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Discours d'ouverture

P. CHAUDET, Ancien Prisidert de La Confdration h litique, Pr6sident de l'Institut International de La Potasse

Herr Ministerialrat,
Herr Dekan der Landwirtschaftlichen Fakultdt der Technischen Universitdt Miinehen,
Herr Professor Schrdder,
Meine Herren Vertreter der bundesdeutschen und bayerischen landwirtschaftliehen
Forschung,
Meine Herren Mitglieder des Wissenschaftlichen Beirates,
Meine Herren Referenten,
Herr Direktor der Fachhochschule Schdnbrunn,
Meine Damen und Herren,
Mesdames, Messieurs,
Ladies and Gentlemen,

Es ist mir cine grol3e Ehre, das 9. Wissenschaftliche Kolloquium des Internationalen Kali-
Instituts in Landshut erbffnen zu dfirfen. Meines Wissens ist es das erste Mal, daB ein
offizieller AnIafi des Internationalen Kali-Instituts in der Bundesrepublik Deutschland
durchgeffihrt wird. Um so mehr freue ich reich, daB gerade die traditionsreiche Stadt
Landshut im Freistaat und Bundesland Bayern als Durchfihrungsort gewiihIt wurde.
Die landwirtschaftliche Forschung Deutschlands nimrnt auf internationaler Ebene cine
Spitzenposition ein. Wichtige Etappen des Fortschritts in der landwirtschaftlichen Pro-
duktion sind durch deutsche Forscbungsarbeit geprggt. Es war datum ein Anliegen des
Wissenschaftlichen Beirats des I.K.I., daB im Rahmen des gegenwirtig laufenden Ar-
beitszyklus des Instituts iber Grundlagenprobleme des Pflanzennfhrstoffs Kaliurn, das
wichtige Kapitel des Kaliums im Boden in diesem Lande behandelt wird, wo die
Bodenkunde seit jeher intensiv gefd6rdert wird.
Ich mbchte Herrn Prof. Schrdder, Kiel, herzlich danken fdir seine Bereitschaft, den
wissenschaftlichen Teil dieses Kolloquiums zu gestalten.
Mein Dank geht ebenfalls an die Herren Professoren Schuffelen und Bach sowie an die
Herren Professor Mengel und Direktor de Tarragon, die den Vorsitzenden des Kollo-
quiurns in seiner Vorbereitungsarbeit wirkungsvoll unterstitzt haben.
Die Gesamtkonzeption des laufenden Arbeitszyklus des Instituts ist vom Wissenschfftli-
chen Beirat erarbeitet worden, den ich hiefir meine Anerkennung aussprechen mchte.
Ganz besonderen Dank schulden wir Herrn Prof. Haber, Dekan der Landwirtschaftlichen
Fakultit der Technischen UniversitAt Miinchen, den Herren Professoren Amberger und
Schwertmann sowie den Herren Professoren Schmidt und Rumpler, die es ermglichten,
dal3 wir das Kolloquium hier in Schbnbrunn sowie in Weihenstephan durchffihren
kdnnen, oder welche sich in kompetenter Weise urn die Orga:-a,;,.tion unserer technischen
Exkursionen berniihten.
Ihnen allen, meine Darren und Herren, wiinsche ich einen erfolgreichen Verlauf des
Kolloquiums.
Ich bin Herrn Bundesminister Doktor Josef Ertl sehr dankbar, daB er das Patronat Uiber
unsere Veranstaltung fibernommen hat. Leider hat er sich in Ausilbung seiner Pflichten
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einen kleinen Unfall zugezogen. Er hat mir in einem Schreiben sein Bedauern iiber seine
Abwesenheit ausgedriickt. Wir wiinschen Herrn Bundesminister Ertl baldige Genesung.

It n'est pas ncessaire, je pense, de rappeler longuement ici les buts et les travaux de
l'Institut International de la Potasse. Sa cr6ation a r6pondu d'une part au besoin qui se

manifestait depuis longtemps dj. de pousser & la spkcialisation des chercheurs appel~s A

faire face A [a complexit6 grandissante des probl~mes agronomiques. Nous ne sommes

plus A l'6poque oif, dans ce domaine comme dans beaucoup d'autres, la fertilisation des
sols peut etre recherche selon des mthodes empiriques. L'augmentation considerable de

la consommation mondiale des engrais appelle [a mise au point de programmes scienti-

fiquement 6prouvis. Mais l'lnstitut s'est efforc de r~pondre encore A une autre preoccupa-
tion, i savoir celle de la nicessit6 iconomique dans laquelle se trouvent les agriculteurs de
tirer le b6n6fice maximum de l'application des engrais.
Ces deux axes des activit~s de l'Institut prennent une importance grandissante dans les
pays dits industrialis6s, ot le problme de [a production agricole s'ins re dans un contexte
extrimement serr6 d'int6r&ts divergents, sinon contradictoires. L'harmonisation de ces

intrEts, les points d'intersection i trouver de mani~re A maintenir une agriculture viable
et toujours adapt6e au maximum aux possibilites des marches impliquent la pratique d'une
discipline rigoureuse. Et cela autant en mati6re de recherche fondamentale que d'applica-
tion dans les conditions 6conomiques et agrologiques si diverses des pays concernes.
En ce qui concerne le Tiers-Monde, nous savons combien les regions en voie de diveloppe-
ment trouvent avantage A b nficier des exp6riences acquises dans les zones A d~veloppe-

ment plus avanc6. Nous n'avons pas le droit - 6conomiquement et politiquement -
d'induire en erreur ou de laisser dans le doute ceux de nos semblables qui attendent de
notre part des directives dont ils puissent s'inspirer A coup str. Le probl~me est d'une
grande importance, ne serait-ce que consid&r sous son angle psychologique, sans n6gliger
pour autant toutes les autres consequences d'avis qui seraient donn6s sans garantie
suffisante.
A cet 6gard, it est heureux que les travaux du Conseil scientifique, les congr~s tenus d6s

1954 en Suisse, en Italic, en Grande-Bretagne, en Autriche, en Espagne, en Hollande, en

Gr6ce, en Belgique et en France, les colloques d'lrlande, de Suisse, du Portugal, de
Yougoslavie, de Finlande, d'Italie, d'IsraI et de Su6de aient permis I'tude d'un certain
nombre de themes que nous reprenons p~riodiquement A un stade plus avance de la

connaissance. La diffusion des rsultats de nos travaux par une Revue adress e i plus de

8000 abonn6s dans le monde entier, la publication en volumes de plus de 400 conferences
et communications scientifiques 6tablissent un lien n6cessaire entre Instituts de recherche
et hommes de science.
Les missions qui agissent dans le cadre de Ia coop6ration technique internationale
contribuent aussi A faire de l'Institut un 6lment propulseur de progr6s de m~me que la

collaboration avec d'autres organisations. Je songe surtout i Ia FAO et au programme
alimentaire mondial pour souligner le r6le important que nous avons A jouer A une 6poque

qui appelle imp~ricusement non seulement I'application, dans tous les domaines, de
technologies nouvelles, mais 6galement Ia coordination g~nrale des efforts.
Curiosit6 scientifique et mobilitA d'esprit constituent les exigences de toute carri~re de
chercheur. Les liens qui s'6tablissent entre vous ddcoulent de la nature de probl~mes
spcifiques sur lesquels ne peuvent influer aucune tendance d'un autre ordre, qu'elles
soient nationalistes, id~ologiques, anarchiques, c'est-A-dire propres A ddvier des lois
fondamentales de la nature et de la vie. Je ne me lasse pas de le souligner, A l'heure otj le
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problkme majeur qui doit &tre rgsolu est celui de l'assujetissement de ]a technique A
l'humain. Partant de cette base de rigueur et d'objectivit6 scientifique, la recherche trouve
sa justification au plan of6 ele contribue A dgvelopper une soci&t6 orientge vers une
conception levge de sa destine. C'est un privilge que d'agir sur un terrain solide, sur des
donnges concretes que ne peuvent fausser les facteurs avec lesquels les hommes doivent
par ailleurs compter lorsqu'ils sont engages dans les actions politiques ou sociales de
n'importe quel pays. Leur vraie rencontre ne se fait effectivement que sur des d~nomina-
teurs communs, qu'il s'agisse des objectifs A d6finir, des programmes d'action ou des
mgthodes de travail.
Dans le dgsordre des esprits et le rythme des 6vgnements contemporains, cette unite de fait
a domin6 et facilit6 les travaux de vos colloques et de vos congrgs. Elle en explique la
r6ussite. Je souhaite aujourd'hui que nous puisssions clore le colloque de Landshut sur des
constats aussi positifs que ceux qui ont caractgris6 les conclusions tirges I'an dernier i
Uppsala.
C'est dans cet espoir que je vous souhaite, Mesdames et Messieurs, des seances fruc-
tueuses, agrementes au surplus de la qualit6 de I'accueil dont nous serons cette semaine
les bgndficiaires. La Bavire qui nous reqoit fut de tous temps un pays convoit6 pour sa
position stratggique et sa richesse agricole. Son histoire, dont t~moignent tant de monu-
ments et d'ouvres d'art, a 6t6 marque de mouvements, d'impulsions souvent dgtermi-
nantes sur le cours d'6vnements au plan international. Les structures du pays ont
prgsent6 et pr6sentent encore des particularitgs ofi le representant de ]a Suisse pourrait
trouver quelque analogie avec les institutions qui la rggissent, notamrnment dans la
constante du courant fgdgraliste et de sa confrontation avec l'emprise centralisatrice.
Disons pour le moins que passe et present de la Bavi&re nous placent dans un climat
d'action r~solue, dans une ambiance propre A poser les problmes d'avenir. Nous savons
combien ce dernier doit &re prgpar a la lois par un examen serr6 des expgriences vgcues
et par une interrogation constante quant aux voies nouvelles o6i it convient de s'engager.
Je dclare ouvert le Colloque de Landshut.
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Introductory Address

Prof. Dr. D. SCHROEoER, Director of the Institute for Plant Nutrition and Soil Science. Christian-Albrechts-
Universitift Kid, Federal Republic of Germany; Member of the Scientific Board of the International Potash

Institute; Chairman of the Colloquium

Mr. President, Ladies and Gentlemen!
As chairmen of this 9th Colloquium of the International Potash Institute and on behalf of

my German colleagues, I bid you a warm welcome here in Landshut-Sch6nbrunn. We are

very glad to have such an IPI-Colloquium for the first time here in Germany.

The general theme of this Colloquium - Potassium in Soil - was decided during the last

main congress in Antibes in 1970 and the Scientific Board of the Institute and the

Preparatory Committee had only to work out the final programme.
The Board discussed several possible ways of subdividing the general topic so that it could

be treated in distinct working sessions, each of which would contribute to the general

theme.
One possibility was to divide the subject Potassium in Soil according to different types of

binding, that is to say: K in the crystal lattice of minerals, K in the organic matter, K in the

exchange complex and K in soil solution; all these in relation to the different degrees of K

availability.
Another way would have been to subdivide according to the processes of mobilization and

immobilization as well as exchange and transport processes, again in relation to problems

of availability.
However, we found that this rather theoretical way of handling the static and kinetic

aspects of soil potassium did not result in suitable subtitles for the working sessions, so we

decided on a more pragmatic approach and subdivided the subject under the three

headings:
Potassium in Soil Minerals, Potassium in the Exchange System, .and Potassium in the

Transport System.
We hope that, in this manner, the broad field of the general theme may be sufficiently

covered and that the static and kinetic aspects of potassium in soil are also considered.

With regard to the schedule of the programme we have followed the procedure which

proved successful last year in Sweden.
Each working session will be opened with a main lecture, in which a review is given of the

present state of knowledge in the special field of the session. We are glad to have found

such outstanding scientists as Dr. Rich, Prof. Schuffelen and Dr. Tinker to read these

papers.
The main lectures are followed by four to five short communications, in which the results

of special investigations, concerning the subject of the working session, are dealt with.

When planning the programme, we assumed that - according to the character of these

colloquia - information about basic knowledge should predominate and applied aspects

should be less emphasized. The applied and practical problems will be emphasized at the

main congresses, which are held every four years.
But applied questions will not be entirely neglected during this Colloquium. As you will

notice, several papers are presented in the course of the sessions, in which questions of
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major practical importance are dealt with. In addition, in the closing session Prof. Mengel
will speak about the implications and conclusions of recent findings concerning potassium
in soil in relation to the potassium-nutrition of plants. For half a day we will have an
excursion to field experiments, where practical problems of K-fixation are demonstrated.
This was - by the way - one reason for chosing Landshut as the place for our
Colloquium.
That is briefly, what I wanted to say at the beginning of this Colloquium. My best wishes
to all of you for some fine and successful days here in Landshut-Schbnbrunn and in
Weihenstephan.
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1st Working Session: ilneralogy
of Soil Potassium

Chairman of the Session: Prof. Dr. R. BACH,

Institute of Agricultural Chemistry,

Federal Institute of Technology (ETH),
Zurich/Switzerland; Member of the

Scientific Board of the International
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13



Potassium in Soil Minerals

C.L Rich. Ph.D., Agronomy Department, Virginia Polytechnic Institute and State University. Blacksburg,
Virginia/USA

Summary

The crystal structure and morphology of soil minerals affect the release, selection from solution, and fixation of
potassium. Recent information from single crystal analyses of the micas and of potassium feldspars, and new
studies of the micromorphology and chemistry of individual particles of soil minerals are providing insight into
the specific reactions of potassium with minerals in soils. The marked differences in potassium release from
micas can be related to the orientation of the OH group and to the configuration of the 0 atoms surrounding the
K atom. Significant differences in release of K from feldspars are attributed to differences in Si-Al ordering and
to the morphology, size of unit crystals, twinning, and perthitic structure.
The paradoxes of slow K release from clay-size mica particles, compared to those of silt size, and the release of K
on drying of some soils are discussed in terms of crystal structure and micromorphology. 'Wedge shaped'
interlayers in weathered micas and in vermiculites and smectites containing mica-like zones appear to be
responsible for selection of hydrated cations of different size. Hydroxy-AI interlayers in vermiculites and
smectites increase K-selectivity and reduce K-fixation as well as reduce the cation exchange capacity. The
interlayer hydroxy-AI also is related to the decrease in the ratio of adsorbed K to Ca with iicrease in
temperature.

1. Introduction

The availability of potassium to plants is related in many ways to the structure and
morphology of soil minerals. In this paper, the relationship between potassium and crystal
structure and morphology will be emphasized. The large amount of potassium in soil
minerals, fixation of applied potassium, and varied ion selectivity have led research
workers to study the relationships between potassium uptake by plants and soil mineralo-
gy for many years. Most of the available information pertains to weathering sequences,
potassium release rates and fixation capacity measurements. Comprehensive reviews on
these subjects are available 11, 31, 551. More information is needed that relates potassium
chemistry in soils directly to mineralogical properties of the soils. Although the complexity
of soil minerals discourages a direct study, such an approach seems necessary to an
adequate understanding of soil mineral-potassium relationships. Recent advances in
instrumentation such as the scanning electron microscope, the electron microprobe, and in
thermal, infrared, and x-ray diffraction instruments seem promising in studying the soil
minerals. We can also utilize the knowledge that has been obtained through the study of
single crystals and specimen type minerals. An important use of this information is in
developing theories to explain the behavior of minerals in soils. Eventually, of course,
these theories will have to be confirmed, modified, or rejected by studies directly with soil
minerals. The present difficulty of a direct approach is partly related to the general
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presence in soils of several minerals that affect potassium chemistry. Furthermore, each of
these minerals varies in particle size, in individual properties and in degree of weathering.
Another difficulty in relating single crystal studies to soil minerals is that the latter are
usually different from specimen minerals because of differences in formation and because
of weathering and alteration, such as the addition of oxides on external as well is internal
surfaces. These difficulties also give reason for continued research on the development of
chemical methods with whole soil material that estimate long and short term potassium
release, selectivity and fixation. Studies of specimen and soil minerals can, however,
contribute to the development and interpretation of these chemical methods. In seeking the
full understanding of soil potassium-mineral relationships, it will be necessary to consider
the field soil at least to the depth of rooting in the case of soil fertility relationships and
often deeper in the case of soil genesis studies.
The following discussion will be concerned with the two major groups of K-bearing
minerals in soils, the micas and the K-feldspars. In addition, illites, weathered micas,
vermiculites and smectites that may contain exchangeable K and non-exchangeable K,
perhaps in mica like zones, will be considered. Other K-bearing minerals are present in
soils but because of lack of information and limited occurrence, they will not be discussed.
Studies of weathering rate [27, 311 and availability to crops [55, 581 suggest that the
micas are more important than K-feldspars in supplying K to plants. But because of the
abundance of K-feldspars in the earth's crust and the evidence that the weathering rate of
feldspars and micas varies markedly, the importance of feldspars is probably frequently
greater than is often indicated. Weathered micas exert a marked influence on ion
selectivity and fixation, whereas the cation exchange reactions of weathered feldspars is
quite limited 1461.

2. Potassium in micas

2.1 General structure of micas

The micas are 2:1 layer-structured silicates that are composed of a sheet of octahedra
between two sheets of tetrahedra. Each tetrahedron is composed of a Si or an Al atom
coordinated with four 0 atoms. The two sheets of tetrahedra are arranged so that the
apical oxygens of the tetrahedra of each sheet point toward the center of the layer and are
shared with the central octahedral sheet. Two hydroxy groups and four apical oxygens
coordinate about each octahedral cation position. In some case F substitutes for OH. In
trioctahedral micas, all three octahedral positions are filled, whereas in dioctahedral micas
only two out of three octahedral cation postions are filled. The K resides between the
silicate layers, that is, in the interlayer positions. The bonding in the silicate layer
apparently is largely covalent 19, 19] but is partly ionic.

2.2 Effect of structure on potassium release

2.2.1 Potassium - oxygen coordination

Assuming some degree of ionic bonding, it is concluded that interlayer cations of 2:1 layer
silicates are held in place largely by the negative charge of the silicate layer itself. This
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(a ) (b)
Figure 1. Ideal hexagonal arrangement (a) of tetrahedra in layer silicates and actual (b) ditrigonal arrangement.
The degree of tetrahedral rotation varies and generally is greater for dioctahedral than for trioctahedral layer

silicates. (After Rich, 'Mineralogy of soil potassium' in 'The Role of Potassium in Agriculture, American Society
of Agronomy' [581).

negative charge arises from lack of sufficient positive charge from cations in the tetra-

hedral or octahedral layers to balance the negative charge of the anions 0'-, OH-, and

F-. The electrostatic deficiency of charge in the surficial oxygens of micas is caused by the

proxying of a trivalent Al 3+ and sometimes Fe3+ for quadrivalent Si 4+ . In the ideal

hexagonal arrangement of basal oxygens, the potassium would be in 12 coordination with

six oxygens above and six oxygens below. The K-O distance for such an arrangement

would be 3.04A. The effective ionic radius a cation in such an configuration would be

1.68A, which is very much larger than the effective radius (1.38A) of K+ (Giaven [261).

Single crystal analyses of muscovite [26, 50] and other micas show that the interlayer

potassium is close to six basal oxygens, three above and three below. The other six

oxygens are at a greater distance from the potassium. This arrangement is caused by the

ditrigonal configuration of the basal oxygens in each mica layer (Figure 1). The two

unrestrained tetrahedral sheets are too large for the unrestrained octahedral sheet in

micas and in order that meshing of the three sheets can take place, the two tetrahedral

sheets shrink by rotation of the tetrahedra to give a ditrigonal structure [671 and the

octahedral layer is also stretched. The coordination number of oxygen about K caused by

the ditrigonal arrangement is, thus, reduced from 12 to 6 and the K-O bond is shortened

and strengthened. The amount of tetrahedral rotation is controlled largely by the

population of octahedral cations. A large rotation is found in a dioctahedral structure with

two Al atoms and one vacancy in a group of three octahedral cation positions. For

example, in muscovite the rotation from an ideal hexagonal position is [3.70, whereas the

rotation is several degrees less in trioctahedral micas such as biotites (Radoslovich and

Norrish [51]). Increases in tetrahedral rotation cause shorter K-O bond lengths and a

more pronounced six coordination. Thus, the bonding of K is stronger in dioctahedral

micas than in trioctahedral varieties of this mineral group.
The mutual repulsion of cations in the octahedral layer causes shortening of octahedral

anion edges between cations. This causes the differential motion of apical oxygens of the

tetrahedra and makes the tetrahedra tilt such that the surface oxygens are no longer in the

same plane.
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Tilting of tetrahedra along rows produces corrugations, which may or may not mesh from
one layer to the next depending on the stacking sequence of 10A layers. The diffusion path
and diffusion rate of interlayer cations may then be influenced by the relations of
corrugations in one layer to the next. In trioctahedral mica, there is less tilting of
tetrahedra, and corrugations are not nearly as pronounced.

