diatta & Fardeau, 1978). When rI/R is less than 0.2 the K fixing capacity is 
large, and when rl/R is greater than 0.4 the K fixing capacity is small. 

Clay analyses 
Clay analyses were performed on the < 2 pm fraction of each soil sample using three complementary 
techniques: X-ray diffraction, transmission electron microscopy and chemical analysis. 

X-ray dzrraction. Clay samples were bathed overnight in a 1 M KCl solution, and then washed three 
times with distilled water to eliminate chloride. The clay suspension was then spread on a glass slide 
and air-dried for oriented sample analyses. Diffraction diagrams for oriented samples were observed 
with and without treatment with glycerol and after heating up to 490°C (Robert & Tessier, 1974). 
The same procedure was also performed with 1 M MgCl,. 
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Traiisniissioii electron microscopy. Various samples were examined between x 10 O00 and x 40 O00 
magnification in order to observe the clay minerals. 

Chemical analysis. The triacid digestion method was described by Harrison (1933) to determine the 
secondary minerals of soils (clays, oxides and hydroxides). The secondary minerals are thought to be 
soluble in a triacid mixture, while the primary minerals are not. The samples were digested twice by 
evaporating to dryness in a mixture of three concentrated acids (H,SO,, HNO, and HCl). The dry 
residue was dissolved with concentrated HC1 and water, and the solution and residue were then 
separated by filtration. 

The mineralogical composition was investigated as follows: the quantity of illite was determined, 
assuming that all the K was contained in illites the K content of which is 5.8% (Weaver & Pollard, 
1973). The quantity of illite thus calculated is a minimum value, because clays derived from micas 
contain less than 5.8% K. The quantities of silica, aluminium and iron in the illites (Weaver & 
Pollard, 1973) were deduced, and the silica and aluminium residues were used to evaluate the 
kaolinite content. The iron oxide and hydroxide contents were calculated from the iron residue. 
Loss on ignition was used to set the proportion of these two components. 

RESULTS A N D  DISCUSSION 

Exchangeable R in check soil saniples 
The amounts of exchangeable K determined by either homoionic exchange (E,) or heteroionic 
exchange (Kexch) were greater in the samples taken from wooded areas than in those taken from 
cultivated areas (Table 2). This indicates that deforestation and local agricultural management. have 
led to a sharp decrease in exchangeable K in the surface layers of soils. Two factors can contribute 
simultaneously to this evolution: (1) under forest, the amount of dry matter and K returning to the 
soil is considerably larger than under cropping; and (2) the fraction of the rainfall that drains out of 
the rhizosphere is greater in cultivated land than in wooded soils, and thus K leaching must be 
slightly greater. 

Table 2. Exclmngeable potassium in the check samples (Kexch and E,  in mg K kg-', c in mg K dm-3) 

F" 

S" D" 

c" KO" . d. K2" 

S D S D S D 

Heteroionic 
Kexch 82 25 

Homoionic 
r, lR 0.42 0.25 
?I 0.03 0.14 
C 5.2 0.4 
E, 98 31 

30 16 14 10 36 13 

0.38 0.25 0.40 0.28 0.36 0.25 
0.02 0.04 0.04 0.08 0.01 0.05 
1.3 0.15 0.6 0.25 1.1 0.3 

30 19 16 5 33 6 

"See Table 1. 

Release of exchangeable K by wetting and drying 
The quantity of exchangeable K increased after wetting and drying in the soil samples that did 
not receive K during long-term field experiments (Table 3). In these samples the increase in 
exchangeable K was of the same order of magnitude with both methods used for ionic exchange. 

Various mechanisms have been invoked to explain the increase in exchangeable K with wetting 
and drying. 
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Table 3. Increase in exchangeable K quantities after wetting and drying (in mg K kg-]) 

Fa Ca KO" K2" 
Mean 

S " D "  S D S D S D value 

Heteroionic 25 61 40 24 29 18 O 49 31 
Homoionic 24 51 40 24 36 19 2 55 31 

"See Table I. 