2.2.2 Site of negative charge

One would expect that because of the short distance from the site of the charge deficiency
to the K ion the deficiency of negative charge caused by All + for Si 4+ substitution in the
tetrahedral layer would be more effective in holding the interlayer cation than would a
similar imbalance of charge produced in the octahedral layer. Studies of K fixation by
smectites, however, showed that there was no apparent relationship between location of
negative charge and K fixation. Increase in negative charge was related to increase in
fixation (Weir [ 74). The charge relationship in micas is confounded with other structural
changes so it is difficult to determine the effect of charge location.

2.2.3 Orientation of OH groups

Infrared studies of clay minerals show that the dipole moment of the OH vibration is
perpendicular to the basal planes in trioctahedral minerals in which the octahedral
population is identical (e.g. 3 Mg). In dioctahedral minerals, the dipole moment at an
angle that approaches the plane of the silicate sheets. Bassett [71 proposed that the
stability of potassium in the micas is related to the orientation of the OH bond. When the
OH is perpendicular to the sheet plane as in phlogopite (octahedral population is 3 Mg),
the potassium is repelled by the OH. In muscovite, the OH is not directed toward the K
and, thus, K stability is greater.
Infrared studies [21, 69, 70, 76] show that various populations of octahedral cations give
different OH-stretching frequencies and directions. Within one particle, apparently differ-
ent octahedral populations (including some vacancies) occur. Thus, one could expect
degrees of OH-K repulsion within one particle.
The octahedral population can also be affected during weathering. Oxidation of iron can
lead to its ejection from the octahedral position [22]. Conversion of trioctahedral to a
dioctahedral variety of vermiculite can be done in the laboratory and apparently takes
place in nature. Thus, oxidation of iron in weathering micas may reduce the rate of
potassium release. If Fe 2+ is oxidized in place, for instance in an octahedral grouping such
as Fe2 +, Mg, Mg the OH direction is made more favorable for K retention because of the
asymmetry of the positive charges [3, 331 (Figure 2). Oxidation of Fe' + can occur without
decrease in the negative charge of the mineral [2].

2.2.4 Change in silicate layer dimensions

The major control of the tetrahedral rotation in 2:1 layer silicates is by the octahedral
sheet. Its dimension is increased as larger divalent cations replace the small trivalent Al' +

in this sheet. However, the interlayer cation has some control of tetrahedral rotation and,
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Trioctahedral Dioctahedral Reduced Fe Oxidized Fe

a b

Figure 2. Effect of composition of octahedral layer of micas on OH dipole moment; (a) dioctahedral s.

trioctahedral (b) effect of oxidation of Fe' + to Fe' .

thus, the a and b dimensions. McCauley and Newnham [431 concluded that the interlayer
cation exerted 10% of the control of the tetrahedral rotation. Leonard and Weed (371 and
Burns and White 112) found that the b dimension of micas changed when the K was
replaced with other interlayer cations. Leonard and Weed [37] found that hydrated
divalent cations increased the b dimension of muscovite, whereas when these cations were
dehydrated, the b dimension decreased relative to that of the original muscovite. The
wrinkles produced in the expanded portion of trioctahedral micas in which K is replaced
by hydrated cations [531 suggests that stretching of the mica sheets occurs parallel to the
basal planes.

2.2.5 Changes in negative charge

Cations in addition to Fe in octahedral positions can be ejected from the structure during
weathering processes. The apparent loss in cation exchange capacity may result from
protonation of the OH groups [30, 48] and subsequent reactions with Al. This reaction
may accompany the loss of octahedral cations according to the equation proposed by
Jackson [301:

Layer-OH Al. 3 + H+  Layer OH, + 0.33 AP'.

Similar reactions with octahedral Mg and Fe probably take place. Hydrolysis and
organization of the interlayer All + may produce titrateable but non-exchangeable Al,
which can account for the apparent loss in negative charge as measured by CEC
determinations.

2.2.6 Chemical Composition

From the discussion on effect of crystal structure and K release it is apparent that the
chemical composition profoundly affects K release. The principal control of ditrigonal
twist and tilting and the direction of the OH bond is chemical since these factors are
related primarily to the composition of the octahedral layer. Trioctahedral micas lose their
potassium at a faster rate than dioctahedral micas. This fact has in the past been
attributed to oxidation of Fe2+ to Fe3+, but phlogopite with very little iron present also
loses its K easily.
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The replacement of hydroxyl by fluoride would be expected to increase the retention of K
by mica since the repulsion of K by the proton of a directed OH group would not occur.
This greater K retention by micas containing F has been confirmed experimentally by
Rausell-Colom et al. [531, Mackintosh 1421 and by Leonard and Weed [38].

2.3.1 Effect of particle size

Chute and Quirk [15] studied the rate of diffusion of K from illite of clay (< 2p) size. The
rate of K diffusion from two illites was found to be about 10 orders of magnitude slower
than that reported for biotite and phlogopite by Rausell-Colom et al [531. Chute and
Quirk found that over the relatively short times of their experiment that loss of K followed
a theoretical diffusion equation. Experiments by other workers show that as K depletion of
small particles is approached, the loss of K by illite and other clay-size mica does not
follow short term diffusion equations.
If K release from mica were a simple diffusion-controlled process, one would expect that
at a particular percentage of K depletion the rate of K release would decrease with particle
size. For initial losses of K and for larger particle sizes such as a relationship often holds
[15, 60] but at later stages of K depletion and for clay size micas this relationship does not
hold. The particles of small diameter generally release K at a slower rate than coarser
particles. Reichenbach and Rich [541 showed that K could be removed more easily by Ba
exchange from the 20-5 p fraction of a muscovite than ranges of finer particles down to
0.08p1. Scott [60] also found that only 65% of the total K could be removed by sodium
tetraphenol boron from a < 0.21p fraction of muscovite. Mortland and Lawton [44] also
observed higher rates of K-release by NaCI solutions from large biotite particles than from
finer particles.
The very slow release of K from clay-size particles of partially K-depleted micas has much
importance as regards soil fertility as well as soil genesis relationships since much of the
mica in soils is of clay size. The factors regarding K release that may be influenced by
particle size are frequency of discontinuities and the degree of bending of the silicate
layers.* If large-grained micas are reduced in size by grinding, one would expect that
splitting would first occur along planes of discontinuity. Thus, the proportion of these
weak planes may be reduced as particle size is reduced.
The silicate layer must bend in order to accommodate the larger hydrated cations that
replace K at the edges of the mica layers. Initially, unhydrated exchanging cations may
enter the interlayer and then hydrate 115, 75]. If in one particle all interlayers begin to lose
K at the edges, then the bending is accumulative and the thicker the particle the more the
Bending. Bending would tend to stretch the oxygen sheet on one side of a layer and
compress it on the other and effectively loosen the K-O bonds [541. On the other hand,
bending tends to assist in splitting of the particles. In small particles, the distance
necessary to split a particle all the way through from one side to the other is less than in
large particles so the opening of an interlayer in small particles, once initiated, may then
continue to completion. If this occurs, the bending is less and K is retained more strongly.
Bassett [61 proposed that if K is removed from one interlayer, the bonding about K in the
adjacent interlayers is strengthened. The occurrence of I to I regular mica-vermiculite
interstratification can be explained on this basis. Although regular interstratification is

SSee section or'Effect ofCrystal Imperfections', below.
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often associated with the coarser fractions, its occurrence in the finer fractions apparentl\
is more common than once realized 1561. Nevertheless, a IA component remained in a
<0.08 1 fraction of muscovite after removal of K had essentially stopped [54.

2.3.2 Effect of cry stal imperfections

Direct observ ation of the nicrostructure of natu all weathered micas by transmission
electron microscopy of micas b5 Brown and Rich 1101 revealed that micas ate frequentl
composed of books of 10A basic units,. The existence of these books has been by
substantiated by scanning electron microscopy by Refehenbach* and in the author's
laboratory . In Figure 3 is seen a transmission electron micrograph of al ultramicrotome
cross section of a weathered mica 'ermiculite clay particle from the Nasonsoil in Virginia.
Packets are evident in this clay size particle.
Artificially altered micas are often separated into packets and Chute and Quirk 1/51
suggest that a mica cry stal can accommodate only a limited number of expanded layers
before the strain produced splits the flake all the way through.
These packets may represent, in some cases, units of spiral growth. The obsctved growth
step height in micas has been reported b Sunaewsa 1661 as %arying from a single I0A
unit thickness to many hundred unit cell, tKrez 361f. Ultramicrot sme electron micro

I nf Hr
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scope work of Brown and Rich 1I1O indicated 50 to 15 IOA layers. It would be expected
that the fewer the number of unit layers in a step the lower the hydraton energy necessary
for the initiation of expansion of a single interlayer space.
The occurrence of packets is so common that other sources of discontinuity are suspected.
Caslavskv and Vedam 13, 141 reported that muscovite frequentl has discontinuities
along the basal plane. Regardless of their cause, these packets probably cause planes of
discontinuity, which are weaker than the normal planes separating the I GA units of mica.
Such planes apparently open early in weathering and, in the interlayer space produced. the
distance between layers is greater than 4 to 5A expected in vermiculite. Warping of the
layer, b\ expansion. khen K is replaced in the outer fringes of the normal packets.
possitch causes the spreading of the interlaer space hetween layers,

If it is assumed that bending of mica layers promotes K exchange. these planes of
discntinuity may mtiall increase the weathering rate. but once opened all the way
through a particle, the strain due to bending is released and further exchange of K i s
inhibited.
Raman and Jackson 1521 reported that portions of the basal surfaces of micas show
openings into the structure from w hich the layer roll back and form scrolls. Such entries
into the interla er space should increase the exchange of interlaver ions. Evidence was
presented by Raman and Jackson of scrolling of these layers with hydrated cations and
flattening of the layers when K ion> were returned.
Le Roux and Rich [401 ob,erved that scrolls apparently formed at borders of crystals of
difflrent crystallographic orientation and present in the same particle tFigure 4).
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3. Potassium in illites mica verniculites and slecrites

3,1 Effect of'structural properties of iltites, weathered micas, and smectites conaioiing
mica like zonies

Illite:'The name i/lite was proposed by Grim, Bra-i and Bradle in 1937 for the mica type
mineral occurring in argillaceous sediments. It was pecificalk stated that the term is not
proposed as a specific mineral name but as a general term for the claw% mineral constituent
of argillaceous sediments belonging t the mica group' 1251. flltes contain less potassim
than well crsstallizcd micas 731 and some of them are mixed la,,er minerals whereas some
are not (25i. Since man, soils are deeloped front material weathered from sedinentary
rocks. illite is a common constituent ofsoils. Based on CrE.C. and surface measurements.
illites inherited by soils probably hae some internal surface on expanded or partially
expanded interlayers.
The configuration of interla ets in illite aswr5 weathered micas from je gneous rocks is
important to ion selectivits. In Figure 5 is a diagram of three mica s ermiculite' particles
each with about 50' expansible layers. In model di. the interlayer spaces are either
expanded or non expanded uniformy through each interlaver, In models (1a and fb) the
expanded interay' ers are not contnuous hu ha~ e internal terminations forming 'wedge
zones" [29, 601. Rich and Black [60] and Rieh [571 proposed that such zones are
responsible for screening h drated catons of different size and. thus. selecting the
effectively small K. NH.. and other monoalent canons of similar ize. and excludine
large hydrated mulisalent ions. According to this iheory, as more interlayer, are partly
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Figure 8. Elemental analysis of biotite flake in Figure ? along lower path of probe. Upper profile is a traverse of
the topography along the electron probe trace. (After le Roux et al. Clays and Clay Minerals. IS p. 

3 35 [401).

opened, 'wedge' zones increase and then decrease as the interlayers are opened all the way

through the particle. Experimental evidence for this is given in Figure 6. Biotite and

muscovite particles were depleted of K to varying degrees and then a mixed Rb/Sr

solution was added and the relative selectivity of the two ions was measured.

This mechanism of cation selection at wedge zones assumes that the interlayer space of

the expanded portion remains open. Should the interlayer space collapse at the particle

edges, then the mechanism is limited [40, 721. Charge density, concentration and type of

cations in solution, and the presence or absence of hydroxy-Al interlayers affect collapse

and, thus, K selectivity and fixation 45, 58, 59]. A high charge density, a high

concentration of large monovalent ions (e.g. K, NH4, Rb), and the absence of hydroxy-Al

interlayers promote collapse.
Hydroxy-AI interlayer material apparently also has a chemical effect on K/Ca selectivity.

Zelazny and Rich [77] found that the K/Ca ratio for adsorbed ions increased as

temperature increased in systems containing hydroxy-Al in expansible layer silicates and

in a synthetic high-charge cation exchange resins. In the absence of hydroxy-Al but in the

presence of a wide range of cations, temperature had little effect on the K/Ca ratio.

Direct evidence for selectivity of Rb at edges and wedge zones of sand size weathered

biotite has been obtained with the electron microprobe (Figure 7 and Figure 8). Evidence

for retention of Cs at particle edges of clay-size soil vermiculite has been obtained with

transmission electron microscopy 1241.
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The K/Ca selectivity of smectites found in many soils exceeds that of specimen type
minerals of this group [60, 63]. The soil smectites often contain more K than the
'specimen' analogues [631 and since no discrete mica is often not indicated in the clay
fraction, this K may be in mica-like 'x-ray amorphous' zones in the smectite:Reynolds and
Hower [56] point out that a random mixing of mica layers in smectite diminishes the
intensity of the glycol-expanded 17A peak of smectite but does not shift its position toward
10A.
Interstratified montmorillonite-micas in soils in the Canadian Prairie Provinces have been
studied in detail by Brydon and Kodoma [111. These clays are generally randomly
interstratified but also showed a tendency for zonal segregation of the mica and mont-
morillonite layers. The authors suggest that the composition of the 2:1 layers varies and
is related to the formation of this interstratified system. The composition of the expansible
layers indicated that those associated with K-fixation during deposition were more
beidellitic (Al for Si substitution in the tetrahedral layer) than the layers which remained
expanded. One would expect that the location of positive charge deficiencies in layer
silicates would affect retention of interlayer cations. Weir [741 studied the relationship
between K fixation and location of change. A good positive relationship was found
between total charge and fixation, but no relationship to charge location was evident.
Brydon and Kodama [11] and Kodama et al. [35] proposed that the composition and
structure of the mica component layers could vary in different interstratified minerals of
similar total chemical composition. The Si/Al ratio within the same mixed layer system
can vary. Thus, the average location of charge may not adequately describe a layer silicate
in order to relate it to K exchange. Since Si-Al ordering in the tetrahedral layer does not
exist [261, variation in negative charge about the ditrigonal holes would be expected.
The selectivity and fixation of K in expansible layer silicates depend in a complex manner
on the amount of negative charge, the distribution of this charge, the number of wedge
zones, the extent of interlayering with hydroxy groups, and the particle size. External
cation exchange surfaces would be expected to have low selectivity for K ions, however,
allophane-like material with restrictive pore size may have a high selectivity for K.

3.2 Effect of wetting and drying on K release and fixation

Drying of a soil may either decrease or increase the amount of K extracted by ammonium
acetate. Whether some soils release or fix potassium also depends on the K level 116].
Fixation of K on drying of expansible layer silicates is easily rationalized in terms of the
reversibility of the release of K by weathering, but the release of K on drying is difficult to
explain. That the phenomenon is related to the clay fraction was demonstrated by Scott
and Hanway [651. No discrete mica phase may be apparent by x-ray diffraction analysis
but the K may be in small discontinuous mica-like segments. Bates and Scott [81 showed
that a soil, which released large amounts of K during drying was inhibited from doing so
by alcohols having high boiling temperature and by sucrose. The release mechanism was
also partially reversible.
Virginia soils, which contain appreciable K in the mica-vermiculites and also contain
hydroxy-AI groups in interlayer position do not release K, on drying.* This fact together

- Unpubfished study of the author.
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with the information on the inhibition of K release by non-volatile liquids suggests that K-
release is related to collapse of the expansible layer silicate. The hydroxy-Al interlayers
and interlayer liquids inhibit collapse. In addition to change in the interlayer space, the
rotation of the tetrahedral may change when the soil is dried causing changes in the K-O
bond. Dehydration of interlayer cations may permit a redistribution of interlayer cations
because Ca could now compete with K for 'wedge' sites. On rehydration there may be a
partial return to the original distribution of interlayer cations.

4. Potassium infeldspars

General structure

In contrast to the layer silicates, the K-feldspars (KAISi3Os) are framework silicates
composed of oxygen tetrahedra each containing a Si or Al atom. The Si/Al ratio is 3:1.
These tetrahedra are linked together and form a three-dimensional framework. The large
K ions are located in interstices between the linked tetrahedra 14].
Differences in the order of Si and A] in the crystal cause important structural as well as
stability variations in the K feldspars. Barth [41 gives the following classification of three
variants differing with respect to crystal system and to the degree of disorder of the Al/Si
distribution.
1. Sanidine, which is disordered monoclinic
2. Orthoclase, which is partly ordered monoclinic
3. Microline, which is fully ordered triclinic
Finney and Bailey [23] classify the K-feldspars in the following sequence: sanidine,
intermediate microline, and maximum microline. In this sequence, the Si/Al order
increases.

4.1 Effect of crystal structure and morphology on K release

Properties of potassium feldspar crystals that affect their weathering rate are composi-
tion, principally the inclusion of Na in the structure, Si/Al order in the crystal structure,
crystal and particle size, and the nature of twinning and crystallization of more than one
mineral within one particle.
Potassium feldspars formed at high temperature, the granitic type, often contain Na as a
substitute for K and there is a considerable lack of order in the position of the Al and Si in
the crystal. At lower temperature the disordered phase can invert by a diffusive transfor-
mation to an ordering of the Al and Si in small domains (Finney and Bailey [231).
This results in the familiar cross-hatch twinning of granitic or high temperature microcline.
Another consequence of cooling and reorganization is a separation, to some degree, of the

Na into small lamellae of pure or nearly pure sodium feldspar. The lamellar structure of
potassium of sodium feldspar is given the name 'perthite'. These lamellae can range in size
from less than 15A to 1000y in thickness [4,681. MacKenzie and Smith [41] studied 150
perthitic feldspars and none showed a maximum microline structure.
Authigentic feldspars are formed at low temperature in sedimentary rocks and are of
particular importance to soils. Jeffries [30] reported authigenic feldspar in Pennsylvania

soils. Although authigentic feldspars rarely make up more than a few percent of the total
sediment [5], there are exceptions in which as much of 70% of a formation is composed of
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such minerals. Furthermore, on removal of carbonates by weathering one would expect
the concentration, particularly of the more resistant K-feldspars to increase. In contrast to
the high temperature type, authigentic potassium feldspars rarely contain more than
0.2% Na2O [5. They are nonperthitic but the Si/AI ordering varies widely. Monoclinic
orthoclase is more common than is triclinic microcline (Baskin 15]) but even authigenic
sanidline has been reported (Barth [4]). Baskin [5 .points out that authigenic feldspar
probably has a replacement or epigenetic origin. The rate of growth may have determined
the degree of Si-Al ordering, slow growth favoring a high degree of order.
One would expect that the weathering rate would increase with Si/AI disorder and Na
content and that a perthitic feldspar would weather more rapidly than a homogeneous
particle. In perthitic structures, albite is weathered more rapidly than the K-feldspar. If the
lamellae of Na feldspar are removed first, more internal surface is opened and one would
expect that the K-feldspar phase would then weather more rapidly than a homogeneous
crystal. Weathering is also probably more rapid at the juncture of twins because of
disorder at these planes.
Authigenic maximum microline would be expected to be most resistant to weathering
because of its order and low Na content but also because of its crystal size and lack of
perthitic structure.
Correns [17, 18] and Huang and Keller [281 found in laboratory studies of'low
temperature weathering of feldspar particles that residual materials significantly affected
the loss of K. During the initial weathering of feldspar grains, K is lost more rapidly than
is Si and Al and the oxides of Al and Si form an amorphorus residue layer around the
unweathered core. This envelope of residual material slows the diffusion of K. Correns
[181 calculated that the residue layer on lp K-feldspar grains was approximately 300A
thick. With weathering the thickness did not increase. In addition, Correns [17] observed
that naturally weathered feldspar grains were pitted and irregularly weathered, bearing
out the non-homogeneous nature of these grains.
In contrast to weathered micas, weathered or unweathered K-feldspars do not have a
significant pH-independent cation exchange capacity. Schachtschabel [61] and Nash and
Marshall [46] showed that there is preference for NH4 ions on feldspar surfaces. This
suggests that the size of the interstices in feldspar permits ion selection when these
interstices are exposed at surfaces. One would expect pH-dependent exchange properties
of the residual layer and, thus, an increase in CEC with pH.

5. Determination of soil potassium mineralogy

Many of the relationships between potassium and mineralogy discussed in this paper are
based on specimen minerals that were not taken from soils. Therefore, many of the
proposed relationships are speculative. We need much more information on the specific
nature of soil minerals. It is not enough to state that certain soil minerals are K-feldspars
and that other minerals are micas. This is not a criticism of past work since the difficulties
of making specific determinations are enormous. The difficulty also increases as one
considers the finer fractions of soils, the clay and silt, which are assumed to be largely
responsible for the mineralogical aspects of potassium fertility.
It is expected that the physical methods of analysis, which have made remarkable progress
in recent years, will be improved even more so that the morphology, crystal structure, and
chemical composition of the finest soil fractions can be made.
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Techniques for concentration of certain soil minerals have been available for many years
but emphasis has been given by soil scientists to the heavy minerals. Techniques for the
separation and study of feldspars of sand size (>50p) in sediments are described by van

der Pas [681. Kiely and Jackson (341 employed sodium pyrosulfate fusion to remove the
layer silicates so that the feldspars could be concentrated. Recovery of K-feldspar ranged

from 96.5% in the 500-50p fraction to 64% in the 2-0.2pu fraction. Thus, only partial
separation of K-feldspars of clay size is made. Feldspars are usually concentrated in the
silt and sand so this may not be a serious problem in many soils.
Studies of thin section of soils with the optical microscope and ultramicrotome sections of

soil minerals should continue to reveal morphological and mineral properties related to

potassium chemistry.
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Factors of Mica Transformation

Prof. Dr. H. Graf v. Reichenbach. Institut f-ur Pflanzenernihrung und Bodenkunde der Universit t Kiel, Federal
Republic of Germany

Summary

Recent studies on mica transformation are reviewed with special reference to concomitant processes, that react
upon interlayer potassium release. Among these processes, the cooperative interaction between potassium
exchange and interlayer expansion supposedly explains the influence of particle morphology upon potassium
selectivity in partly altered micas. In addition, layer charge alterations, hitherto regarded merely as secondary
and independent reactions, exert some direct influence upon potassium replaceability. Existing exchange models
will have to be considerably extended in order to make allowance for these interactions.

Due to the numerous and multiform mineralogical transformations, which have been
supposed to occur during weathering in soils, the genesis of most of the common soil clay
minerals can theoretically be traced back to mica as the parent material. Notwithstanding
the fact that other sources of clay formation are possible or even well established for
particular soils, the transformation of micas and its dependence on environmental
conditions has thus attracted considerable interest. The ecological aspect of potassium
release and of related lattice expansion accompanied by an increase of exchange capacity
adds to the importance especially of the initial steps of mica weathering.

The fundamental mechanism of potassium release and layer expansion

It is now generally accepted that the release of interlayer potassium consists of an
exchange reaction, which proceeds from the lateral edges to the center of the mica
particles. Consequently, exchange takes place at a moving interface separating the
potassium depleted and expanded outer region from the central still unaltered mica core.
This type of reaction implies a diffusion of exchanged potassium ions from the interface
through the expanded lateral zone into solution and an equivalent but reversely directed
diffusion of counter ions. Rates of interlayer diffusion, reacting upon exchange rates, are
affected by the mutual interaction of counterions, interlayer water, and charged silicate
surfaces.
In contrast to exchange processes occuring on external surfaces, exchange of interlayer
potassium from micas is thus characterized by the following details:
I. Exchange is inevitably connected with a structural transition of the exchanger.
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2. Only part of the total interlayer potassium, consisting of those ions which are exposed
at the interface and in expanded interlayers, is contemporaneousiy involved in the
exchange reaction.

3. The expanded region at the edge of the mica particle imposes a buffering action upon
the equilibration between solution phase and exchange front, the extent of which is
mainly determined by the potassium selectivity and by the relative exchange capacity of
that region.

4. A number of parameters affecting equilibria as well as kinetics of potassium exchange
undergoes systematic variation, which is correlated to the progress of the exchange
reaction. Such variations are: a) decrease of the effective surface of the unaltered mica
core, b) increase of the exchange capacity of the expanded portion of the exchanger, c)
extension of the diffusion path between exchange front and solution.

The extent of potassium release from micas is determined by the binding forces exerted
upon the potassium ions mainly in the exchange front but also in the expanded region.
However, the complexity of the exchange mechanism renders the determination of
exchange constants almost impossible. That is why relative criteria such as potassium
concentration or activity ratios in equilibrium solutions have been used for characterizing
exchange equilibria of interlayer potassium.
Considerable differences have been observed by comparing the replaceability of interlayer
potassium from different mica species. Muscovite exhibits a much higher potassium
selectivity than the trioctahedral counterparts biotite and phlogopite.
Potassium selectivity of micas has been related to the orientation of the 0-H bond in
octahedral OH groups by Basset 12]. In dioctahedral micas the O-H bond is declined from
an axis perpendicular to the layer plane into the direction of vacant octahedral sites. The
repulsion of potassium ions by hydrogen is thus diminished as compared to trioctahedral
micas, where even charge distribution in coordinated octahedral sites leads to a nearly
perpendicular orientation of the O-H bond, corresponding with shorter K-H distances.
The higher potassium selectivity of trioctahedral micas with heterogeneous charge distri-
bution in the octahedral layer (e.g. lepidolite) as well as the correlation of potassium
selectivity and fluor content of micas have to be regarded as confirmation of Basset's
theory.
Recent investigations demonstrate that the release of interlayer potassium as a first step of
mica transformation can not be fully described in terms of the mechanism outlined above.
Additional factors must be considered, which are essentially interrelated with the ex-
change process. In the following sections two of these interrelations and their significance
for mica weathering will be treated in more detail.

Particle morphology.and interlayer potassium exchange

The general exchange model outlined above suggests that morphological features, such as
shape and size of particles, condition of surfaces, and structural order should exert some
influence upon the kinetics of interlayer exchange and expansion.
With decreasing particle size, rates of potassium exchange from interlayer positions are
enhanced by shorter diffusion paths as well as by larger specific sectional areas. However,
a definite co-ordination between diffusion rate and particle size is prevented by irregulari-
ties in particle shape. In addition, structural imperfections enable exchanging cations to
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penetrate into the interlaxers niot only through lateral edge,, but also through lissure and
cracks normad to the a h plane I [ es and ANo'ish IS 1. Such irregular conditions ma%

also be promoted either by partial dissolutioT as a rcsult of weatlering (Figure l[ar fi the
inclIusion of noniica minerals. sxhich lead to a disturibance o tie laver structtre durine
expansion of the nvcia component (Figure 2). Penetration of solution into openings

orarated by %yrinkli ot expanded reion of the particles tray contrihate to the
diftcul ty of rcconcih ng obst r',ed rates of potassium release with simple diffusion models.

In any case, the applicability of diffusion models to potassium release from micas depends
on the presumption that dTusion gradients are kept constant wkith time. In soils, this
condition is not likels to be fulfilled. Potassium concentrations in soil solutions can rather
be expected to approach equilibrium ler el,. Consequently. exchange coefficients are going
to replace diffusion constants as the rate deter mining f actor, of potasslill exchange.

particuIarifl , wthere precipitation is lo, or soil pernmeabilitx is impeded. lhu, the
character of interlaer pota ssltlln Cxchange in soils has to be regarded as intermediate
bet" cen continuous infinitesimal exchange and batch exChange according to the defini
tionlci'en % 14k ulanderand \Isison[141
It is interestine to note that the influence of particle sie on potassium release is re\,etsed
as the type ol exchan ge passes bet ,een these t w extre tvte ca,s. Laboratory experiments

conducted wkith diffelent mica species leeal [ihat potsslun scectisits iticttase, wilth
decreasing particle size (Reichenbach and Rich i/ l).
Explanations proposed so far rely on thie interaction beteen cation exehange and lacer

expansion. As can he concluded front the relationt of res pectie Iaer spacingiws icreaC of
particle thickness in the expanded lateral re giot b% incorporation ofl h drated cations into
the interiler, ariroutts to 20 to 30% of the original Nalue Scanning electron licrograJph,

recat thathe accolmodation of the verniculftic ri to the mica core ilres rise to v a l(US

micromorphological alterations. Wrinkling of the sulrfacs canl be obsered extending
from the exchange front to the particle edge (Figires 3. 4. and 5 .Since silicate layer, are
bendin and shifted from their originall planar position Fi Lure 4 and lieure 6). particles
arc caused to split open alone preferential weathering plane, tiigures 4. 5, and 6), This
leads to a disintegration of the particles into "books, of Ia' ers. which in turn are subdivided
into packets of smaller dimension, tFigure 6 and Figu re 7. X ra, diffraction indicates
that random stacking of expanded and contracted interlaxrs occurs in the transitionat
zone. Since uptake of h drated cations into interaaer position fortes the silicate lax ers
apart and thus affects the probability of' exchange in adjacent ateiklycrs, potasum
exchange from mica> has to be revarded as a co operatie reaction. (Co operative forces
are Cilectoe i meo limited distances. Hence. the balance of tire co operatiwe forces is
achieved h an optinal arrangement of i taer hending and partial expansion within ai
transitionl /one ot delinite width.
Seeral okersations seem to ndicate that this optinal arrangement within the mo Pi
exchange hont promote, interlayet potassium exchange. Thu,. us .Xu ia and 8wonit 101
,were able to show that pot assiUM exchange is init all delayed at undisturbed edges of
mica flakes. ss hich are exposed b clean fracture,. After the exchan ae front had been fli %
developed. further exchange a, found to proceed at rates conparable to those observed

for less ordered eides. Likewlise. % hen the exchange ftont approaches the center ol he
particles at the end of the reaction, reacton rates arc 'enerall, found to decrease. B3%
treatil mica> with NaC solutions. Asctaw 8' ossrked a minimun oft potasiim
corlcctltratioli il equilibrialm saoiuirns after about 10 to 20%,of the total potaslim v a,
releacd. This minimum probabli resuts from the fact that. although most of rhu
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potaiSyuml "eas alreay reumed frort; cmal exehanee sties inierlax C flitBSaitti
ecshance "as still in its ital phase marked b an incomplete delopment of the
exch ngc front.
IIIs -ewtharnsm aiso enia o proi at sdtc a l 1or Cxplanation for psar tic¢lec e¢ flects
upon ptt tsms tlmtC \\ ith decr eaing pat ie si/e, th? %lidth of the t nstional
zonec approache¢s the dttntnsio t, of crear tiadttt I u>, et en ii partic dt'nenstonN pe rit

full deve[pnlopmnt ofi a Sta lie ia~n couliguratoon maiin the cxchange Itot , leac of
htria er potassiaum fon aroll pIrtiAs a at>> detel mued r th ne bditt s Ot edge
exChage. On ie contra in o Crser Sea haction' mot ofied pota~itim i escxh inged
in a Lull\ deeloped rannttional zoe. ahteh mocs throtugh the particle.
The bove theory though a accord "Ah several expermtnal obsetvations, is ntil rathe
hypohetical and has to he substantiated b further Inesti"ationl Particulark>. lior
information s needed Aout the ph'sIal character of A itet al thin the exehange
front and of the interrelated co-ope ciaie mnechalism,

h[nuiions o //U 00<ye C/?UhL~'4 U;/Woo 1IOUs5 0/i /11/CUL //Y't.>/Ofit /oat!7o

Ac ording to observat tons on athernl seqTees of oil ni nerals red netion of aver
charge has Lot long been regarded is an element of mica tinattoration. Charee
rednct ion of me has ako been obt uned int Whe laborator by' exchanging iner aver
potasstumn lth ntoal salt solutions. Although ilcas contuat g larger amIotnts of
ferrous iron >en;r to he IrOs[ susceptble to those alterations,. Iak of equialenee bet'een
iron oxidation aind harger reduction points at the fAct tha othet eact ion must be
iivoh ed,

A> otttlin A Q n(i nid Biho 'malt t o q c t c ' I> 4to he haa, en a> the
restal of% ani independcut reaction. Anon e Ilt on> iron oxd ttion i possibl
corhied %kith the tranfrimation of structural tOll t into srucural 10" ) Ihe net
chare of the ayer ,a ould thus remain unaltereda becauns the increase of positive charge
ofocrthedr tiron sB lanced b a corresponding reduction ofthe structur (Ol 1 0:
ratio as a [slli of electron transfer I.oss of net negahe charge is proposld to occei
eioherb hv dak si of newl Formed structural W) ; groups o by kss of idrxxls orb>
bo*th these pocesse. On the other hand, gain ol net negane charne would tesult from the
release of octahedral cation, into soluitiot.
Ntint aiou supplenrntart result, a hich ha'c been achiecd by recent im etiatilons
substant Wte the mechanists tpropoed bh Neltman and Brotmn, Anail 1 conducted
artilhetal "ceatherin expernments b addig I to biotite in solution, adltcd to
different pl v altcs. Considera ble modiication of reaction products w as otaned depen-
dri in thMe pH of te sx, I cir alkaline and neutral condit.rts ero- trotn as
released to soltion Anntt (octahedrail poittol. The release amounted to about 12% o the
total ferrous iron content o iials present in the untreated material, whereas release of
octahedral magiesitun , neigible. I errous iron oxidation was ound to be ahlmost
equivalent to the total anaotlit of tolls released to olution including octahedral and
interla er ion ).
On the other hand, in the aeid en' iromiertt matgestum was also released to a considerable
exaent 13% of the total amotint) On in eqpu alent basis firrous, iron oxidation " as by far
outwIeighed by tihe total release of iosr to solution, This ,as attributed to the incorporation
of alumintim Into oclahedral or tetrahedral positions by fsiailta I However. occupaiion of
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interlayer exchange sites by aluminum, incorporation of protons into the structure, and

loss of structural hydroxyl seem to remain as alternative and perhaps even more probable
explanations.
Whereas large amounts of interlayer potassium were released to solution as a result of the

H202 treatment, such release was not observed by Ismail [6] after oxidation of ferrous

octahedral iron by heating biotites to 450 0C. Evidently, surface charge has been main-

tained in this case by an electron transfer to structural (OH) with subsequent loss of

hydrogen from the structure.
Robert [121 investigated ferrous iron oxidation as induced by gradual removal of

potassium from biotites with NaCI solutions. Oxidation was found to be related to
potassium depletion and to reach a maximum value of 56% of the total ferrous iron, when
the interlayer potassium was completely removed. Subsequent treatment of potassium
depleted samples with H202 further enhanced oxidation in a way that almost direct
correspondence between the oxidized portion of the original ferrous iron content and the
exchanged portion of the original interlayer potassium was obtained. As pointed out by
Robert, it seems obvious from these results that interlayer potassium exerts a blocking

effect upon oxidation which, thus, can only occur where interlayers are rendered acces-
sible to oxidizing agents by layer expansion. Oxidation within the intact biotite structure

can only be achieved by heating the minerals to about 700 0C. Then, the thermal treatment
causes internal charge balance by loss of hydrogen from structural hydroxyl.
Obviously, in view of Basset's theory the mechanisms suggested by Newman and Brown
[9] must affect the exchange selectivity of interlayer potassium. Two conclusions can be
drawn:
1. Loss of hydrogen from structural (OH) should strengthen potassium bonding due to

the elimination of potassium - proton repulsion.
2. Heterogeneous charge distribution in the octahedral layer induced during weathering

either by ferrous iron oxidation or by the release of octahedral cations should affect the

orientation of the O-H dipole and thus also lead to an increase in potassium selectivity.

Recent experimental results confirm these conclusions. Barshad and Kishk [11 obtained a

significant reduction of potassium release from biotite, when oxidized samples were

treated with MgCl2 solution. This effect was found to be reversible: The replaceability of

potassium by magnesium could again be enhanced upon reducing the ferric iron. In

vermiculites, potassium fixation was correspondently affected by oxidation or reduction of

iron. Ismail [6] also reported a decrease of potassium concentration in water extracts of

heated biotite as compared to natural samples. Application of infrared spectroscopy

furnished direct evidence of the influence exerted by iron oxidation upon the orientation of
O-H bonds (Juo and White [71; Robert 112]).

Although the conclusions drawn above are supported by these findings, the interdepen-

dence of potassium replaceability and ferrous iron oxidation in biotites needs further

study. If oxidation can only occur in the expanded portion of the mica particle, as

suggested by Robert, then oxidation would have to be preceded by potassium exchange.

Consequently, the proper exchange reaction within the exchange front should remain

unaffected by oxidation. Several observations cast some doubt on the temporal as well as

local co-ordination of both these processes. Thus Boettcher [3], by treating biotite with

distilled water, through wich 02 gas was bubbled, achieved complete conversion to

vermiculite. According to his suggestion, potassium ions have been expelled from inter-

layers by ferrous iron oxidation, possibly accompanied by migration of octahedral

magnesium ions into interlayer position. Such a mechanism, however, demands that
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expulsion of potassium and iron oxidation proceeds concomitantly in the reaction zone in
order to maintain electroneutrality. As proposed by Farmer and Wilson [4], the formation
of regular interstratification in hydrobiotites begins by replacement of potassium round
the edge of a surface layer of the biotite and, with bonding of potassium being enhanced in
adjacent layers by iron oxidation, proceeds by attack on successive alternate interlayers.
This model also rests on the assumption that oxidation acts immediately upon potassium
exchange.
Reconsidering what has previously been said about the buffering action of the expanded
lateral zone upon the primary exchange reaction, another mechanism of interaction
between oxidation and potassium release has to be taken into account. With exchange
reactions between micaceous and vermiculitic and between vermiculitic and soluble phase
being connected in series, release of interlayer potassium into solution is determined by the
product of partial exchange constants of both these reactions. Thus, even if it is assumed
that potassium selectivity in the still contracted zone of the particle remains unaffected by
the secondary processes of layer charge variations, oxidation would nevertheless exert
considerable influence upon the gross replaceability of potassium from micas.
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Potassium in Allophane and in Zeolites

Dr. /L Sticher, Agrikulturchemisches Institut, Eidgenossische Technische Hochschule. Zurich/Switzerland

Summary

Allophane is the primary weathering product when volcanic ash and pumice are thoroughly leached and
drainage is unimpeded. Allophane does not mean a distinct mineral species but rather a series of minerals. which
are hydrous aluminosilicates of short range order with

Al20,• SiO 2 -2H20 and Al 20• 2SiO2 • 3H 20

as the end members.

Allophanes do not contain an appreciable amount of potassium, but ion exchange experiments indicate, that
potassium is preferentially absorbed. Exchange sites as in zeolites are suggested to be responsable for this
behaviour
On hydrolysis volcanic ash and pumice may give rise to the crystallization of zeolites. provided that a high alkali
ion to hydrogen ion activity ratio and a high silica activity are preserved. Zeolites are hydrous crystalline
aluminosificates with the general formula

(M2+ , Mt).12 [AZSiYO 2t.+,] -nH 20.

In sedimentary deposits only 6 of the 34 naturally occurring zeolites are commonly found: analcite. chabazite.
clinoptilite, erionite, mordenite and phillipsite. The same zeolites may be found in sodic and saline sodic soils.
Ion exchange measurements have revealed that these zeolites have a strong selectivity for potassium, rubidium
and cesium. They may be used for the removal of potassium (or Cs and Rb) from mixed salt solutions.