(1) Whfen a soil is air-dried, a pressure of the order of 1000 kg cm-* is exerted on the clay layers, 
which could force Kt  ions from illite layers (Robert et al., 1988). NaTPB extracts K, particu- 
larly from illites. In the small number of samples treated with NaTPB (Table 4), the quantities 
of K extracted with this reagent were of the same order of magnitude as those determined by 
isotopic exchange or heteroionic exchange; no reserve K was extracted. From this result it can 

I be concluded that illites were not present in large quantities in these soils. This conclusion is in 
agreement with data previously published on the same kinds of soil (Cabanettes et al., 1973). 
Consequently, a mechanism involving high pressure on clay layers cannot explain the increase 
in exchangeable K with drying and wetting in this type of soil. In addition, NaTPB cannot be 
used to assess K release. 

Table 4. Comparison of isotopically exchangeable potassium (E,) and potassium extracted by NaTPB and by 
ammonium acetate (in mg K kg-I, check samples) 

KO-Sa K2-Sa 

Before W-Db After W-D Before W-D After W-I3 

1 
EI 
NaTPB-extEactable K 
NH:-extractable K 

16 52 33 35 
17 41 37 39 
14 43 36 36 

"See Table 1; bW-D, wetting-drying cycle. 

(2) Both pH and exchangeable K increased with the wetting and drying treatment. There is a 
linear regression with ? = 0.53 (P< 0.01), between the increases in pH (ApH) and the increases 
in exchangeable K (AK) expressed in mg K kg-'. 

ApH = 1.05 x x AK - 0.023 (5) 
Thus our results are consistent with the hypothesis that protonation of clays occurs during drying in 
these tropical soils (Jackson & Luo, 1986). 

Exchangeable K did not increase with wetting and drying in sample K2-S, where K fertilizers 
had been applied for 13 years. The greatest increase in exchangeable K was observed in the F-S 
sample, the exchangeable K content of which was larger than in the other samples. An increase in 
Kexch with wetting and drying is not determined by the absolute amount of exchangeable K. In each 
soil there is an equilibrium state, as can be observed by studying the activity ratio (AR) (Beckett & 
Nafady, 1969). Thus the release of exchangeable K from non-exchangeable K would depend on the 
difference between the present AR value and its AR, value (AR,, is the AR value when K distribution 
is in equilibrium, Beckett &Nafady, 1969; Pieri &Oliver, 1986). Therefore a release of exchangeable 
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K with wetting and drying wouldoccur in all soils in a state of relative depletion. That is why the 
release can take place in soils that contain large amounts of exchangeable K (Bosc, 1988). 

Kjxa t ion  
The fixed K is expressed as a percentage of K applied: 

K fixed = 100 x [K applied - (Kexch with K applied - Kexch check)]/K applied (6) 

The same calculation can be made using E, instead of Kcxch. 

Saniples without wetting and drying. The percentages of K fixed are given in Table 5. The results 
varied considerably, partly because of the small quantities involved, and partly because the quanti- 
ties fixed are calculated as the difference between two quantities of exchangeable K. In Ferralsols, a 
fraction of the added K is transformed into a non-exchangeable form simply by wetting either with 
distilled water (for measurement by isotopic exchange) or with ammonium acetate solution (for 
measurement by heteroionic exchange). Therefore fixation, in its generally accepted sense (Volk, 
1938), did occur. However, the quantities of K fixed did not exceed one-third of the applied quanti- 
ties. These results are in close agreement with those obtained by homoionic exchange: the r,/Rvalues 
are greater than 0.2 for all samples (Table 2), suggesting that the fixing capacity is limited. 

Samples with wettiizg and drying. Despite their variability, the fixation percentages determined after 
wetting and drying (Table 6) were, on average, greater than those observed without wetting and 
drying (Table 5). 

Table 5. Potassium fixation in check soils (K fixed as a percentage of K applied) 

E" C" KO" K2a 
Dressing Mean 

(mgKkg-I) s" D" S D  S D  S D value 

Heteroionic 50 4 33 31 8 o 12 30 13 16 
1 O0 18 O 15 30 10 15 14 20 14 

Homoionic 50 10 o 34 32 O 0  30 12 14 
100 O 0  7 -  O 0  15 15 5 

5 k e  Table 1. 