There are very few similarities between the structure and properties of allophane and
zeolites, but there are genetic relationships which are well established by analytical and
experimental procedures as well as by theoretical considerations. Depending on environ-
mental conditions volcanic ashes and pumices may alter into allophane or zeolites.
Artificial zeolites are synthesized from amorphous aluminosilicagels which are quite
satisfactory models for natural allophanes. In addition soil allophanes may be converted
into zeolites by hydrothermal treatment with alkaline solutions.
In the present paper such relationships are treated in some detail with special emphasis on

the role played by potassium.
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1. A ilophane

1.1 Composition and genesis

The large composition range of natural allophane (table 1) does not allow the designation
of allophane as a distinct mineral species. In view of this fact the following tentative
definition was proposed at a seminar* on amorphous clay minerals (van Olphen 1261):
'Allophanes are members of a series of naturally occurring minerals which are hydrous
aluminosilicates of widely varying chemical composition, characterized by short range
order, by the presence of AI-O-Si-bonds and by a DTA curve displaying a low temperature
endotherm and a high temperature exotherm without an intermediate endotherm.'
The elemental composition of the end members may be expressed in the formulae
SiO2.A203.2H20 and 2SiO2.A203. 3H20 (Wada [29).
Allophanes are commonly formed during the early stages of weathering of volcanic ashes
and pumices when leaching is intense and unimpeded. With continued weathering they
may be transformed into crystalline clay minerals, especially halloysite. Allophanes are
the main constituents of the clay fraction in ando soils (andepts). (Aomine and Wada [31).

1.2 Morphology and structure

High magnification electron micrographs, as well as the specific surface area (600 m2/g)
and specific gravity (1,9) indicate that allophane consists of microaggregates built up by
55 A 'unit particles'. The particles seem to be spherical, surrounded by a monolayer of
adsorbed water (Kitagawa [18]). In many ando soils derived from volcanic ash and in

Table 1. Chemical composition of some representative allophanes ( Yoshinaga [32])

1 i [1] IV

SiO 2  31.72 35.58 36.38 39.92
A 203 40.89 39.82 37.51 34.78Fe2O3  0.59 0.35 1.12 0.96
TiO2  0.79 0.45 0.41 1.06
P2 05 0.14 0.22 0.19 0.11CaO 0.11 0.10 0.58 0.16
MgO 0.29 0.17 0.20 0.23
K20 0.13 0.16 0.13 0.13
NaO + 5.35 5.90 6.12 6.56
H20 (+) 19.18 16+67 16.62 15.62
Total 99.19 99.42 99.27 99.53
S'20 1.32 1.52 1.64 1.95

I Kuma, Ehime Pref. Japan (Volcanic ash)
II Aizu, Fukushima Pref. Japan (Pumice)
III lijima, Nagano Pref. Japan (Pumice)
IV Choyo, Kumamoto Pref. Japan (Pumice)

The high Na2 O contents are due to the treatment with sodium salts during sample preparation.

* United States - Japan Science Cooperation Program.
Seminar on amorphous clay minerals, held at Fukuoka, Japan, Sept. 17- 19. 1969.
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Figure ). Possible sheet and chain structure of allophane.
A Sheet - like model; t perpendicular to the sheet (Udagawa 1251)
B Chain - like nodel: t direction of the chain (Wada 1291)

weathered pumice beds fibrous particles are found beside the common spherical allo-
phane. Since this fibrous species in several respects differs distictly from the coexisting
allophane it was designated by a new proper name: imogolite (after Imogo, where it was
detected first; Yoshinaga et aL [311).
Because of the low molecular order of allophane it is not surprising that the proposed
structural schemes diverge extensively. There is no direct method which allows the
determination of the exact arrangement of the atoms as with crystalline clay minerals.
Moreover many of the methods applied may cause serious changes of the original
structure.
From the cation exchange properties of allophane as well as of aluminized clay De Villiers
and Jackson 1281 deduced that allophane unit particles are built up by a 'permutite core'
with an approximate composition NaSi3AIO6(OH)4, of which the Na is exchangeable, and
a discontinuous shell of hydroxyaluminum units of coordination number 6. The positive
hydroxyaluminum edge groups [AI(OH)2 + may block some of the tetrahedral negative
charges and protonation-deprotonation would result in the observed pH dependent cation
exchange capacity.
Working with a cation free artificial system prepared by hydrolysis of aluminumisopro-
poxide and ethylsilicate, Cloos et al. [13] suggested a similar model which is also based on
a central core built up by a tetrahedral network in which silicon is partially substituted by
aluminum and around the core a more or less polymerized hydroxyaluminum coating
balancing the negative charge of the core. With increasing AV(AI + Si) ratio the degree of
substitution in the core increases as well as the complexity of the hydroxyaluminum
cations in the coating. When the ratio exceeds 0.8 demixing occurs and crystalline
pseudoboehmite and bayerite are found in addition to the amorphous aluminosilicate.
From numerous chemical analyses of pure allophanes and from x-ray studies on imogolite
M'&da [291 proposed a double-chain-like arrangement composed of a silica tetrahedral
chain and an alumina octahedral chain which are linked by conmon corners (figure 1B).
Connexions between the chains may result in the formation of very thin sheets and films.
Udagawa et al. 1251 extended this basic conception by thermal transformation studies and
concluded that allophane has a sheetlike structure (figure IA) which to some extent
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would resemble a kaolinite type mineral with clustered defect layer structure (cf. Brindley
and Farmer [121).
It is obvious that there are certain discrepancies between the various model structures. As
pointed out by Lai and Swindale [19] there is reason to doubt that synthetic aluminosilica
gels can be relied on to depict the structure and properties of natural allophanes. It is well
known from zeolite chemistry that the properties of aluminosilicate gels even depend on
the sequence of mixing the constituents (Zhdanov 1331).
On the other hand all models offer possible explanations for a great number of experi-
mental observations. Considering the large composition range of the allophanes, one
might assume that the different conceptions describe but different members which evolved
from different parent material under different environmental conditions.

1.3 Potassium in allophanes

Soil allophanes do not contain an appreciable amount of potassium (cf. table I). Under the
conditions leading to the formation of allophane alkali and alkaline earth cations are
leached during the first stages of weathering. It seems however that allophane has a
definite affinity for potassium. Wada et al. 1301 obtained unusually high C.E.C. values for
japanese soil allophanes when determined with potassium salts. They were able to show by
comparison with magnesium exchange that potassium is indeed preferentially absorbed.
Van Reeuwijk and De Villiers [271 concluded from cation exchange experiments with
synthetic aluminosilica gels 'that the fixation of K is sterically controlled and that, as with
zeolites of rigid 3-dimensional structure, channels in the gel impose a sieve action on the
entry and passage of certain counter ions.' Dried gels showed an increased capacity to fix
K. Drying presumably increases the rigidity of the channels in the gel structure which
restrict the passage of the larger hydrated cations. Furthermore the K-fixing capacity of
the gels increased when the pH, at which K-saturation was performed was raised from 4
to 10. Van Reeuwffk and De Villiers claimed that fixation takes place at normal exchange
sites - even at pH 10 - and no special chemical reaction within the gel is involved.
Again from zeolite chemistry objections may be raised to the last statement of Van
Reeuwik. Aluminosilica gels undergo an aging process which essentially consists in a
polymerization-depolymerization reaction and in a rearrangement of the gel structure
(Barrer et al 15,6]). Sticher 1231 showed, that an aged (but still amorphous) potassium
aluminosilicate gel of the composition K20.A203.2SiO2.nH2O has other thermal propor-
ties than a freshly prepared gel of the same composition.
As pointed out by van Olphen 1261, cation exchange capacity is not a material constant of
minerals such as allophanes. Although the above experiments indicate a certain affinity
for potassium, it is nevertheless necessary to investigate carefully exchange isotherms and
hysteresis effects in order to get a more detailed insight into the exchange and fixation
behaviour of the allophanes.

2. Zeolites

Zeolites are hydrous aluminosilicates with a framework structure. The structure is made
up of (Si, AI)04 - tetrahedra in which each oxygen is shared by two tetrahedra. The net
negative charge arising from the isomorphous substitution of Al for Si is balanced by

46



Figure 2. Structure of phillipsite, viewed along 11001
(This figure was kindly supplied by Prof. W.M. Meier, Institute for crystallography and petrography, ETH
Zurich)

cations, most commonly Ca, Na and K, located in cavities within the aluminosilicate
framework. These cavities are interconnected and give rise to a channel system. Water
molecules are present in the structural openings.* Figure 2 shows the basic aluminosili-
cate framework of phillipsite.

2.1 Occurrence and genesis

Favorable conditions for the formation of zeolites are:
(1) high alkali ion to hydrogen ion activity ratio and
(2) high silica activity.
Such conditions are encountered in various geological environments. According to
Coombs [141 zeolites are mainly formed:
i. in sediments from deep ocean basins;
ii. as products of diagenesis of nonmarine beds,

a) products of reaction between glassy tufts and alkalic ground waters,
b) products of reaction between highly alkalic lake water and sediments both tufface-

ous and nontuffaceous:

For further information concerning structure, properties and technical applications, the reader is referred to the

excellent reviews by Barrer 17), Breck I I 11, Grubner et aL [161. and Meier and Olson 1201.
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iii. in burial metamorphic sequences;
iv. as products of hydrothermal metamorphism in geothermal fields;
v. in volcanic rocks and breccias.
In order to set off the formation of zeolites by contrast with the formation of allophane the
following discussion will be restricted mainly to the diagenetic alteration of volcanic ash
and tuffaceous parent material.

2.1.1 Lacustrine deposits

Falling in the lake waters volcanic ash settles to the bottom. Due to hydrolysis of the ash
the water in the pores of the deposit becomes alkaline and zeolites are formed by alteration
of the ash. Special attention is drawn on to the highly alkaline saline playas and desert
lakes where pH value up to 10 may be found.

2.1.2 Nonlacustrine deposits

In nonlacustrine deposits (loose or consolidated) alkali and alkaline earth ions are lost
from the uppermost horizon by weathering and leaching. To some extent also desilicifica-
tion takes place and allophane or, probably in a second step, crystalline clay minerals are
formed (Aomine and Wada [3]). Moving downward the subsurface water increases in pH
and in concentration of alkalis thereby providing a chemical environment favorable for the
formation of zeolites.
A strong correlation exists between the salinity of the water and the mineralogy of the
zeolites formed. High salinity correlates with increased reaction rates but also with a
decreased activity of water favoring less hydrated phases (Hay 1171).
Of the 34 naturally occurring zeolites only 6 commonly occur in volcanic ash deposits:
analcite, chabazite, clinoptilite, erionite, mordenite and phillipsite (Sheppard [22])
(table 2).
In soils zeolites may be formed when impeded drainage and soda accumulation maintain a
high alkali ion to hydrogen ion activity ratio, i.e. in sodic and saline-sodic soils. Analcime
has been reported from San-Joaquin-Valley, California (Baldar and Whittig [41). Chaba-
zite, phillipsite and erionite are found in the Olduvai Gorge and over the adjacent part of
the Serengeti plain (Tanzania) (Hay [171).

Tabe 2. Zeolites in sedimentary rocks

Zeolite Idealized formula

Analcite Nat6 [A 1 6Si32 O 6 ] . 16 H20
Chabazite Ca6 [AII2Si.O,] - 40H20
Clinoptilite (Mg. Ca, Na, K,) [AI 6Si 00 2]• 22 H20
Efronite (Mg, Ca, Na2, K 4.' [AI9Si, 072J 27H20
Mordenite Na6 [A IS4 0 09 6j ,'24 H20
Phillipsite (Na, K).. [AlSi22 O! ]• 20HO

The mechanism by which zeolites may have been formed in nature has been extensively
investigated by experimental work. Since World War II an immense effort has been done
in order to synthesize artificial counterparts of naturally occurring zeolites as well as -

completely new species with widely diverging properties.
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Although some objections still exist it is largely accepted today that zeolites are formed
not by alteration of the parent material in the solid state (as e.g. most clay minerals and
allophane) but by solution of the parent material and subsequent crystallization from
solution (Deffeyes [151. Zhdanov [331). It seems however rather unlikely that single
SiO44 - or AIO14' tetrahedral ions are captured by the developing lattice. Therefore Barrer
et al. 15] suggested that after dissolution of the parent material the tetrahedra regroup
about hydrated alkali or alkaline earth ions to form basic polyhedral units which by
condensation polymerization can produce more complex arrangements.

2.2 Potassium in zeolites

It is a remarkable fact that the Na/K ratio of all zeolites found in sedimentary rocks is
considerably lower than the ratio encountered in the environmental lake or pore water
(Hay 117). Ion exchange measurements have shown that these zeolites have a stronger
affinity for potassium than for sodium (table 3).
Na-Clinoptilite removes potassium quantitatively from sea water (Ames [2]). In erionite a
part of the potassium ions occupy positions from which they cannot be removed without
destroying the crystal lattice (Peterson et al. [21]). From ion exchange isotherms Barrer
and Munday [101 calculated that from bore waters with K fractions between 0.01 and
0.14, as found in Nevada and California, phillipsites with K fractions between 0.06 and
0.30 would result. In fact most phillipsites found in sedimentary rocks in the Western
United States fall into this range.

2.3 Synthetic potassium zeolites

In recent years a number of artificial potassium, as well as potassium-sodium zeolites,
have been synthesized from aluminosilicate gels, kaolinite, metakaolinite and various
other starting materials (table 4).

Table 3. Thermodynamic affinity sequences for chabazite, phillipsite and clinoptilite

Zeolitc Sequence Authors

Chabazite K> Rb> NL> Na = Ba>Sr>Ca>Li Barrer et al. [9]
Phillipsite Cs > K > Rb > Na > Sr > Ca > Li Barrer and Munday [10]
Clinoptilite Cs>Rb> K>Na>Li and Ba>Sr>Ca>Mg Ames [I]

Table 4. Synthetic potassium zeolites

Symbol SiO 2/AI2O3  Zeolitc group/remarks

Linde F 2.0
Linde 1 2.0
Linde M 2.1 (K-F of Barrer)
Linde Q 2.2
Barrer K-G 2.0-4.2 Near-Chabazite
Barrer K-M 3.0 Near-Phillipsile
Barrer K-F 2.0
Barrer K-F(CI) 2.0 with incorporated KCI
Barter K-Z 2.0 with incorporated KOH
Zhdanov K-I 2.0
Union Oil U 1 5.0
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Figure 3. Reaction ofkaolinite with 3 molal KOH at 80CC.
Curve I: without KCI; a) concentration of Si in solution, b) concentration of Al in solution, c) crystallization of
zeolite (as revealed by x-ray analysis).
Curve 2: with one mol KCI per mol KOH; a, b and c as above.

Pure kaolinite with its even and constant silica to alumina ratio of 2.0 proved to be a
convenient material for the study of reaction rates and reaction mechanisms of zeolite
formation (Barrer et al. [81, Sticher and Bach [241). In figure 3 the progress of the reaction
of kaolinite with 3 molal KOH at 800 C is plotted against the same reaction but with
additional KC).
With KOH the reaction product is a mixture of K-G and K-I of which each has a water
content of about 17%. With KOH and KCI, K-F is the sole product, with a water content
of 11.5%.
As observed in natural environment high salinity strongly reduces the time required for
crystallization and favors the formation of less hydrated species (Sticher (231).
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Application of Infrared Spectroscopy to the
Study of Minerals Weathering

J. Chaussidon. Station Centrale d'Agronomie I N.R. A., Versailles France

Summary

A few examples of application of infrared spectroscopy to the study of modifications undergone by a weathering
mica are shortly presented. The principal features of the spectrum of fresh phlogopites and biotites are
summarized for the structural OH stretching region. Then it is shown how the possible mechanisms involved in
mica alteration modify the initial spectrum, taking into account the attribution of observed bands to particular
configurations of the ionic surrounding of hydroxyl groups either in the mica layer or in the interlamellar space.

The study of weathering of micas by infrared spectroscopy has received in the past few
years a considerable attention. Two types of informations can be obtained. The first one is
the appearance of new bands in the spectrum, which can be ascribed to a new mineral.
This is the case for instance of identification of kaolinite in a weathering biotite.
Frequently however, the infrared technique is not the only one to yield such an indication,
and we shall develop a little more examples showing the characteristic efficiency of the
method.
Informations more specific of infrared spectroscopy are obtained when spectral changes
which are observed can be attributed to a modification in the structure of the mineral layer
or of the interlamellar space. The interpretation of these changes requires a good
knowledge of band assignment, and in spite of some uncertainties which are still
remaining, it is possible to discuss a weathered mica spectrum.
The most frequently, spectroscopic studies concern the domain of structural OH stretch-
ing vibrations. This is due chiefly to two reasons:
- the absorption frequency of OH groups is mainly determined by ions present in their
close vicinity, either cations to which they are bound in the layer or interlamellar ionic
surrounding.
- an easy distinction is possible between dioctahedral and trioctahedral structures.
Hydroxyls belonging to a dioctahedral structure are inclined on the a b plane with an
angle of - 160, whereas hydroxyls belonging to a trioctahedral structure are nearly
perpendicular to the a b plane. As the intensity of absorption is proportional to the square
cosine of the angle between the electric vector of the radiation and the transition moment
of the dipole, it is clear that at normal incidence the absorption of trioctahedral OH will be
very faint as compared to the dioctahedral OH absorption. When tilting the sample in the
infrared beam, trioctahedral absorption increases rapidly, whereas dioctahedral OH
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absorption remains nearly constant. This polarization effect is thus very convenient to
distinguish the two classes of hydroxyls.
At first sight, in the phlogopite - biotite series, experimental spectra change from one mica
to another one. In some cases (phlogopites essentially) resolved maxima appear commonly
at similar frequencies; a big deal of work has been done in order to determine frequency
and assignment of component bands, either when they are sufficiently resolved or when a
numerical resolution procedure is required to separate non resolved overlapping bands as
they occur in biotites. In this domain Vedder 16, 7], Wilkins [8] and Farmer 13, 4, 5] have
made a remarkable work, and have shown that whatever is the apparent shape of the
spectral contour, it is possible to describe any spectrum with a limited number of bands
located at given frequencies and corresponding to a given environment. The highest
frequency is obtained for trioctahedral OH coordinated to 3 Mg, and this frequency
decreases when Mg is substituted for FeZ+, Fe' + or Al.
The case of trioctahedral OH is well summarized by table I which gives frequencies and
attributions proposed by Vedder and Wilkins.
For dioctahedral hydroxyls the situation has not been cleared up to the same extent.
Vedder proposed attributions on the only basis of the charge of the cation. With reference
to synthetic celadonite spectra, Farmer has shown that the nature of the cation influences
notably the absorption frequency. Substitution of a Fe2+ ion by a trivalent one decreases
the frequency, but the shift due to Fe 3+ is more important than this due to Al. Table 2
presents some of these attributions.

Table I (from rcf. 7). Assignments of Irioctahedral OH stretching frequencies in phlogopite and biotite

Vibration frequency (cm
-
') Occupation ofclosest three octahedral sites

3712 Mg Mg Mg
3696 Mg Mg Fe'
3680 Mg Fe'

4 
Feo

3664 Fe'
4 

Fe'+ Fe'
3668 R-+ Mg Mg
3652 R

+ 
Mg Fe"

3636 R"+ Fe'
4 

Fe'
R-' At or Fe'

Table 2. Assignments of dioctahedral OH stretching frequencies in various micas

Mineral Vibration frequency (cm-') Occupation of closest octahedral sites

Phlogopite -3625 R-' R' V
Biotite -3600 R'

+ 
R-

+ 
V

(from ref 7) -3560 R R- V

3534 Fe Fe
+ 

V
3557 Mg Fe"

+ 
V

Celadonite 3577 Fe" At V
(from ref 3) 3602 Mg Al V

Biotite 3550 Fe"
+ 

Fe V
(from ref. 3 and 5) 3600 At Fe' V

3620 Mg Al V

R-
+ = Mg, Fe R +  

Fe', Al V = Vacancy
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Anyway, whatever is the elementary mechanism involved in weathering, namely:

a - swelling without any modification of the layer
b - loss of interlayer cation + ferrous iron oxidation
c - loss of hydroxyl proton + ferrous iron oxidation
d - loss of octahedral iron without ferrous iron oxidation

infrared spetroscopy can give a very valuable information.

The simplest phenomenon is swelling without change in layer structure; two different
behaviours can be expected according as trioctahedral or dioctahedral OH are concerned.
Since trioctahedral OH are nearly perpendicular to the basal plane, they interact with the
closest interlamellar species, the K ion. This interaction appears clearly when comparing
stretching frequencies of structural OH bound to 3 Mg ions in talc and phlogopite: in the
latter case OH absorbs about 36 cm - ' higher than in talc which illustrates the influence of
the force field originating from K and increasing the frequency of the OH vibrator. When
K is expelled from the ditrigonal cavity, the interaction decreases, and we have shown
(Chaussidon [ 1. 21) that K - depleted biotites or phlogopites in Na hydrated form show a
global shift towards low frequencies in agreement with the preceding remark. This effect is
reversible with water content and in the dehydrated samples one tends to restore a force
field similar to this of unaltered mica, leading again to an increase of absorption in the
high frequency region. As far as no oxidation occurs, we have shown that the total
integrated absorbance of OH stretching vibrations was kept constant and that spectra
could be described by the overlapping of two systems in equilibrium characterised by the
presence of an isosbestic point.
With dioctahedral OH a reverse effect should be expected theoretically. In fact, in our
experiments it has never been observed probably because of the strong attraction between
K and the free pair of hydroxyl oxygen atom which prevents the expulsion of K facing a
dioctahedral OH, at least in the K depletion levels which were reached. However, it has
been shown that alteration induces an inportant accessibility of dioctahedral OH to the
interlayer environment, since a few contacts with D2O vapour at room temperature lead to
a strong deuteration of structural hydroxyls.
If one turns now to weathering mechanisms involving points b, c or d, the following
modifications of the spectra can be expected schematically:,
b- the absorption should increase in frequency domains characteristic of Fe3+ and
decrease in regions characteristic of Fe2+ . The spectrum will shift towards low frequen-
cies, and if one follows Vedder's hypothesis the resolution should decrease because of the
increase in half band width when Fe2+ is substituted for Fe3+ . The total integrated
absorbance should not decrease for the OH content remains constant.
c - the same features as above should be observed. However in this case the total
integrated absorbance should decrease since it is assumed that OH groups are lost.
d - this mechanism corresponds to the creation of vacancies in the octahedral layer. In
these conditions, the ratio of dichroic absorption to non dichroic absorption should
decrease.
Practically, all the quantitative aspects quoted above need very careful experiments, in
which the orientation of the mica crystal in the infrared beam must be well known. Now, if
it is easy to keep intact a flake which has not undergone a too severe alteration, oxidation
and loss of protons create very often a physical modification of the sample which breaks
and delaminates. One understands then why the spectroscopic study of such mechanisms
is difficult.
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However, it is possible to observe experimentally each one of these postulated behaviours.
Points b and d are evidenced by Farmer et al. [51. If oxidation displaces the dichroic bands
towards low frequencies, a treatment with hydrazine restores the high frequency absorp-
tion which indicates clearly that Fe 2+ oxidation has the expected effect. Simultaneously,
when oxidation is obtained by a strong treatment by H202 for instance, N2H4 does not
reduce totally Fe 3+ and one observes an increase of vacancy bands absorption.
Point c can be illustrated by Vedder's results (Vedder [71) who oxidises the mica by
thermal treatments. If one assumes that bands due to one or two Fe 2+ (plus Mg) transform
in the corresponding bands with Fe3 +, bands remaining after oxidation should be due
principally to 3 Mg - OH, 2 Mg Fe3+ - OH or Mg 2 Fe3+ - OH groupings. Qualitative-
ly, experimental observations are in agreement with theoretical considerations. Quantita-
tively, Vedder could not detect any change in 2 Mg Fe 3+ - OH absorption, as compared
to fresh mica, which indicates very likely that oxidation is going with a decrease of
structural OH content.
The loss of dioctahedral OH in oxidation by thermal treatment has been also well
observed. Vedder has shown that in a fresh mica the vacancy OH absorption is stronger
with electric vector of the radiation polarized along a axis of the mineral than with electric
vector polarized along b axis. This relative importance is inversed when the crystal has
been heated to - 600 0C. This phenomenon is attributed to a preferential condensation of
two OH groups whose projections on the a b plane are parallel to a axis. As the maxima
frequencies with polarization parallel to a or b axis are not the same, it is possible also that
this effect is due to a preferential distribution of divalent and trivalent ions in the
crystallographic sites of the octahedral layer, which could explain that heating affects first
vacancy OH associated to Fe + ions.
It can be remarked that these studies concern generally experimentally altereted micas.
The case of naturally weathered minerals is more difficult to study because in addition to
the possible simultaneous existence of several elementary mechanisms invoked, it is not
easy to control all the parameters required for the obtention of very clear spectra. In spite
of interesting works published in this field, one can think that the infrared spectroscopy
has still to give numerous new informations.
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Potash in Feldspars

Prof. Dr. K. Rasmussen. Royal Veterinary and Agricultural University Department of Soils and Agricultural
Chemistry Copenhagen, Denmark

Summary

In the present short review over potash in feldspars a description of the feldspars composition and structure is
followed by a discussion of their physical and chemical weathering under ordinary conditions. The chemical
breakdown of the 3-dimensional potash feldspar lattice seems to start by diffusion - and exchange reactions
whereby K- is substituted by HIO from the solvent. During this stage of incongruent dissolution a protective
cower forms. The entrance of H1O presumably weakens the feldspar structure with the result that aluminium
and silica is released. The weathering of feldspars is accelerated when the temperature and hydrogen ion
activity of the solvent is raised. Nevertheless, potash feldspars will resists boiling with 6 N HCI and in soils they
weather very slowly. They are found in some Danish sods deposited about 100000 years ago and microcline
generally makes up several per cents of our soils sand- and silt-fractions. It represents a rather useless potash
reserve.

1. Introduction

Marshall [71 states that 'the predominance of the feldspars among minerals of the

lithosphere makes their disappearance by weathering quantitatively the most important

chemical reaction since solidification of the earths crust'. In most places this process is far
from finished. Tovborg Jensen and Krogh Andersen [51 found 5-15 per cent of feldspars

- mainly potash feldspar - in sand- and silt-fractions of representative Danish soils, and

Rasmussen and Tovborg Jensen [101 found that Danish soils generally contain more than

I per cent K. This great potash reserve mainly occurs as a constituent of feldspars. Its

availability and value therefore depends on the properties of potash feldspars.

2. The composition and structure offeldspars

The inertness of feldspars may be explained by their hardness (H = 6) and their composi-
tion and structure. These aluminium silicates possess a three-dimensional framework

structure, built up of SiO4 - and AlO4-tetrahedres. For every 4 tetrahedres - or 8 oxygen

atoms - is found I extra cation which may be either Kt, Na+, Ca ++ or Ba ++ .

Dependent on the charge of this ion the proportion between aluminium and silicon varies

between 1:3 and 2:2.
The feldspars structures have been admirably explained by Taylor 1121. Their essential
feature is rings of 4 tetrahedral groups bound together in parallel zig-zag-formed chains
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which again are interlinked at regular intervals. The intervening spaces are occupied by
the alkali or alkaline earth cations, which in this position coordinate with 7-9 oxygen
atoms.
Depending on the size of these metal ions the chains may be more or less contracted and
distorted. Feldspars with big ions (K+ and Ba++) tend to be monocline, Na+ and Ca + +

feldspars tricline. With a certain content of the divalent metal ions the c-axis of the
crystals unit cell will be doubled.
The feldspars are never the 'pure' minerals indicated by the formulas KAISi3O8 for
sanidine, orthoclase and microcline, NaAISi308 for albite, CaAlSi2O8 for anorthite or
BaAl2Si2OS for celsian. Besides their characteristic alkali or alkali earth cation they
always contain appreciable amounts of one or more of the others. But differences in the
ions size and charge may limit the possible ratios of combinations especially if the
feldspars crystallized at low temperature i.e. below 500o C (Barth I1]). Low temperature
potash feldspars only contain little Nat or Ca ++ - and vice versa - and in high
temperature feldspars a surplus of ions with wrong sizes tend to congregate in zones.
Through such exsolution processes new crystals - perthites - may be formed. An example
is perthites of NaAISi308 in sanidine. The plagioclases may be said to represent a
complete series of feldspars with the end members albite and anorthite. However, it has
been found that this series covers several domains with different feldspar structures.
Low temperature potash feldspar (microcline) also shows a high degree of order in the
distribution of AIO- and SiO4-tetrahedres. The high temperature form (sanidine) in this
respect is characterized by nearly complete randomness and orthoclase takes up an
intermediary position. This kind of disorder will not change to order when the feldspars
are cooled down but this is thought to be of only minor importance for the minerals
stability since both A104- and SiO4-tetrahedres may be distorted by the electrostatic forces
from the mono- and divalent metal ions.

3. The processes offeldspar weathering

The mechanism of feldspar weathering and dissolution is not well known although it has
been studied by many scientists. These minerals react slowly at ordinary temperature but
long lasting experiments have given good results. More than 40 years ago Tamm 1111
carried out such experiments. By using the best physico-chemical methods then known he
studied the physical disintegration and the chemical weathering and dissolution of
feldspar lumps which for some weeks were shaked with water or with diluted acids to keep
the suspension within chosen pH-limits. When pure water was used as solvent pH of the
suspensions rapidly rose and finally reached values about 11. At the same time K+-ions
went into solution.
Tamm showed that the reactivity of the feldspars under such circumstances varied with
the amount and fineness of the clay-size material formed by shaking the coarse feldspar
lumps. Thus the initial weathering of feldspar proceeds by surface reactions in which K+

is displaced by H +. Tamm also demonstrated that in this initial stage will the feldspars
dissolve incongruently, the dissolution of silica - and in neutral or alkaline suspensions
also aluminium - lagging behind that of potash. In this way the feldspar surface is coated
with a protecting layer and the minerals reactivity reduced.
In accordance with this Rasmussen and Tovborg Jensen [101 found that under prolonged
electrodialysis did pulverized microcline only release appreciable amounts of potash in the
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first part of the dialysis period. During the first 3 days more potash was dissolved than in
the 4 weeks to follow and after about I week only very small and seemingly constant
amounts were daily released.
Experiments which have helped to a better understanding of the weathering processes
have been conducted by numerous investigators besides Tamm. Only a few may be
mentioned here. Correns and v. Engelhardt [3] followed the decomposition of finely
ground potash feldspars suspended in solutions with fixed pH-values. The dissolved
feldspar components were regularly removed by dialysis or ultra filtration. Their results
show that parts of the feldspars go into true solution and confirms that the feldspars
dissolve incongruently during the first stages of chemical attack when its breakdown
proceeds at its highest rate. The protective layer thereby formed varies in composition
according to the systems pH-value. Its molar ratio of SiO2 to A1203 was found to have its
minimum value in nearly neutral solutions. In agreement with Tamm, Correns and v.
Engelhardt found this minimum value to be 5-6. From a certain stage the feldspars
dissolved almost congruently so that it could be concluded that the coating from now on
would not grow in thickness or alter in composition:
Later Huang and Keller [41 have shown that the dissolution rates of the different feldspar
components will also depend on the complexing properties of the solvent.
The displacement of K+ by H+ or HiO may partly take place through exchange reactions.
Already Tamms results indicated that for potash feldspars may this process be reversible,
and Nash and Marshall [81 found that on fresh feldspar surfaces may exchange reactions
between H+ and metal ions proceed. It seems that only very thin surface layers react in
this way. Such exchange reactions which apparently took place in deeper layers might
show character of fixation processes since the calculated bonding energies of the metal
ions varied according to the feldspars composition and lattice structure.
The substitution of K+ by HO seems to weaken the feldspar lattice. Bondam 12] found
from X-ray measurements that the attack by H30 was accompanied by a slight expansion
of the lattice in feldspar surface layers. He also obtained infra-red absorption lines that
might indicate the presence of hydrogen bonds presumably between absorbed HIO and
surrounding lattice-bound oxygen atoms. Thus absorbed HiO-ions may facilitate and be
used in hydrolytic reactions by means of which AI-O-bonds are thought to be ruptured.
The aluminium thereby goes from the 4-coordinated to a 5- or 6-coordinated state with the
result that it will be expelled from the feldspar lattice structure. At the same time Si-OH-
groups are thought to be formed.
Several scientists have stated that during chemical weathering the feldspars tetrahedral
framework may not dissolve completely but only be broken down to small bits which after
slight alterations may form building stones in the neogenesis of crystalline silicate
minerals. This question will not be discussed here. It may be mentioned however, that in
most of the weathering experiments carried out at ordinary temperature formation of well
crystallized silicate minerals have not been reported. However, precipitates with a more or
less ordered, clay-like structure have been reported, e.q. by Bondarn 121 and Lerz and
Borehert [6].

4. The availability of soils feldspar potash

All experimental evidence shows that the chemical breakdown of feldspars accelerates
with raising temperature and hydrogen ion activity of the solvent. The rapid weathering of
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feldspars reported by Pedro [91 may be partly explained by the extraction temperature,
which was kept at 65 'C. It is also evident that feldspars show a high initial reactivity even
in neutral solutions. However, these facts should not lead to optimistic wievs about the
availability of potash in feldspars. To illustrate the inertness of these minerals I may
mention that in our laboratory we found that pulverized microcline did only lose 2 per cent
of its potash when boiled with 20 per cent HCI for 1 hour.
The inertness of feldspar minerals is also borne out by mineralogical studies of soil
profiles. Old and thoroughly weathered tropical soils may have lost all their feldspars but
under Danish climatic conditions these minerals have persisted in sand- and silt-fractions
of soils from glacial drifts even of Riss age. However, they may have begun to diminish
and be sorted out. Thus Tovborg Jensen and Krogh Andersen 151 found microcline to be
present in much greater quantities than plagioclase and soils formed from Riss glacial
drift were relatively poor in feldspars. Surface layers of these old deposits contained
almost no plagioclase even if such minerals were found in the deeper strata. In soils
formed from drifts of WUrm age no such difference between surface and underground was
found. However, Tovborg Jensen and Krogh Andersen calculated that if the young and
the old deposits at the time of deposition had the same mineralogical composition, the
present difference would only correspond to the weathering of about I kg potash feldspar
on each hectare annually.
It seems safe to conclude that in our soils the feldspars represent a big but rather useless
potash reserve.
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Mineral Reserves of Potassium in Irish Soils
and their Release

P.V. KIrLY and M. RYAN, Agricultural Institute of Ireland, Dublin/Ireland

Summary

The nature of the K reserves of 26 Irish soils representing the principal mineral soils of the country was
determined. Feldspars and micas were the only K bearing minerals detectable in the soils and the contribution of
each in the different size fractions was determined by selective dissolution. The different mineralogical
parameters of the soils were related to their ability to supply K to grass after continuous cropping without K
fertilisation.
Mica was the principal K bearing mineral in all except the granite derived soils: mica content ranged from 2 to 18
per cent of the soils studied. K feldspars were abundant in granite derived soils and occurred also in significant
quantities in some limestone drift derived soils which appear to have some igneous rock influence. Mica edge
surface was the only mineralogical parameter which related to the ability of the soils to supply K to grass after 4
years continuous cropping without K fertilisation.

Introduction

Large reserves of potassium occur in soils in mineral form - the average K20 content of

soils is about 1.4 per cent [Rich, 19681. Irish mineral soils contain 0.2 to 3.5 per cent K20

[ Walsh, 19701 mainly in the form of micas and feldspars. The weathering of K bearing

minerals has been extensively reviewed [Reitemier et al., 1951; Rich, 19681. K feldspars

are relatively resistant to weathering; micas weather more readily and sometimes can

supply the entire plant needs for potassium. Weathering of micas and feldspars depends

on mineral properties and the environment. Release of potassium from micas occurs at

the edges of the platelets and a relationship between the edge mica surface of soils and K

release seems likely.
The purpose of this study was to assess the nature of the K reserves in Irish soils and to

relate them to the ability of the soils to supply K to grass.

Materials and Experimental

Soils from 26 experimental sites representing the principal mineral soil types in Ireland
were studied. The soils had a wide range of parent materials and K contents. Some of their
properties are presented in Table 1.
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Table I. The soils studied

Site Parent Material Texture Soil Type

A, B, C, D Old Red Sandstone[Shale Loam Acid Brown Earth
E, S Shale Clay loam! Loam Acid Brown Earth
F Morainic Sand Sandy Loam Brown Podrolic
G, H, I, 0, P, Z Limestone Drift Loam Grey Brown Podzolic
J, K Granite Sandy loam Brown Podzolic
L Mica Schist Loam Brown Podzolic
M N, Q, R Limestone Drift Sandy loam Brown Earth
T, U Silicious Limestone Drift Clay loam/Loam Gley
V, W, X Coal Measure Shale Loam Gley
Y Marine Glacial Drift Clay loam Gley

The experiment included treatments of 0, 90, 180, and 310 lbs K per acre annually on
grass plots, each treatment being replicated 4 times. Four cuts of grass were taken each
year for 4 years and removed from the plots. The K content of each cut was determined.
Soil samples from each of the sites were fractionated into two sand-sized, three silt-sized,
and two clay-sized fractions after removal of carbonates, organic matter and free iron
oxides [Jackson, 19561. Mica and K feldspar content of the fractions were determined by
the pyrosulphate fusion method [Kiely and Jackson, 1964]. X-ray diffractograms of Mg
and K saturated samples of the fractions were obtained using CoK a-radiation. Mica edge
surface was calculated based on figures in Jackson [1956].

Results and Discussion

The K20 content of the soils ranged from 0.36 to 3.01 per cent (Table 2) with a mean
value of 1.35. It was determined largely by parent material. Mica was the dominant K
bearing mineral in all except two granite derived soils; it ranged from 2 to 18 per cent of
the soils and increased with decrease in size fraction. K feldspar content ranged from 0.4
to 16.1 per cent of the soils; it exceeded 5 per cent only in the granite derived soils. The area
of mica edge surface, a measure of the mica content and its size distribution, ranged from
4.8 to 21.8 sq m /100 g in the soils.
In the first year of continuous cropping dry matter yields on plots which received no K
fertiliser ranged from 6687 lbs per acre on the heavy textured Gley soils T and U to 8473
lbs per acre on the loam texture limestone drift derived soils (G, H, 1, 0, P, Z). On the
fourth year of continuous cropping yields were lower and ranged from 4292 lbs per acre
on the granite derived soils (J, K) to 8323 lbs per acre on the limestone drift derived soils
(G, H, 1, 0, P, Z). The response to added K in the first year ranged from 3 per cent on the
Gley soils (T, U) to 24 per cent on the light textured limestone drift derived soils (M, N, Q,
R); the per cent response increased markedly in the fourth year of continuous cropping
ranging from 21 per cent on sites T, U, Y to 118 per cent on the granite derived soils (J, K).
Soil physical properties and available soil moisture appear to have affected dry matter
yields significantly; the heavy textured Gley soils and to a lesser extent the sandy loam
soils gave lowest dry matter outputs.
Release of K to grass in the 4th year of continuous cropping without K ranged from 26 to
151 lbs per acre. When 310 lbs K per acre were applied 3 of the soils supplied less K to
grass than that applied as fertiliser while the remaining soils released between 10 and 168
lbs K in excess of that applied. In general the soils which released highest K where no K
was applied also released highest amounts of K where 310 lbs K were applied. Of the three
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Table 2. Potassium parameters of the soils studied

Site K,O Content Mica K feldspar Mica Edge Surface K released lbs/ac
per cent per cent per cent Sq M/100 g K. K310

A 1.26 II 0.5 11.8 136 109
B 1.80 16 0.7 18.2 90 94
C 2.05 18 0.7 21.8 - -
D 2.07 17 2.3 17.8 41 52
E 2.15 18 3.1 15.3 54 67
F 0.77 5 2.8 7.1 39 46
G 1.69 12 4.2 20.2 90 124
H 1.04 7 2.6 13.7 93 124
I 1.04 5 4.1 11.5 49 83
J 3.01 10 16.1 9.8 26 33
K 2.63 10 13.8 10.2 44 68
L 2.36 15 5.0 8.5 60 14
M 0.80 6 2.0 12.3 39 10
N 0.58 5 1.5 9.4 90 33
O 0.86 7 2.2 15.1 151 119
P 0.91 7 2.0 18.9 87 34
Q 0.48 2 2.1 4.8 33 58
R 0.69 5 2.1 8.5 33 37
S 1.66 is 1.1 14.3 65 56
T 0.61 5 0.6 8.1 57 60
U 0.36 3 0.5 9.2 51 -92
V 1.21 12 0.4 14.3 106 88
W 1.45 14 0.4 21.3 129 -6
X 1.21 I1 1.0 16.1 47 96
Y 1.58 I1 4.1 20.5 123 24
Z 0.95 7 2.3 21.4 121 168
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Figure 1. The distribution obtained when mica edge surface was related to K uptake by grass in the 4th year of
continuous cropping without K.
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soils which apparently fixed K, two had a heavy texture, all three contained vermiculite,
and soil F was a sandy soil where leaching of K was likely.
Mica edge surface was the only mineralogical property which related to K uptake by
grass. In Figure 1, the K released to grass on the 4th year of continuous cropping without
K is related to mica edge surface. The relationship was affected by factors such as species,
drainage, and moisture holding capacity which controlled grass yields in some soils and
limited K uptake. Differences in growth potential between the sites is reflected in the K
removed by grass e.g. sites A and 0 consistently outyielded the other sites.
K release is significant in most Irish soils even where high K levels are applied. Where no
K is applied for 4 years 25 to 150 lbs K per acre is released to grass. Mica edge surface
gives some measure of the K supplying power of soils.
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1st Working Session:

Some Remarks on the Discussion
on Mineralogy of Soil Potassium

Prof. Dr. A. WEIss. Institute of Inorganic Chemistry, University of Munich/Federal Republic of Germany

During the past ten years studies about potassium in minerals have been focused on micas
and smectites. The most important questions, which are still unsettled, concern potassium
fixation, mechanisms of K-depletion and the rate of K-release from micas. The three
problems are related to each other.