Table 6. Potassium fixation in samples wetted and dried (K fixed as a percentage of K applied) 

F" Ca KO" K2a 
Dressing Mean 

(mgKkg-I) s" Da S D  S D  S D value 

4 
25 26 35 

100 24 10 34 26 O 13 13 10 16 
Heteroionic 50 46 34 56 - 60 O 

Homoionic 50 8 0  54 - 48 O O , 18 18 
100 o 5  52 34 O 0  7 o 12 

'See Table 1. 
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From these results we can conclude that, in the Ferralsols studied, a fraction of any K fertilizer 
applied will be retained in a form that cannot be exchanged by 1 M NH, or K +  ions. Fixation might 
be more marked when the soil is subjected to several wetting and drying phases, since one drying 
after wetting is sufficient to increase the percentage of the applied fertilizer retained in a non- 
exchangeable form. Similar data were obtained on soils of the same type (Koppi et al., 1987). 

K fixation can be explained by the clay minerals present in these soils. On the X-ray diffraction 
diagram of the clays saturated with K and without glycerol treatment (Fig. l), a wide peak appeared 

0.7 nm 

Q 

I il Titanium oxide 

Ka + H 

Ka =kaolinite, G =goethite, H =hematite, 
Q =quartz 

1.4 nm 1.0 nm 0.7 nm 

1 = non-orientated sample (powder)' 
2 orientated without pretreatment 

3 after heating at 490 : 
4 = after glycerol treatment 

Fig. 1. X-ray diffraction diagrams of the K-saturated <2 pm fraction of the KO-S sample. 

at 1.4 nm. This peak moved towards 1 ,O nm after heating at 490°C, and almost disappeared after 
glycerol treatment. The same data were obtained with the clays saturated with Mg, but in this case .a 
small peak appeared between 1.6-1.8 nm. This behaviour is more indicative of smectite than of 
vermiculite, since vermiculite does not swell after glycerol treatment, and K-vermiculite has a basal 
spacing near 1 .O4 nm (Grim, 1968; Brindley & Brown, 1980), while for Mg-smectite this remaims 
near 1.4nm. But the broad band between 1.0 and 1.4nm could stem from an irregular 



Potassium release andfixation in Ferralsols 657 
interstratification of illite-smectite components. However, there is not a complete collapse of the 
interlayer space to 1 .O nm after heating. This could be due either to the presence of some Al-Fe 
hydroxides in the interlayer space, or to the presence of chlorite. Transmission electron microscopy 
showed that swelling minerals were at the layer edge of small mica particles (probably muscovite). 
The edges of some crystals were blunted, the layers were often open and the edges rolled; ragged 
layers were also observed. This suggests that some expanded 2:1 clays have been formed from 
micas, the only primary minerals that resist ferrallitic weathering. In addition, it is known that 
mica-deriving vermiculite or beidellite can selectively fix K (Borchardt, 1977). 

Table 7. Mineralogical composition of the clay fraction in the ‘Terres de Barre’ of 
Davié 

0-30 cm 80-100 cm 

Interstratified illite-smectite minerals 2.1 - 1.4 
Kaolinite 76.0 85.2 
Fine quartz and amorphous silica 3.5 0.0 
Goethite 8.0 11.4 
Hematite 5.0 0.0 
Titanium oxide 3.9 1.6 
Other oxides 1.5 0.6 

Total 100.0 100.3 

Values are expressed as a percentage, determined by triacid attack. 

The amounts of the different clay minerals in the soil samples were determined from the results of 
the triacid digestion (Table 7). The most abundant mineral was kaolinite (about 80%), while 
interstratified clays represented around 2% of the < 2 pm fraction. A similar content of interstrati- 
fied clays was observed in other Ferralsols from Brazil, by means of microcalorimetric measure- 
ments (Arkcoll et al., 1985), and in a Ferralsol from Kenya (Kwale series) by XRD observations 
(Onchere et al., 1989). This small content of K-selective material appears to be sufficient to explain 
the fate of K in these soils, which are definitely not ‘pure’ kaolinitic soils (Goulding & Talibudeen, 
1980; Sparks, 1987; Delvaux et al., 1988; Van Oort, 1988). 