K-Selectivity

K-selectivity is connected with the geometrical environment of the potassium sites and the
energetical situation. External prism faces are not or almost negligibly involved in cation
exchange. Since all interlayer sites are assumed to be geometrically equivalent, so far only
four different site-types are considered: interlayer sites, sites on edges, on external basal
planes, and a series of sites in the wedge-zone of weathered and partially depleted mica
particles.
Assuming a pure beidellitic charge type and a random distribution of the excess negative
charges onto the oxygens bordering the interlayer region, 10 energetically different
interlayer sites have to be distinguished. One of these is equivalent to the sites in micas,
another is similar to sites in illites, two further sites correspond to the charge density of K-
fixating vermiculites.
Therefore, two main questions arise:
1. is potassium fixation due to sites in the wedge zones only?
2. To what extent do highly charged interlayer sites of smectites and mica-type sites

contribute to K-fixation?
Furhter interesting questions seem to me:
a) Dimensions of the wedge zones? Maybe, detailed discussions and statistical treatment

of the remarkable pictures of Grafv. Reichenbach can give some informations.
b) Determination of the excess charge density and the excess charge distribution. The

methods of Weiss and Lagaly give detailed information about the density and its limits.
However, charge distribution and relations to K-fixation need further research.

c) Determination of the ratio of beidellitic and montmorillonitic charges.
The group of Prof. Henin is doing excellent work in this field and we do hope that we shall
get details in the near future.

K-Depletion

Understanding of the K-depletion of micas is related to the understanding of possible

mechanisms. At least four types have to be distinguished:
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1. Simple ion exchange reaction, assuming, that the geometrical situation is extremely in
favor of potassium ions.

2. Depletion connected with charge reduction via oxidation of octahedral Fe' + to Fe3+. In
this case, the depletion should be favored in biotites compared with muscovites.
Experimentally, influence of the redox potential E-redox onto the depletion process
should be observable.

3. Depletion connected with charge reduction via simultaneous migration of H+ (or Li +)

into octahedral vacancies.
4. Depletion connected with a temporary charge increase in a transition state, either by

reduction of Fe 3+ to Fe2+ in octahedral positions or by extraction of octahedral cations
and thereby increase of the number of octahedral vacancies, mainly in trioctahedral
micas. Are there any indications of the main factors from experiments at constant pH-
value or constant pLi value? Measurements of the activation energy of depletion
of di- and trioctahedral micas should elucidate, whether only one mechanism occurs in
nature or several mechanisms compete.

Rate of K-Depletion

As far as the reaction rate is concerned, differentiation of chemical and X-ray degree of
the reaction is important. Probably both values differ by the contribution of the wedge zone
or part of it.
There seems to be no doubt about the unexpected particle size effect due to which the
reaction rate decreases with decreasing particle size. Cooperative effects seem to contrib-
ute mainly to this influence. Detailed studies on lattice faults are necessary, in order to
ensure the particle size effect. New methods for the detection of lattice faults would
promote further development.
Mechanistic treatment of the K-depletion points to a strong influence of surface rough-
ness, especially that of the prism faces.
Thus, main questions seem to me:
I. experimental data on differences in the degree of reaction.

New data would also contribute to the problem of phase definition in transition states of
K-depletion.

2. Evaluation of cooperativity factors of the reaction.
3. Demonstration and quantitative determination of lattice faults of micas before, during

and after K-depletion.
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Report on the 1st Working Session:
Mineralogy of Soil Potassium

Prof. Dr. R. BACH, Institute of Agricultural Chemistry, Swiss Federal Institute of Technology. Zurich/Switzer-
land; Member of the Scientific Board of the International Potash Institute

1. Introduction

The main lecture and the communications presented an excellent picture of the present

knowledge on potassium in minerals.
The release, selection from solution, and fixation of potassium are affected by
- the crystal structure (e.g. three dimensional frameworks, compact or porous, in

feldspars and zeolithes; sheets, expandible or not, in micas and certain clay minerals),

- the configuration of the atoms in the crystal lattice (e.g. ditrigonal arrangement of the 0
atoms around K; orientation of OH groups; site and distribution of charges),

- the morphological properties such as size, shape and surface.

Instead of repeating more details from the reports some additional informations may be
added especially on
- the chemical bonds in silicates
- the stability of silicates and
- the reactions involved in the chemical weathering of silicates.

2. The chemical bonds in silicates

According to Pauling the Si-O bond in the SiO4 tetrahedron can be described as a

resonance bond for which the following structures can be written:

02
-  

- 0

02- Si. +  0 2-  0- - Si - 0- 0 = Si -  0

0 2 -  0- O

ionic bond covalent bond double bond
a-bond dn.pn-bond

From calculations results that the ionic character is about V2 and the double bond

character is about '13 for isolated tetrahedra. These values are not constant; they are
changed by substituents R surrounding the Si atoms.
If the substituent is an electron donor, the adjacent Si-O bond becomes more polar, if the

substituent is an electron acceptor, the adjacent Si-O bond gets more double bond

character. Nearly all metal ions (M+) in the silicate minerals are less electronegative than

silicon and behave as electron donors. They consequently cause an increase in ionic
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character of the Si-O-Si bond and an increase of double-bond character of the adjacent
Si-O (-M) bond. This effect is the more considerable the larger the electronegativity
difference between silicon and the metal.

I I I I I - I
-Si--O-Si-- -Si - 0-Si Si < 0> Si-

M+  M+  M+  M+  M+  M +

decreasing electronegativity of M +

increasing electron-donating inductive effect of Mt

Since the bond character influences the bond energy, substituents also influence the
stability of the Si-O-Si linkage. In silicates the Si-O-Si bond is weakend by the
electron-donating M+.
The bond character is also correlated with the bond length of the Si-O bond. If the ionic
character of the bond is increased, its length is also increased. If the double bond character
is increased, the Si-O bond is shortened. While the bond length in quartz (only Si-O-Si
linkages) is about 1.60 A, the Si-O distance in silicates varies within the same tetra-
hedron. The average Si-O distance in many silicates is 1.64 A for the Si-O (-Si) bonds
and 1.58 A for the Si-O (-M) bonds.
The electronegativity of the metal ions in the silicates varying within a wide range, the
character of the bonds within the coordination polyhedra of the metal ions, M-O (-Si)
bonds, also varies. It may be more ionic or more covalent.
As the bonds in silicates have only a partly ionic character and as the bond character
varies with the chemical composition of the silicates it is certainly not correct to represent
the silicates as crystals of ions and to reckon always with the definite ionic radii deduced
from really ionic crystals.

3. The stability of silicates

In summation of the fundamental chemical facts considered above some principles about
the stability of silicate minerals may be stated.

a) The stability increases orthosilicates
with increasing degree chain silicates
of condensation of the sheet silicates
silicate lattice framework silicates

b) The stability within a structural group quartz SiO,
decreases with increasing isomorphous ] orthoclase (Si3AIO8 ) K
substitution of aluminium for silicon nepheline (SiAIO,)(K, Na)

c) The stability within a structural group
decreases with decreasing electronegativity hypersthene (SiO 3 )2(Mg, Fe),
of the metal ions (increasing electron 'S' wollastonite (SiO3)3 Ca3
donating inductive effect)
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d) The stability increases also with increasing stability of the metal ion-oxygen poly-
hedra linking the silicate units.
E.g. Stability increases with olivine SiO 4 (Mg, Fe),

increasing M-O bond strength'' zircone SiO 4 Zr

metal charge coordination M-O bond
number strength

Mg, Fe 2+  6 13
Zr 4+  8 '%

In micas, the potassium is surrounded by 12 oxygens. In the actual ditrigonal arrange-
ment of the tetrahedra six oxygens are at a smaller and another six oxygens are at a
greater distance from the potassium. The coordination number of potassium versus
oxygen is considered to be 6. Therefore, the K-O bond is shorter and stronger as it would
be in an ideal hexagonal arrangement of the tetrahedra. The question is open how far the
actual charge distribution must be taken into account. Apparently the oxygens in
Si-O-AI groups contribute more to the binding of the potassium ions than the oxygens in
Si-O-Si groups. However the ditrigonal arrangement would result in a shortening and
strengthening of K-O bonds even if only Si-O--AI groups contributed to the binding of
K.
Beside charge and coordination number, size and other factors play a role. Their influence
may overshadow the differences arising from different structure.

4. The chemical weathering of silicates

4.1 General considerations

The release of potassium from minerals may be considered as a process of weathering. In
weathering there is seldom one single process which performs the whole decomposition,
but it is possible to distinguish theoretically the reactions involved, e.g. hydration,
hydrolysis, oxidation-reduction, chelation.
Theprimary chemical attack may be followed by a rearrangement in the remaining crystal
lattice conducing to a new stable mineral.
Products formed by primary weathering processes may react further with one another or
with other reactants; at the original site of degradation or elsewhere. In this secondary
weathering, also different processes may be involved: hydration, condensation, precipita-
tion, adsorption, ion exchange, oxidation-reduction, chelation. Thereby new minerals may
be formed.
Like other chemical reactions chemical weathering is subject to the laws of chemical
equilibrium. Thus, agents must be added and products must be removed to avoid
equilibrium which would stop any further degradation. In weathering water is the most
important transport medium but it is also important as a solvent and agent.

4.2 Cleavage of Si-O-M and Si-O-Si bonds

The release of potassium in the weathering of silicates is often connected with a
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destruction of the mineral lattice. Thereby Si-O--M and Si-O-Si linkages must be
broken. The cleavage is performed mainly by hydrolysis or chelation.
In the acid hydrolysis a proton is coordinated to the 0 of Si-O-M linkages (M = Fe, Mg,
Al). The M-O bond is split, a Si-OH group is formed and the metal ion immediately
reacts with OH or the anion of the acid. The Si-O-Si bonds are more ore less stable
against acid hydrolysis. Since the oxygen lone-pair p electrons are partly engaged in
bonding with the silicon, they are scarcely available for the coordination of the proton.
The Si-O-Si linkage is split rather by the coordination of a hydroxyl ion to the silicon
atom and the subsequent cleavage of the Si-O bond (base catalysed hydrolysis).

I I I
- Si 0 O i- - - Si - O Si-I \ I I>

OH OH

The coordination of hydroxyl increases the coordination number of the silicon in an
intermediate state. The silicon may exhibit a coordination number greater than 4 with
respect to OH-, since the OH- is similar to the F- which forms a very stable SiF62-

complex ion. The formation of such compounds requires the use of the d-orbitals of
silicon. Since, however, never more than two such orbitals may be used, the double-bond
character of the Si-O-Si bond is decreased. For stabilization, either the OH- is removed
or the Si-O-Si bond is broken.
Powerful agents in the degradation of the silicates are the chelating compounds. Oxygen is
the most important donor atom (beside F), able to combine with any metal ion having a
charge more than one. The others, including S and to some extent N, are coordinated only
to B metal cations (having 18 outer electrons). Since the most abundant cations in silicates
are A metals (with noble gas electronic structure), e.g. Al, Mg, Ca, the chelative
dissolution of silicates may primarily be achieved by oxygen-donor chelating agents with
ligand groups such as phenols, aliphatic or aromatic acids and ketones, for example
tartaric acid, citric acid, ketogluconic acid, pyrocatechol, salicylaldehyde, salicylic acid.
Chelating agents of this kind are abundant in soil organic matter. Such compounds are
excreted directly by plants and microorganisms; to a great extent, however, they are
formed by the conversion of the dead organic matter in soil.
Particularly efficient chelating agents in the decomposition of silicates are the o-diphenols
(o-dihydroxybenzene derivatives). They not only form stable chelates with many poly-
valent cations such as Al, Fe, Ti, but also with Si. Whereas the o-diphenols chelate Si only
in an alcaline medium, tropolones (compounds with a pseudoaromatic and planar seven-
membered unsaturated carboxylic ring) with an 0 and an OH group in o-position at the
tropolone ring form stable chelates with Si in an acid medium (pers. comm. by Prof.
A. Weiss). Such a tropolone is for instance puberulic acid, a mold metabolite.

4.3 Energetical conditions

As has been stated before different reactions contribute to the chemical weathering of
minerals. These reactions may go on all at the same time, but in a given microsituation
there is a sequence of reaction determined by the energetical conditions.
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5. Conclusion

In conclusion it may be stated that the study of potassium in minerals has been more and
more diversified and refined but the today's detailed picture was obtained only by the
combination of chemical, physico-chemical, crystallographical and morphological meth-
ods.
Now a lot of work remains to be done to make fruitful all these detailed knowledges to
agricultural science and practice.

Acknowledgements

I thank Dr. Hans Sticher for the assistance in preparing this report.

Bibliography

Cruickschank. D. W.J.: J. Chem. Soc. 5486-5505 (1961).
Noll, W.: Angew. Chem. (Int. ed.) 2, 73-80 (1963).
Pauling. L.: J. Phys. Chem. 56, 361-365 (1952).
Sticher, H. and Bach, R.: Soils and Fert. 29. 321-325 (1966).

71



2nd Working Session: Ion Exchange System
of the Soil

Chairman of the Session: Dr. T. WALSH,

Director of the Agricultural Institute of
Ireland, Dublin: Member of the Scien-
tific Board of the International Potash
Institute.

73



The Cation Exchange System of the Soil

Prof. Dr. A.C. Schuffelen, Laboratorium voor Landbouwscheikunde, Wageningen/The Netherlands

Summary

Originally the opinion was held that the adsorbing material of soil consisted of amorphous compounds.These
compounds would attract a layer of potential determining ions (OH-). which in turn would adsorb a layer of

counter ions. Subsequently it appeared that most of the inorganic soil colloids (clay minerals) had a crystalline
structure. They owe then negative charge to isomorphic substitutions, Humus is amorphous. it owes its negative
charge to the dissociation of the cations. The layer of counterions has a diffuse character. The earliest studies on
the equilibrium between the solution and the adsorbing material limited themselves to drawing up empirical
formulas. Wherein always only one type of ions is considered. Later formulations, with a thermodynamical
background. are based on exchange processes. Here, at least two different kinds of ions are involved.
In recent years special attention was drawn to equilibria in systems. whereby ions of different valence were

included. Herefore the formula of Gapon-Bolt is often used. For the adsorption of potassium ions strong specific

forces occur besides the electrostatic forces. In the case of illite it was possible to distinguish three kinds of

adsorbed potassium ions viz potassium on the planar surfaces, on the edges and inter lattice potassium with an
increasing force of binding in the same sequence. The not constant relationship between the composition of the

soil solution (intensity factor) and the adsorbed amount (capacity factor) makes it very difficult to assign an

agricultural interpretation on these values.

Introduction

For good growth, a crop requires a certain amount of nutrient elements. Although the

inorganic compounds supplying these elements have to be absorbed from the soil in rather

large quantities, they should not be present in too high concentrations, because these

might lead to salt damage.
Fortunately a number of buffer-systems is available in the soil to regulate the concentra-

tion of nutrient ions in the soil solutions.
The nitrate, sulphate and partly also phosphate anions for instance are buffered by the

dead and living soil organic matter or the so-called anion buffer. By formation and

decomposition of various organic compounds the concentration of these anions in the soil

solution is maintained within certain limits. Phosphate ions however are mainly buffered

via a system of non-soluble phosphates. By dissolving and precipitating these compounds

(constant solubility product) a certain and in principle constant concentration of phos-

phate ions is maintained in the soil solution.
Finally the cations, including potassium ion, are buffered mainly by a system of exchange

reactions. These reactions control the equilibrium between the solid and the liquid phases

of the soil and so reduce the fluctuations in the concentration of cations in the soil solution.

These three buffer-systems are of great importance to elimination of high concentrations,

immediately after application of fertilizers and to supplying ions to an exhausted soil

solution.
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Fig. 1

In this paper only the last mentioned system of ion exchange will be discussed in detail.
The phenomenon of adsorption of cations - now also rightly called cation exchange -
was discovered in the last century. In the middle of that century it was described in detail
by Way.
When a soil sample is shaken with a salt solutions it appears that the concentration of the
anion of this salt remains practically unchanged or changes only to a slight degree. On the
contrary, the concentration of the salt cation drops considerably. This decrease in the
concentration of the cation runs parallel with an increased concentration of another cation
which apparently originates from the soil. The described process appears to be reversible
(figure 1).
The phenomena of ion exchange still form a subject of intensive studies by soil scientists
and chemists with special interest in adsorbents. The research is mainly concentrated on
the following problems: the properties and nature of the adsorption material, the nature
and location of the charge, the empiric and thermodynamic description of the equilibrium.
For this a number of models have been set up, which can be used satisfactorily for
practical purposes.

The adsorbing material

Phenomena of adsorption and ion-exchange take place mainly on the surface (either
internal or external) of the particles of the solid phase. As per unit of weight small particles
have the largest total area, they also have the highest adsorption capacity. Accordingly,
the soil scientist soon recognizes the clay fraction (< 2p) as the inorganic part of the soil
adsorption complex. Besides, also the soil organic matter (humus) shows the capacity of
ion exchange. Until about 1930 both substances were considered amorphous.
According to this conception, the clay fraction of a soil would consist of a mixture of gels
of positively charged iron hydroxyde, aluminum hydroxyde and the negative silica oxyde.
These simple gels would occur in mixtures with different proportions, mostly with a
surplus of negative charge. The magnitude of this surplus charge must be closely related to
the mixing ratio of the gels and so lead to differences in the adsorption capacity of the gel.
Amorphous permutites were mainly used by Wiegner and his school as models for the
study of exchange-reactions,which are important in the soil. It was Mattson and his co-
workers who have prepared a large number of different gel mixtures. They have exten-
sively studied their properties using them as models for the soil colloids.
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In 1928 it was shown by Hendricks that the sod colloidal fraction was crystalline. This
discovery opened the way for the development of the theory of clay minerals. Beside the
fundamental work carried out by Hendricks, Grimm, Bragg, Hoffmann, Edelman and
Favejee, many other scientists have contributed to the development of our knowledge in
this field. It appeared that clay minerals occur in many variants viz. in a rather pure form,
in a strongly contaminated form and many intermediate forms. From the point of view of
plant nutrition all these forms may be reduced to three groups with similar properties. The
montmorillonite group containing the clay minerals with a high exchange capacity and the
property of swelling. The kaolinite group with a low exchange capacity and the property of
not swelling. Finally the group of illite or mica having a moderate exchange capacity, with
little tendency to swell and a specific binding force for potassium ions. The clay minerals
consist of crystalline plates. The thickness of these plates varies between 10 A in the case
of a well peptised montmorillonite and 2000A in a well crystallised kaolinite. The length of
the plates varies between 500 A and 20,000 A.
The fraction < 2 p consists, beside the clay minerals also of hydroxydes of iron and
aluminium and hydrated silicic acid. These compounds are either crystalline or amor-
phous. Amorphous or at least poorly crystallised mixtures of sesquioxydes and silicic acid
such as allophane, can also be found in this fraction.
However, in quantitative sense they only play a part of minor importance in soils used for
agriculture.
The humus compounds in the soil do not show any distinct crystalline structure. This
could indeed hardly be expected, because of the fact that humus must actually be
considered as a polymerisate of polyphenols, aminoacids, aldehydes and lignine fragments
coupled at random in different quantities and proportions (Swaby).

The charge of the particle

Initially studies on the nature of adsorption phenomena were carried out with Agi-sol as
an object of study. The field of research was extensively studies by Kruyt and other
scientists from his school. After thorough investigation, it was found that in the adsorption
by Agl-particles, two layers had to be distinguished. There is an inner layer of ions
specifically bound at the surface of the particle. These are the potential determining ions,
which give to a Agl-particle either a positive charge (when Age-ions are adsorbed) or a
negative one (when -- ions are adsorbed). This inner layer is enclosed by a second layer of
ions having a charge opposite in sign - the so-called counterions. This layer neutralises
the charge of the particle. The ions of this layer are not specifically bound and may be
replaced by other ions (figure 2).
The layer of the potential determining ions and the layer of the counterions form together
the double layer. It is mainly the spatial arrangement of the counterions and its consequen-
ces, which form the topics which are studied in detail in colloid chemistry. Models such as
condensor (Helmholtz), as diffuse layer (Gouy-Chapman) and a combination of the two
(Stern) have been used.
Studied of structure amplified by chemical analysis, soon led to the conclusion that there
were no reasons to assume the presence of potential determining ions in the adsorption
phenomena of clay minerals. An attempt made by Wiegner and Bar and Tendeloo to
introduce the OH--ion as such, met with no response. In fact, a double layer does not exist
in the case of clay minerals; there is only a layer of counterions. Nevertheless it is still a
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1 2

a b a J

1. positive charged particle. 2. negative charged particle
a, potential determining ions, b. counter ions

Fig. 2

common practice to use the term double layer also for colloids which do not possess a
layer of potential determining ions.
The negative charge of clay minerals is caused by two different phenomena. For its major
part it is a consequence of isomorphic replacements ini the crystal lattice and it is for a minor
part caused by the dissociation of acid groups, giving off H+-ions and so leaving behind a
negative surface charge. During the formation of clay minerals a number of lattice sites
intended for Si+.+ become occupied by AI+++ and sites destined for AI++ become
occupied by Mg+ +. A consequence of this replacement is a surplus of negative charges
(surplus of electrons), manifesting themselves as a surface charge. Through attractions of
cations the particle becomes again electrically neutral. The attracted ions form the
counterions of the clay mineral. Similar to the counterions in the double layer of a AgI-
particle these ions are arranged in a certain order. When isomorphic replacement takes
place within the crystal (Al... by Mg ++ ) the electric charge is contributed in a rather
diffuse way, over the surface of the particle. Replacement on the surface of the crystal
lattice (Si.... by Al...) leads to a 'patchy' charge. This opens the possibility of a more
specific local binding of the counterions.
The amount of charge of the clay mineral, caused by isomorphic substitution is independ-
ant from the pH-value of the medium. This part of the exchange capacity of the soil is
constant.
The second type of electric charge is the effect of a dissociation of H+-ions, from the
- Si-OH and possibly also from = Al-OH groups situated on the edges of the clay
mineral whereby -Si-0- and = AI-O- are formed respectively. This dissociation,
comparable to that of the weak acids, only becomes significant in neutral or alcaline range
where one has to deal with high values of pK. The adsorption capacity of this part of the
clay mineral is thus dependant on the pH value. In general it is of little importance as
compared with the total adsorption capacity of well crystallised clay minerals and does
not exceed about 5 per cent of its total value. In case of mixed gel compounds like
allophanes, it may however, amount to about 50 per cent of the total adsorption capacity.
Adsorption of cations by soil organic matter resembles more the process of salt formation
as compared with the above mentioned adsorption phenomena. The non-soluble humus
contains, at its internal and external surfaces a certain number of -COOH and -OH
groups. By giving off H+-ions they confer a negative charge to a humus particle which
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Table .

Adsorbens < 2 p Spec. surface Charge density CEC

Kaolinite I - 40 rn/g 2 x 10-7 me/cm 2  0.002 - 0.08 me/g
[llite 50 - 200 m'/g 3 x [0

-
7 me/cm

2  0.15 - 0.60 me/g
Montmorillonite 400 - 800 m2/g I x I0-7 me/cm

2  0.40 - 0.80 me/g
Humus > 800 m/g 1-3 x 10

- 7 
me/cm

2  l0 - 3.0 me/g

attracts counterions or leads to formation of salts with cations. The COOH-groups
become active already at pH-values below 6, for the dissociation of OH-groups pH-values
above 7 are required. For the soil organic matter the amount of exchangeable cations
depends fully on the acidity of the medium. The adsorption capacity increases with the
pH-value.
The exchange capacity of clay minerals and the humus is determined by the two following
properties: the specific surface area and the charge density of the surface. The product of
both these quantities is the cation exchange capacity.
Some data with regard to this capacity is given in table 1.
The exchange capacity of a soil is determined by the amount and nature of both adsorbing
components viz the clay minerals and the humus.
In general, a soil with a high exchange capacity will be chemically fertile, often its physical
fertility will be poor. Broadly speaking, a soil with a low exchange capacity will have the
reverse properties.

Empiric formulations

From the very beginning of the research on the properties of soil colloids attempts have
been made to trace the relationship between the amount of adsorbed ions and their
concentration in the adjacent solution. Naturally the line one took in the beginning was
quite empiric. Experimental research steadily showed that at low concentrations in the
solution, the amount of adsorbed ions was approximately proportional to the concentra-
tion. At high concentrations of the cation in the solution no relation between the above
quantities could be observed. A maximum value seemed to exist for the adsorbed cations,
figure 3 illustrates the existing relation.

Y

c

Fig. 3 y = adsorbed amount pro unit adsorbens
c = concentration in the solution
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This adsorption-isotherm may approximately be described by a logarithmic or hyperbolic
function. In the 1930-ties the quantitative descriptions of the equilibrium between the
adsorbed ions and the ions in solution were based on these functions. Freundlich
formulated the logarithmic function, Langmuir and also Vageler made use of a hyperbole.
Several variants of these formulations have also been proposed in the hope that they would
lead to a better adjustment to the experiment (Wiegner, Rothmund and Kornfeld). In the
meantime most of the original formulations belong to the past.
They have played an important part in the calculation of the adsorption capacity of soil as
based on a number of equilibrium-experiments. They may be still used for the inference
and formulation of qualitative a semi-quantitative relationships; also as an empiric
estimate in order to make accessible more complicated calculations.

Modern formulations

The quantiative formulations used at present proceed, in principle, from the thermody-
namic equilibrium between the ions in solution and ions in an adsorbed phase. Under
equilibrium-conditions the chemical potential p is the same in both phases.
Table 2 shows a simplified working of this equilibrium. Herein, the monovalent and the
bivalent ions are marked as + and ++ respectively, p is the chemical potential, R the gas
constant, T the absolute temperature and K a constant. The subscripts a and o are used
for the adsorbed phase and the solution, respectively.
For the correct handling of these considerations, it is necessary to know the activity of the
adsorbed ions. As this activity cannot be established by independent measurements, one
meets great difficulties. It is therefore necessary to resort to models whereby certain
assumptions can be made. A detailed treatment of the problems, which are involved
hereby, was given among the others by Bolt.
When the general theory is worked out into models, one should, on one hand, consider the
necessity to assign a physical interpretation to constants which are introduced, but on the
other hand, we must not forget the practical usefulness of the model. It is clear, that
concessions are necessary to meet both conditons.
Bolt has classified the models into two groups viz the mono layer models and models with
three dimensions. In the first group it is assumed that the counterions adhere to the
adsorbent in one layer, a model that fits in with the original ideas of Helmholtz about the
double layer. In the second group it is assumed that the counterions are diffusely spread
over the space. This model adapts itself to the distribution of ions in the double layer as
suggested by Gouy and Chapman.
In figure 4 both cases are represented schematically.

Table 2.

exch(+ +) + sal(±) > 2exch(+) + salt(+ +)

(+ +). + 2(+). 2(+). +(+ +).

p(++).+2p(+)o = 2±(+),+p(++L,

=p. + RTIn a

(a +). (a+)
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2+
1. condenser type of double layer
2. diffuse double layer

Fig. 4

In fact within the practical range three equations result from these models, viz the
formulation by Kerr, or that by Vanselow and the Gapon equation. The model according
to Donnan isquite satisfactory for qualitative purposes but has not sufficient advantages
to be recommended for formulating the adsorption of clay minerals. It has been frequently
used before (Mattson, Wiklander, Schuffelen), but after the critical treatment by Schofield
and also by Klarenberg, who pointed out its disadvantages when applied on the double
layer, its use for study of the ion exchange on clay minerals has been discontinued.
For expressing the relationship between the adsorbed amount and the concentration of the
cation in the solution, the formulations of table 3 are used.
It is evident that the empiric formulations always refer to a singl ion, while newly
developped formulations are always based on the ratio between different ions. In the latter
case the fact that one has to deal with an exchange of ions is clearly expressed.
In the formulations by Kerr and Vanselow it is assumed that the activity of ions in the
adsorbed phase is equal to the mole fraction of the ions. The double layer is therefore
actually considered as a solid solution.
Taking the distribution of ions according to Gouy-Chapman as a starting point, Scho-
field, Errickson and Bolt have shown that the constant in the Gapon formula which is
more or less empiric, still has a physical background. It appears to be a function of the
charge density at the surface of the colloid. The so calculated constants appear to
correspond very well with the values as determined experimentally. According to the

Table 3.

empiric formulae modelformulae

Freundlich y = K.E KerrKc-

Langmuir yF. I
b  

Vanselow ' K(

Lantgmi (ions) Y' r bc Gapon-Bolt -+ K C
b'c' + b2%c Y + 777

Dnnn () (c).

= adsorbed ions.
c concentration (activity) ions in solution.
K, p, F = constants.
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theory given by Bolt the value of K in the formula must be near to 1. When the
experimentally found value of K shows a considerable deviation it means that besides the
electrostatic forces also specific forces are coming into play.
The experimental test of the given formulas has often been repeated and has generally
given satisfactory agreement.
The formula derived by Kerr refers to ions of the same valence so that the electrostatic
forces are equal for all ions. The K-values vary between I and 5 following the lyotropic
series (Li< Na< K< Rb <Cs) and further depend on the differences between the hydra-
tion and polarizability of the pair of ions in question. In the case of bivalent ions preference
factors are found with values ranging between I and 2. The lyotropic series (Mg<Ca <
Si<Ba) also applies to this case. When using the formula of Gapon-Bolt one generally
also finds theoretical and experimental preference factors of about I or 2. Schachtschabel
was one of the first to draw attention to the variance in the preference factors depending on
the difference in clay minerals.

Specific adsorption

When the behaviour of the potassium ion is considered it appears that the preference
factors are not at all constant, especially when it concerns the clay mineral illite. When the
adsorption complex has a low saturation with potassium, very high values for the
preference factors are found. Table 4 shows some results of measurement of equilibria
with potassium ions.
It appears that the preference constant may vary between the values of 2 and 40 in the
case of high and low saturation rates respectively. A changing preference constant
suggests the occurrance of sites with different binding force. When the sites with the
highest energy of binding become occupied first, followed by others with lower energy, the
constant will gradually change. Taking into consideration the structure of illite, one can
assume that a clay plate will have three different sites of binding viz a surplus of charge on
the planar surfaces, on the edges and sides of the crystal and charge sites between the
opened up platelets of the crystal lattice. This is schematically represented in figure 5.
It may be assumed that the preference factor for binding at the planar patches will be
normal - that is to say approximately 2; for other sites the factors will have much higher
values. It appeared to be possible to verify this assumption by an analysis of the curve
representing the relationship between yc -i and YK (van Schouwenburg and Schuffelen).
This is shown in figure 6. Ca

The results of such a test are given in table 5.
The results are encouraging. There is potassium which is adsorbed with a 'normal'
preference constant, there is also potassium adsorbed with a very high preference constant
(K, = 100) and there is potassium that is held with even a higher binding energy. It seems

Table 4.

K0

Knibbe 4-30
Schwertmann 1-16
Schouwenbur0 , Schuffelen 2-30
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Table 5. Exchange constants and adsorption capacities or the exchange sites of Winsum illite.

K-Mg-exchange K0 -planar 2.21 ± 0.059
K0 -edge 102.3 ± 10.3
K.-interlattice
CEC-planar 0+426 ± 0.004 me/g clay
CEC-edge + interlattice 0.025 ± 0.0003 me/g clay
CEC-interlattice 0.003 ± 0.0003 re/g clay

K-Ca-exchange K 6-planar 2.12 ± 0,071
CEC-planar 0.472 ± 0.005 me/g clay
CEC-edge + interlattice 0.020 ± 0.0008
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logical to assume that the latter binding takes place between the elementary platelets so
that this fraction is identical with fixed form of potassium. In the mechanism of ion uptake
by plants, specific types of binding of potassium are known to occur. This is also the case
with illite.
Along the edges of the clay platelets and beside the negative sites with a strong binding
energy for potassium, there are also patches with a positive charge. Here a positive
adsorption of anions takes place. Usually this positive adsorption is much smaller as
compared with the negative adsorption in the double layer. In quantitative sense it is only
of importance with regard to the phosphate ions (de Haan). In this paper no attention is
paid to this adsorption of anions.

Adsorption of potassium by organic matter

The number of exact measurements in well-defined systems, whereby the adsorbing agent
would be the organic matter, is very limited. It is a well known fact that adsorption by
humus of bivalent ions Mg and Ca is much stronger than the adsorption of monovalent
ions K and Na. This is not surprising because many carboxylates of Ca and Mg are
known to be unsoluble or to form either complex compounds or chelates. A quantitative
treatment of equilibria, as has been carried out with clay minerals in recent years, is not
known to us. Neither is it possible to voice an opinion whether the formulation of Donnan
or of Gapon-Bolt would be the best one to use in the study of the adsorption phenomena of
soil organic matter.

Moisture content and ion distribution

It follows from all the formulations either by Donnan, by Vanselow, or by Gapon-Bolt,
that changes in the concentration of the soil moisture lead to changes in the ratio between
the monovalent and bivalent ions in solution. A lower concentration leads to a relative
increase of monovalent ions in solution.
Schuffelen and Schuffelen and Middelburg have made calculations about this effect based
on the Donnan equilibrium. Jensen made similar calculations starting from the mass
action law which forms a link with the Vanselow formula. The formula of Gapon-Bolt
also lends itself for such calculations since better knowledge has been acquired about the
preference factors and their variance. They were made for a range which is of practical
interest, viz at a saturation of the adsorbtion complex by K-ions of less than 10 per cent.
Tables 6 and 7 show the results obtained for a clay mineral with properties of montmoril-
lonite and of illite. Both the ratio's K/Ca and the concentration of K in the soil solution
are given. In figure 7 the difference between 'montmorillonite' and 'illite' is indicated for
one single case.
In soils, the amount of K in the solution is small as compared with the amount adsorbed;
therefore, these figures may also be used for dilution, especially when the total concentra-
tion of the soil solution is low. Owing to the very preferential adsorption of potassium by
illite, its concentration in the soil solution is extremely low. However, when the saturation
of the adsorption complex with potassium is increased the differences between illite and
montmorillonite tend to become smaller and the average preference factor attains values
of the same size.
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Table 6. a, in meq. per liter.

Ye Ka c, = 0.002 n c, = 0.005 n q = 0.01 n c= 0.02n

Montmorillonite 1 1, 1.2 0.48 0.71 1.20 1.50

2% 1.2 0.83 1.42 1.92 3.11

3% 1.2 1.10 2.00 3.12 4.50

4% 1.2 1.33 2.51 3.80 5.71
5% 1.2 1.48 2.84 4.51 6.81

7% 1.2 1.68 3.63 6.13 9.80

10% 1.2 1.85 4.03 7.11 11.82

lllite I % 30 0.02 0.03 0.04 0.07
2% 18 0.07 0.12 0.18 0.23

3% 8 0.22 0.30 0.55 0.78
4% 6 0.40 0.60 1.12 1.11
5% 5 0.58 1.01 1.50 2.00

7% 4 0.95 1.65 2.40 3.80
10% 3 1.30 2.60 4.08 5.82

Table 7. adaca in mg eq.

7e Ka c, = 0.002 n c, = 0.005 n c, = 0.01 n c, =)0.02 n

Montmorillonite 1 % 1.2 0.31 0.16 0.12 0.08

2% 1.2 0.79 0.39 0.21 0.19
3% 1.2 1.12 0.67 0.39 0.29

4% 1.2 2.05 1.14 0.61 0.38
5% 1.2 2.86 1.31 0.82 0.52
7% 1.2 5.25 2.65 1.59 0.97

10% 1.2 12.33 5.19 2.46 1.29

lite I % 30 0.01 0.007 0.004 0.003

2% 18 0.04 0.024 0.018 0.012

3% 8 0.13 0.064 0.058 0.040

4% 6 0.25 0.14 0.12 0.060

5Y 5 0.41 0.25 0.18 0.11

7% 4 0.82 0.49 0.32 0.23

10% 3 1.87 1.08 0.69 0.41

Intensity and capacity

Beside the potassium which is located within the mineral lattices and therefore not easily

available to plants, soils also contain potassium in exchangeable and soluble forms. In

principle, both these forms of potassium are accessible to plant roots. It is true that, under

conditions of an equilibrium between the ions in solution and in the double layer, the

concentration (activity) of potassium in the double layer is higher as compared to that in

solution, but nevertheless the same amount of labour is required to remove one ion from

the double layer and from the solution. Therefore, the phenomenon of contact exchange as

observed by Jenny should not be ascribed to the difference in activity between the solution

and the double layer, but most probably to a better diffusion between the double layer and

the adjacent wall of the root.
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The actual concentration activity in the double layer cannot be measured. It is therefore
quite obvious that the concentration of potassium ions in solution - having the same
activity - has been selected as a measure to describe the potassium status of soils.
Sometimes not the concentration itself is used but another unit which is connected with it.
In the Netherlands the so-called potassium value is used as such. This value indicates the
amount of potassium ions present per unit of active material (or in principle surface area).
In fact it is a disguised measure for the concentration of the solution.
As potassium is set free from the double layer via an exchange process, a solution of CaCh
(e.g. 0.01 n) is often used, approaching the composition of the soil solution. By means of
this solution the equilibrium between the solid and the soluble phases is established and the
potassium concentration determined. A number of formulations serving this purpose are
described in literature.
Several authors have connected these values with yields and composition of crops. If
thereby one limits himself to soil types of similar behaviour, a very good relationship
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between the two may be found. This makes it possible to make forecasts about the
expected response of crops. However, when this relationship is tested on a larger number
of different soils, the correlation between the selected units becomes smaller. To overcome
this difficulty more properties of the soils have to be included into the correlation by means
of correction factors. In'principle the plant only reacts on the concentration (activity) of
potassium ions in the soil solution. However, this value does not remain constant during
the length of the growing season. It was already mentioned above that changes in the
moisture content of a soil also lead to changes in the potassium concentration. Whether
the variations in the concentration of the soil solution as a result of the ion uptake, are
reduced by the buffering capacity of the soil, depends not only on the saturation of the
adsorption complex but also on the total amount of this complex present in the soil.
The relationship between the intensity (aK/! o) and the capacity (adsorbed potassium)
was studied by Beckett whose work was followed up by Arnold and others. Their data
show clearly that the buffering is strongly connected with the soil type although the form
of the curve representing this relationship is rather similar for different soils. All this leads
to the conclusion that although the a K or the aK/a/- (either or not expressed logarithmi-
cally) are the best measures for the activity of potassium to be defined physically, they are
by no means the best values to indicate on the availability of soil potassium for the plant.
Correlative research is still necessary where laboratory data are confronted with results of
field experiments. It appears that the choice of an intensity factor gives the best results
under moist conditions and quick growing crops. The capacity factor ensures better
forecasts under dry conditions and slow growing crops. All this refers to the assessment of
the soil fertility in regard to the potassium ion as such. When the question of the fertilizer
requirement of a certain soil has to be answered usually a capacity factor will prove to be
the simplest unit to handle. If an intensity factor is to be used for formulating fertilizer
recommendations, it is necessary to know the buffer capacity of the soil. In general it is not
an easy task to achieve and forms a great disadvantage for its application in practice.
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Thermodynamics of Cation Exchange in Soils

R R. van Bladel, Assistant Professor, University of Louvain, Institut des Sciences de Ia Terre, Heverlee Belgium.