Relationsliips between compartinents determined by isotopic exchange kinetics and pliysico-chemical 
exchange sites f o r  Ki- ions 
A compartment, or pool, is defined as an homogeneous unit in which all the ions, or molecules, have 
the same properties. Each compartment of an heterogeneous system can be defined by its volume 
and its rate of exchange, k,  with all the other compartments (Zilversmit et al., 1943). The relationship 
observed for isotopic exchange in a system‘in steady state (Equation 3), where no net fixation or 
release of K occurs, can be obtained if, and only if, the rqdioactive ions injected are exchanged at 
various rates with identical but non-radioactive ions located in different compartments of an hetero- 
geneous system (Sheppard, 1962; Shipley & Clark, 1972). Equation (3) is a power function and the 
system of exchangeable K+ ions contains more than two compartments (Sheppard, 1962). The 
analysis of such a pluricompartmental system must be realized using stochastic analysis. Equation 
(3) then appears to be the Laplace transform of a gamma function (Barrow & Shaw, 1975; Fardeau 
et al., 1985). This gamma function is the probability function, giving the probability of each individ- 
ual rate, ki, of exchange between the compartment of K+ ions in which the isotope was injected (the 
soil solution) and all the other compartments, k= O and k= CO being excluded. 

The value k=O for the rate of exchange corresponds to the pool of K+ ions determined.by the 
double inverse isotopic dilution method (Sen Tran et al., 1988), i.e. the pool E, which exchanges over 
a time period shorter than that required for the first determination. 
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The values O <  k< CO define another compartment. From the Laplace transform method, it is 
possible to calculate the mean mathematical rate of exchange, k,, between the ions located in the E, 
pool and the other isotopically exchangeable K+ ions: 

k, = n/(r,/R)'In (7) 
The value k= CO for the rate of exchange corresponds to a pool of Kf ions that are unable to move 
towards the soil solution. 

Therefore, in these soils, there are three distinct pools of Kf ions defined by their rates of 
exchange, k = O, O < k < 00 and k = CO. These pools, defined by the ability of the K+ ions they contain 
to move towards the soil solution, would correspond to at least three types of site for K. 

It would be useful to link these pools to exchange sites deduced from crystallographic or 
mineralogical data. This may not be possible, because a similar attempt undertaken over a much 
longer period to identify sorption sites for phosphate ions was unsuccessful. In this last case, a pool 
identified by isotopic exchange did not correspond with a well-defined single chemical form of P, and 
various types of linkage of phosphate ions with soil components, identified by chemical analysis, 
sometimes had the same isotopic composition, i.e. corresponded to the same compartment defined 
by the method of isotopic exchange (Gachon, 1973). 

The time of access to the pool E, must be considered to be instantaneous (1 min or less). The 
amounts of Kench and E, were closely correlated. Including all the samples: 

Kexch = 0.88E1 + 0.1 (8) 

with 9 = 0.96 (P< 0.01). Thus the amount of isotopically exchangeable K+ ions is about 10% larger 
than that of NH: exchangeable K ions. This conclusion is in agreement with results obtained for 
soils of the neighbouring Ivory Coast (Cabanettes et al., 1973). The difference between the quantities 
Kexch and the quantities E, can be explained by making two different assumptions. According to the 
first hypothesis, this difference can result from incomplete extraction of isotopically exchangeable 
ions by the ammonium acetate. According to the second hypothesis, the pool E, would contain on 
the one hand K+ ions located on sites accessible to both NH: and K+ ions, and on the other hand 
K+ ions located on sites accessible only to KC ions, and not to NH: ions. However, all these K+ ions 
have the same ability to enter the soil solution. According to the literature on soil thermodynamics, 
the first sites could correspond to the external, planar sites of clay minerals, whose selectivity for K+ 
is weak, and the second sites could correspond to the edge sites, whose selectivity for Kf is higher 
(Mengel & Kirkby, 1980). As the extraction of Kench is realized by three successive extractions with 
acetate, the first hypothesis is unlikely. 

The second pool consists of K+ ions for which O <: k < CO. It could be assumed that the corre- 
sponding sites would be the interlayer exchange sites, particularly those in 'wedge zones' (Menge1 
& Kirkby, 1980; Andreoli, 1989), although the mechanisms of exchange between sites are only 
partially understood (Goulding, 1983). 

The difference between the quantity of total Kin a soil and the quantity of K present in these two 
pools indicates the presence of a third pool. This last compartment contains K+ ions that must be 
regarded as immobile. They are probably K+ ions entrapped in the hexagonal oxygen network of 
tetrahedral sheets, compensating tetrahedral charges (Al for Si substitution). This has already been 
shown for illite, vermiculite and some smectite clay minerals. 

CONCLUSIONS 

Wetting and drying of typic Ferralsols from Southern Togo, so-called 'Terres de Barre', increased 
exchangeable Kin  all soil samples taken from plots where no Kwas applied during cultivation. This 
release of extchangeable K appears to be caused by the protonation of clays which occurs during the 
drying phase. The quantity of K released can be equivalent to an application of K fertilizers of about 
100-150 kg K ha-'. This release can explain the difficulties encountered by agronomists when, in 
tropical ,agrosystems, they compare crop uptake and decrease in exchangeable K in soil samples 
(Pieri, 1987). The determination of exchangeable K can provide*an estimate of the quantity of K 
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available to a crop for the next cropping season, but this determination cannot predict what will be 
available after one crop and several successive wetting and drying cycles. 

Such K release might encourage the idea of cultivating without K fertilizers; this could be a 
serious mistake. The rate of transfer of K from the clay matrix to the interlayer sites is slower than 
that from interlayer sites to solution. There is therefore a limit to the rate of release of fixed K that 
would constrain plant growth, particularly those plants that require high levels of K. Also, in the 
long term, the repeated removal of K without return reduces the available K content of soils, as 
observed on all the cultivated plots, compared to the forest plot. Therefore the release of fixed K can 
provide only a very short-term solution to crop needs. The development of a sustainable intensive 
agriculture, a prerequisite for increasing agricultural production on the ‘Terres de Barre’, must 
involve the application of K fertilizer which returns to thesoil at least the same amount of K as that 
which is exported in the crops. 

About 20% of the K applied as fertilizer to the ‘Terres de Barre’ soils became non-exchangeable 
to either NH: or 42K+ ions. Thus, according to the general definition of K fixation, these soils fix K, 
whereas for a long time it was considered that they do not do so. This fixation is probably due to a 
small quantity of interstratified illitesmectite clays, detected by a combination of physical separ- 
ation methods and crystallographic and chemical analyses. The fixed quantities are small in relation 
to the quantities required by crops, and therefore K fertilization will not be greatly hindered by 
fixation. 

In addition, clay mineral analysis and the comparison of data obtained on exchangeable K, 
either by heteroionicor homoionic (isotopic) exchange, showed the presence of at least three types of 
exchange site for K. These are primarily characterized both by their ability to adsorb K+ or NH: 
ions and by the rate of exchange between the KS ions that they contain and the K+ ions in the soil 
solution. 

R E F E R E N C E S  

ANDREOLI, C. 1989. Evolution des phyllosilicates 2/1 
en fonction de la dynamique du potassium. Thèse 
Université de Paris VI. 

ANON. 1968. Effet de la fertilisation minérale sur la 
production agricole en milieu tropical. Rapport de 
synthèse. In Compte Rendu du Colloque sur la Ferti- 
lité des Sols Tropicaux, pp. 427465. IRAT, Paris. 

ARKCOLL, D.B., GOULDING, K.W.T. & HUGHES, J.C. 
1985. Traces of 2 1  layer-silicate clays in oxisols 
from Brazil, and their significance for potassium 
nutrition. Journal of Soil Science 36, 123-128. 

BARROW, N.J. &SHAW, T.C. 1975. The slow reaction 
between soil and anions: 3. The effects of time 
and temperature on the decrease in isotopically 
exchangeable phosphate. SoilScience 119,190-197. 

BECKETT,P.H.T.&NAFADY,M.H.M. 1969.Theeffect 
of prolonged cropping on the exchange surfaces of 
the clays of Broadbalk field. Journal of Soil Science 
20,l-IO. 

BORCHARDT, G.A. 1977. Montmorillonite and other 
smectite minerals. In Minerals in Soil Environments 
(eds J.B. Dixon & S.B. Weed), pp. 293-330. ASA, 
Madison, WI. 

Bosc, M. 1988. Enseignements fournis par les essais de 
longue durée sur la fumure phosphatée et potassique. 
3. Essais sur Ia fumure potassique. In Phosphore et 
Potassium dans les Relations Sol-Plante: Consé- 
quences pour la Fertilisation, pp. 403466. INRA, 
Paris. 

BRINDLEY, G.W. & BROWN, G. 1980. Crystal Struc- 
tures of Clay Minerals and their X-ray IdentiJication. 
Mineralogical Society, London. 

CABANETTES, J.P., TRUONG, B. & EGOUMINIDES, C.R. 
1973. Comparaison de trois méthodes de détermi- 
nation du potassium dans un sol ferrallitique (deux 
méthodes chimiques et une méthode isotopique). 
L’Agronomie Tropicale 28,1200-1206. 

DELVAUX, B., HERBILLON, A., DUFEY, J., BURTIN, G. 
& VIELVOYE, L. 1988. Adsorption sélective du 
potassium par certaines halloysites (10 A) de sols 
tropicaux développés sur roches volcaniques. Signi- 
fication minéralogique. Comptes Rendus des 
Séances de l’Académie des Sciences (Paris) 301, 

DIATTA, S. &FARDEAU, J.C. 1978. Etude au moyen de 
32PO),- et 42K* de l’action des amendements orga- 
niques sur la régénération des sols rouges du Séné- 
gal. In Compte Rendu du Colloque AIEA SM-2351 
37, pp. 301-312. AIEA, Vienna. 

FAO 1985. FAO Fertilizer Yearbook, Vol. 34. FAO, 
Rome. 

FARDEAU, J.C., CHABOUIS, C. & HETIER, J.M. 1977. 
Méthode des cinétiques de dilution isotopique des 
ions PO:- et K*: application àl’analyse des modifi- 
cations de fertilité dans des essais de très longue 
durée. Science du Sol 2,111-122. 

FARDEAU, J.C., HETIER, J.M. & JAPPE, J. 1979. 
Potassium assimilable du sol: identification au pool 
des ions isotopiquement échangeables. Comptes 
Rendus des Séances de l’Académie des Sciences 
(Paris) 288,1039-1042. 

FARDEAU, J.C., MOREL, C. & JAPPE, J. 1985. Cinétique 
d’échange des ions phosphate dans les systèmes 
sol-solution. Vérification de l’équation théorique. 

3 1 1-3 17. 



660 R. Poss et al. 
Comptes Rendus des Séances de l'Académie des 
Sciences (Paris) 300,371-376. 

GACHON, L. 1973. Vieillissement de divers engrais 
phosphatés en relation avec le type de sol étudié 
par la méthode Chang et Jackson. Annales Agro- 
nomiques 24,585-613. 

GOULDING, K.W.T. 1983. Thermodynamics and 
potassium exchange in soils and clay minerals. 
Advances in Agronomy 36,215-264. 

GOULDING, K.W.T. & TALIBUDEEN, O. 1980. Hetero- 
geneity of cation-exchange sites for K-Ca exchange 
in aluminosilicates. Journal of Colloid and Interface 
Science 78,15-24. 

GRIM, R.E. 1968. Clay Mineralogy, 2nd edn. 
McGraw-Hill, New York. 

HAINNAUX, G., TALINEAU, J.C., FILLONEAU, C., 
BONZON, B., PICARD, D. & SICOT, M. 1974. Bilan et 
dynamique du potassium sous cultures fourragères 
en zone tropicale humide. In Le Potassium dans 
les Cultures et les Sols Tropicaux, pp. 291-303. 
International Potash Institute, Berne. 

HARRISON, J.B. 1933. The Katamorphisni of Igneous 
Rocks under Humid Tropical Conditions. Bureau of 
Soil Science, Harpenden, UK. 

JACKSON, M.L. & Luo, J.X. 1986. Potassium release 
mechanism on drying soils: non-exchangeable to 
exchangeable potassium by protonation of micas. 
Soil Science 141,225-229. 

KOPPI, A.J., SKJEMSTAD, J.O., PAGE, D.W. & 
COCKAYNE, D.J.H. 1987. Size and charge character- 
istics of kaolinitic soils in SE Queensland. Journalof 
Soil Science 38,395404. 

MENGEL, K. & KIRKBY, E.A. 1980. Potassium in crop 
production. Advances in Agronomy 33,59-110. 

MOREL, J.L., FARDEAU, J.C., BERUFF, M.A. & 
GUCKERT, A. 19891. Phosphate fixing capacity of 
soils: a survey, using the isotopic exchange tech- 
nique, of soils from north-eastern France. Fertilizer 
Research 19,103-1 U 1.  

OLUPELU JAIYEBO, E. 1968. Effect of drying and stor- 
age on the exchangeable potassium content of some 
Western Nigeria soils. Soil Science 106,399404. 

ONCHERE, J., GOULDING, K.W.T., WOOD, I.G. & CATT, 
J.A. 1989. Potassium and magnesium in some 
Kenyan soils: their mineral sources and release to 
Ca-resin. Journal of Soil Science 40,621-634. 

PEDRO, G. 1974. La pédogenèse sous les tropiques 
humides et la dynamique du potassium. In Le 
Potassium dans les Cultures et les Sols Tropicaux, 
pp. 23-48. International Potash Institute, Berne. 

PIERI, C. 1987. Analyses des sols et réponse de quelques 
céréales tropicales séches à la fumure potassique. 
Revue de la Potasse 6, 1-14. 

PIERI, C. &OLIVER, R. 1986. Assessment of K losses in 
tropical cropping system of francophone Africa and 
Madagascar. In Nutrient Balances and the Needs 
for  Potassium, pp. 65-81. International Potash 
Institute, Berne. 

QUEMENER, J. 1979. The Measurement of Soil 
Potassium, Research Topics No. 4. International 
Potash Institute, Berne. 

QUEMENER, J. 1986. Important factors in potassium 
balance sheets. In Nutrient Balances and the Need 
for Potassium, pp. 41-72. International Potash 
Institute, Berne. 

QUEMENER, J. 1988. Commentaires sur l'extraction du 
potassium des sols par le tétraphenylborate de 
sodium. In Phosphore et Potassium dans les 
Relations Sol-plante: Conséquences pour la Fertili- 
sation, pp. 133-163. INRA, Paris. 

ROBERT, M., GUYOT, J. & HERVIO, M. 1988. Minéra- 
logie des sols et dynamique du potassium. In 
Phosphore et Potassium dans les Relations Sol- 
Plante: Conséquences pour la Fertilisation, pp. 
13-3 1. INRA, Paris. 

ROBERT, M. & TESSIER, D. 1974. Méthode de pré- 
paration des argiles des sols pour les études minéra- 
logiques. Annales Agronomique 25,859-882. 

SEN TRAN, T., FARDEAU, J.C. & GIROUX, M. 1988. 
Effects of soils properties on plant-available phos- 
phorus determined by the isotopic dilution phos- 
phorus-32 method. Soil Science Society of America 
Journal52,1383-1390. 

SCOTT, A.D. & HANWAY, J.J. 1960. Factors influenc- 
ing the change in exchangeable soil K observed on 
drying. Proceedings of the 7th International Congress 
of Soil Science 4,72-79. 

SHEPPARD, C.W. 1962. Basic Principles of Tracer 
Theory. John Wiley, New York. 

SHIPLEY, R.A. & CLARKE, E.C. 1972. Tracer for In 
Vivo Kinetics. Theory and Applications. Academic 
Press, New York. 

SPARKS, D.L. 1987. Potassium dynamics in soils. 
Advances in Soil Science 6, 1-61. 

VAN DER MAREL, H.W. 1954. Potassium fixation in 
Dutch soil. Mineralogical analysis. Soil Science 78, 

VAN OORT, F. 1988. Présence et évolution des 
minéraux argileux accessoires de type 2: 1 dans les 
sols ferrallitiques d'origine volcanique de la 
Guadeloupe. Conséquences physico-chimiques. 
Comptes Rendus des Séances de l'Académie des 
Sciences (Paris) 307,1297-1302. 

VOLK, G.C. 1938. The nature of potash fixation in 
soils. Soil Science 45,263-276. 

VON UEXKUELL, H.R. 1968. Potassium nutrition of 
tropical crops. In The Role of Potassium in Agricul- 
ture, pp. 385-421. ASA, Madison, WI. 

WEAVER, C.E. &POLLARD, L.D. 1973. The Chemistry 
of Clay Minerals. Elsevier, Amsterdam. 

ZILVERSMIT, D.B., ENTENMAN, C. & FISHLER, M.C. 
1943. On the calculation of turnover time and turn- 
over rate from experiments involving the use of 
labelling agents. Journal of General Physiology 26, 

163-179. 

325-340. 

1 

(Received 29 M a y  1990; accepted5 June 1991) 