Summary

The purpose of the paper is to show the interest of the application of a purely formal thermodynamic reasoning to
the exchange reactions in soils.
First, it is the common denominator to which empirical formulation like Gapon's equation can be reduced.
Another advantage ofthe thermodynamic method is its predictive value with respect to A F'. A H- of an exchange
reaction or to the selectivity coefficient, Kc, at any value of the salinity of the soil solution. The validity of the
linear relationship that could be expected for the change of ion exchange selectivity with solvent activity has been
demonstrated to hold for mono-monovalent exchange reactions. The theoretical basis for calculating the mean
activity coefficient in a mixed heterovalent solution is given.
Experimental results do not provide much confidence in the predictive value of the Gapon's equation: there is
some evidence that KGcannot be termed 'exchange constant'. It is contented that the thermodynamic of excess
functions not only allows to evaluate the non ideality of a mixing process but could also provide a way of finding
an empirical or semi empirical rule for predicting the value of the surface activity coefficient. A first attempt has
been made and the approach would be of a considerable interest for a quantitative prediction of exchange
behaviour of a given cation pair in a given soil.

The process of cation exchange is one of the most important reactions occuring in soils
and, since Way in 1850 has stated the qualitative laws of ion exchange in soils, many
attempts have been made to formulate the results of ion exchange experiments in terms of
quantitative laws. This continuying interest in the study of cation exchange properties of
soils is easily understood when one considers the fundamental and the practical importan-
ce of this knowledge in the field of plant nutrition.
The main purpose of a practical soil scientist is looking for equations of predictive value.
This may explain the widespread use of Gapon's equation since this empirical expression
predicts a linear relationship between the quantities adsorbed and their concentrations in
the equilibrium solution. However when Gapon's equation is subjected to direct experi-
mental test there is some evidence (Krishnamoorthy and Overstreet [31, Van Bladel et al.

[161) that the parameter related to the exchange cannot be termed exchange constant,
especially in the range of cationic composition of the surface phase where validity of
Gapon's equation is usually claimed. Still nowadays the subject is a matter of a
considerable debate and this emphasizes the interest of the application of a purely formal
thermodynamic reasoning to the exchange reaction. Among other reasons for doing so,
one can pointed out that these empirical formulations can always be reduced to a
thermodynamic expression of the ion exchange equilibria (Laudelour [41) and further that
the thermodynamic method itself has a predictive value since the equilibrium exchange
constant between cations A and B could be inferred from any two values of the equilibrium
constant pertaining to the exchanges between A and C or B and C. It should be mentioned
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that any thermodynamic discussion of ion exchange on soils which used the approach
based on the equilibrium constant expression requires two fundamental propositions. First
the system concerned must have a definite stoichiometry and on the other hand that the
analogue of Henry's law be obeyed in the trace region for each component. The first
requirement is always satisfied insofar as ions are concerned by thi condition of electrical
neutrality. The second appears to be a law of great generality. An accurate proportionality
always exists in the trace regions between fractions of one component in solution and in
the exchanger phase although for mono-divalent exchanges (Van Bladel and Menzel [15)
this seems to be restricted to a much lower concentration range than in mono-monovalent
exchanges.
Assuming a soil solution system consisting of two discrete phases, an exchanger phase and

'a solution phase, the process of cation exchange must be represented as follows:

2 Soil K + Ca2+  - Soil Ca + 2K +  ()

Soil K + Na- Soil Na + K +  (2)

Applying to this heterogeneous system the equations for chemical equilibrium and
chemical potential at constant temperature and pressure one derives the standard free
energy change as

= -In -ca -IlnK (3
RT aK ac. - O (3)

and = ln A=)-- In K(2) (4)RT aKaN.

in which R is the universal gas constant, T the absolute temperature, i and a represent the
activities of the ions denoted in the surface phase and in the equilibrium solution
respectively and K is the thermodynamic equilibrium constant.
Equations (3) and (4) can be written more explicitly by splitting the activities at
equilibrium to concentrations and activity coefficients

Ka) = Nca(mK)YKclfc = K' YKcIf. = Kcca (5)
(NK mc.Cl fK  "c.cf fK

K(2) = NN.mKYKClfN. - K' YKCIfNa . K, (6)
NKmNYN.ClfK YNSCIf K

where N refers to the equivalent fractions of the total exchange capacity occupied by the
ions specified, m to the concentrations (molalities) of the cations in the equilibrium
solutions, y and f are the activity coefficients in the aqueous phase and in the surface
phase, Kc which contains all the directly measurable quantities is the stoichiometric
equilibrium quotient and Kc is the selectivity coefficient of the exchange reaction when
quantities in solution are expressed as activities and those in the exchanger phase as
equivalent fractions.
Clearly, the value of K (and of A FO) is depending upon the standard states chosen for the
components, an arbitrary matter up to a certain point. A convenient choice for the
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exchanger phase is to define the standard state as the monoionic material in partial
equilibrium (equilibrium with respect to the solvent only) with an infinetely dilute solution
of the salt of the ion in question. For the standard states in the solution the usual ones are
chosen which make ion activities approach the corresponding molalities as the solute
content approaches zero. In doing so the AF 0,I, is an excess quantity representing the
change in free energy when 2 moles of K-exchanger reacted reversibly with one mole of
calcium salt, both in their respective standard states. Application of the Gibbs-Duhem
equation to the exchanger yields the wellknown equations (Gaines and Thomas [2]) for the
thermodynamic equilibrium constant, viz.

In K() = - 1 + JL(ln KdNk - 2ndlna,) (7)

In K(2) = IL(ln K~dNk - ndlna.) (8)

where the term '-I' originates from the fact that a monovalent cation is substituted by a
divalent one, n. is the number of moles of water per equivalent of the exchanger and a. is
the activity of the imbibed water which through the choice of an identical standard state in
both phases is equal to the activity of the water in the equilibrating solution. L is an
integration path going from a standard initial state of pure homoionic K-soil to a standard
final state of pure Ca (or Na) Soil. It involves concentrating the infinetely dilute solution of
KCI to a given finite concentration, carrying the exchange at that concentration by
increasing the proportion of Ca+ + (or Na+) ions in the solution and finally diluting the
CaCI2 or NaCI solution to zero CaCh or NaCI salt concentration.
It may be seen from equations (7) and (8) that at finite concentration of the equilibrium
solution the calculation of the thermodynamic constant requires the knowledge of the
change in water activity and also to calculate the ratio of activity coefficients in a mixed
solution in order to calculate K, from experimental values of K,. On the other hand, the
sine qua non condition for applying the thermodynamic method for describing the
experimental results is that perfect reversibility exists for the exchange reaction. At finite
electrolyte concentration exchange irreversibility is frequently observed but has been
shown (Van Bladel and Laudelout [141) to decrease with the ionic strength of the
equilibrium solution and to vanish at zero electrolyte concentration. This was to be
expected if it is assumed that lack of reversibility is due to inacessibiity of the exchange
sites, the latter being caused by aggregation of the clay platelets.
Thus, the thermodynamic formulation may only be applied to values obtained from
extrapolating the experimental results for In K, to vanishing ionic strength unless the
reversibility of the exchange reaction has been demonstrated. Further, this extrapolation
procedure not only helps to eliminate errors arising from incomplete attainment of
equilibrium but also obviates the need of calculating the activity coefficient ratios and the
change in water activity. This procedure was justified experimentally in previous publica-
tions (Van Bladel and Laudelout [14]), Laudelout et al. [6]).
It must be noted that for mono-monovalent exchange reactions there exists a straightfor-
ward method to obtain the A FO with a very good approximation from experimental data in
the region where the analogue of Henry's law is obeyed. Combining the Gibbs Duhem
equation for the surface phase and making use of the Margules approximation for surface
phase activity coefficients (Martin and Laudelout 1101) one obtains for NA = NB

In K = In K. (9)
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where NA is the equivalent ionic fraction of a monovalent cation exchanged against
another monovalent cation B. For a pair of salts of singled charged ions at low total
concentrations we may identify the stoichiometric quotient with the selectivity coefficient.
Provided that K, is a slowly varying function, straight lines of unit slope will result when
log mr/m, is plotted against log NB/NA. This relation has been verified over a
considerable range of B/A ratios (Martin and Laudelout 110]) and it has been demon-
strated to be also true in the limit region where the analogue of Henry's law is obeyed
(Robeyns, Van Bladel and Laudelout [111). This was possible using the radioisotopes
technique which allows to investigate the trace region with a very high precision in the
measurements. Consequently, plots of mu/m, vs. NB/NA on a log x log scale afford an
easy extrapolation procedure at the point where log NB/NA is zero and this gives at once
the standard free energy. However, the simplicity of this approach is lost for mixed valence
types.
We are aware that practical application of data from experiments on the equilibria on
surface regions usually requires the knowledge of water activity in mixed electrolyte
solutions. Indeed, if one wishes to know the influence of fairly high total concentration of
the soil solution on the selectivity coefficient of a given exchange one needs to correct the
stoichiometric quotient K,. by the activity coefficients of the electrolytes in the mixed
solution. The necessary information as to these solution phase activity coefficients can be
obtained according to Harned's rule viz. that in a mixture of a constant total ionic
strength, p, the logarithm of the activity coefficient of one electrolyte is directly proportion-
al to the ionic strength of the other component.
Briefly, applying the Harmed's rule for a mixture of, say, KCI and CaC2, it may be
written:

log =KCl log Y±KCtIn) -'I PCaC12 (10)

log Y±cac 2 = log Ytcacl,(1) - a2PKCI (11)

where y±KCI(1) and y+CaC2(l) represent the mean activity coefficients of KCI and
CaCI2 in their pure solution at the same ionic strength p, at and a 2 are empirical
coefficients which depend on the total ionic strength but not on the individual ionic
strengths p and P2.

The coefficients ai and U2 can be calculated by making use of Znadovski's rule through a
calculation method due to Vdokendo and Rjazanov [17] which is based upon the cross
differentiation method of Mac Kay and Perring [91 (see Appendix).
This method of calculation of the mean activity coefficients in a mixed solution is a tedious
procedure. However, it must be emphasized that Laudelout and Thomas [5] have derived
a purely thermodynamic relationship which affords a prediction of the effect of the salinity
of the soil solution upon the selectivity coefficient in ion exchange reactions from the
change in water content (nw) of the ion exchanger with composition NA, viz.

(aIn.) NA = -z NZA( ) a(12)

where Z A and ZB represent the valence of the ions and a. is the activity of the imbibed
water which, through the choice of an identical standard state in both phases, is equal to
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the activity of the water in the equilibrating solution. It follows that application of this
relationship to equations (1) and (2), provided the hydration of the surface phase is a
linear function of its cationic composition, yields, upon integration from a.= I to a.

1nK~ K l% = 1nKK~'l (a =1) +2(ln, -nK) In a (13)

In Kn I(.,) = In K'( I) + (nr, - n) In a, (14)

where nN., nw, n refer to the number of moles of water per equivalent of pure ionic form
of the exchanger.
From these equations, one should expect a linear relationship of In K, with In a.
Experimental data from this laboratory on mono-monovalent exchange reactions have
already shown that this is indeed observed (Laudelout, Van Bladel and Robeyns [8]).
It results that the influence of any value of the salinity of the soil solution on the selectivity
coefficient may be calculated if it is known or can be predicted in dilute solution provided
the difference of hydration numbers is also known. Furthermore, knowing the differences
of hydration numbers for two ion pairs A,B and A,C, one may calculate the difference nc-
n W which allows to predict the influence of the salinity on the selectivity coefficient for the
exchange B,C. The same can be said for the calculation of the standard free energy change
and the standard enthalpy change of an exchange reaction knowing those of two other
reactions with a common ion. What precedes emphasizes the advantage of the thermo-
dynamic method with respect to its predictive value.
On the other hand it is worthwhile to note that for mono-monovalent exchange reactions,
an empirical correlation has been found to hold between the difference in hydration
numbers and the polarizability difference of these cations. Such empirical correlations
with respect to the polarizability difference were also shown for the AF0 and AIHO (Martin
and Laudelout [10] Van Bladel 113].
It must be pointed out that a linear correlation with respect to the polarizability for the
standard free energy change of an exchange reaction indicates the existence of specific
adsorption energies for different ions. With the assumption that the distribution of ions for
heterovalent exchange reactions follows the Gouy-Chapman theory, one may calculate
the primary effect of a Coulombic component resulting from the difference in valence of
the exchanging cations aside from the effects related to the size of the ions. This would
allow to correlate the magnitude of the non coulombic forces acting for the ionic
distribution on colloid surfaces with the polarizability difference of those cations.
An elaborate treatment covering the general case has been presented (Laudelout et al. 161).
Lately, it has been shown (Van Bladel, Gaviria and Laudelout [161) that Eriksson's
equation in simplified form, as given by Bolt [1]. is also satisfactory for this purpose
especially at low salt level and high surface density of charge of the exchanger.
The advantage of the thermodynamic method with respect to its predictive value has
already been mentioned. The same cannot be said for an empirical formulation like
Gapon's equation and which is of a widespread use for calculating the cationic composi-
tion of the exchange complex of the soil from the cationic composition of the irrigation
water. For the exchange between K + and Ca++, the Gapon's 'constant' is related to the
selectivity coefficient and the equilibrium constant by (Laudelout [41):
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K, = NcaaK = V (15)

N~a 1

and In K = 2i In KndNc, (16)

From these equations, it is apparent that K. cannot be treated as a constant throughout
the range of cationic composition of the soil exchange complex. Investigation of the
deviations of the exchange behaviour of Na + by Ca ++ from the Gapon's rule has recently
been made over the full range of calcium composition on the exchange complex of a
montmorillonite clay and the results have given evidence of the non-constancy of K. (Van
Bladel, Gaviria and Laudelout [161).
Equation (5) shows that the thermodynamic equilibrium constant is the product of the
selectivity coefficient and the ratio of the surface activity coefficients. It is a simple matter
to calculate this ratio at any composition in the surface phase from what has been said on
the predictive value of the thermodynamic method with respect to salinity on the selectivity
coefficient or to the calculation of the standard free energy change of an exchange
reaction. On the other hand, the thermodynamic of excess functions allows to derive the
ideal surface activity coefficients which for the general case AZA^ BZB can be written
(Thomas 1121):

fZAB exp (ZA - ZB) (17)

This defines an ideal exchanger as one for which the ratio of the surface activity coeffi-
cients is a constant and for which K. itself is a constant (at fixed temperature) regardless
of surface composition. For the non-ideal case, K. and the ratio

fZ.
A

are dependent on surface composition and evaluation of the non ideality of the mixing
process is expressed in a plot of

I n fZ - (ZA - ZB)
fZ B
A

vs. surface composition by deviations from a horizontal straight line.

It is obvious that information on the distribution of two cations between the surface phase
and the solution phase at various compositions of the latter is a fairly lengthy procedure.
For practical purposes it would be of a considerable advantage if, knowing the standard
free energy change of a reaction, an empirical or semi-empirical rule is found for
predicting the value of the surface activity coefficient. This would allow a quantitative
prediction of exchange behaviour of a given cation pair in a given soil. A first attempt in
that direction has been made (Laudelout et al. (7]) using excess thermodynamic functions
as it is customary in the thermodynamic of mixtures and the approach seems promising
provided the temperature at which the exchange is studied is not too high.
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Appendix:

Calculation method of activity coefficients of electrolytes in a mixed solution

Through the cross differentiation method of MacKay and Perring [9], the following
relationships may be derived for the mean activity coefficients of the electrolytes in a
mixed solution of Ka and CaC12 :

2 m'cly'±KcOY+K mc y- o(a-I)
2mKc + 3mc12

y±Caci2 = 3m y+c (a-2)
2mKC + 3 mc~c 2

This assumes that the different electrolytes obey the Znadovski's rule viz the mixture
of two isopiestic salt solutions will give a mixed solution in which water activity is equal
to that of the isopiestic solution, or:

mKCI mca2 (a-3)

In the above equations, m is the molality in the mixed solution, m' and y'. are the
molality and the molal activity coefficient of the electrolyte in the single electrolyte
solution in isopiestic equilibrium with the mixed solution.

Equation (a-3) may be transformed into:

mc 1 ± m = mcc (a-4)

C~ (a -5

and MK-a-mcnac 2 + mKCi = m~c] (a-5)

The ratios Mc and MOaKi2 are calculated through the graphical method described bymoxc. m .caC2

Vdovenko and Rjazanov [17] and by making use of the tabulated values of the osmotic
coefficients V in single salt solution
Briefly, plotting either the products 2 mKCI Vcj and 3 mc.c 2 "c.a 2 viz. respectively
ml(c and m,,, will yield a graph from which the molalities of solution in isopiestic
equilibrium correspond to the intersection of any horizontal with the curves that have

m °  mc
been plotted. Then, using the calculated values of c'c and mKc , the left hand sideM.c m*a~

of equations (a-A) and (a-5) may be plotted against mc,0 or mn0 for any composition
of interest of the mixed solutions.
The intersection of the curves with the straight line of unit slope starting from the
origin gives the values of mc.c,2 and m.c0 corresponding to the two pure salt solutions
in isopiestic equilibrium with a given composition of the mixed solution. The 4. are
found from tables and the mean activity coefficients in the mixed solutions are calcu-
lated from equations (a-I) and (a-2). It is then a simple matter to calculate the coeffi-
cients a,1 and %2 of Harned's relationships.
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Exchange of Potassium in Soils in Relation
to Other Cations

Dr. 0. Talibudeen, Rothamsted Experimental Station Harpenden, Herts, United Kingdom

Summary

Categories ofsoil potassium and criteria to define their properties and inter-relations. referring specially to he
exchange of potassium with other cations are described. Extensive soil properties, such as clay and fine clay
content and mineralogical composition are not absolute guides to K exchange and release to crops.
The term 'non-exchangeable potassium' is a misnomer, and its value in soils to crops is related to the dominant
counter-cation in the soil and the characteristics of the crop. Attempts to find a single and simple method of
defining the ability and capacity of the soil to release so-called 'non-exchangeable' K to crops seem misguided.
Differences between residual K accumulated in soil from K fertilisers, and K that is part of the original mineral
matrix, have not been precisely demonstrated. Criteria are suggested that might be used to do so.

1. Introduction

Ten years ago, Cooke II wrote:

'Potassium in soils exists in forms ranging from water-soluble K (fully useful to crops) to
completely inaccessible K deep within clay particles or fragments of unweathered miner-
als... The usefulfraction is conventionally measured by the K that is 'exchangeable' with
another cation in a neutral salt solution. But the actual amounts of exchangeable K
displaced from soil depend on the cation used and the experimental conditions. Heavy
British soils often contain about 1 per cent of total K; usually only about I per cent of this
is exchangeable and this fraction can be removed completely by a few good crops. As
exchangeable K is taken up by crops, it is replenished from stocks of non-exchangeable K
held in the outer layers ofsoilparticles; the size of this reserve determines whether the soil
can supply K to crops for many years without potash fertilizers... One reason for such
differences' (between soils with good K reserves and those that are quickly exhausted by
crops) 'is the proportion of fine"clay in the soil and its composition. Soils with much fine
clay,..., release more K than those containing coarser clay.., soils which supply small or
large amounts of K to crops are usually well separated by their exchangeable K values,
butfor soils in the "middle" range such correlationsfail, and a rapid and reliable chemical
way of assessing their reserves is badly needed.'

This picture is acceptable today in general terms as a basis for discussion. Most aspects
can be enlarged upon, but some (those in my italics) need revising and new information
can be added in the light of recent research.
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Figure 1. Equilibria and transport of potassium in soil. o"______________

The dynamic and static steps in this equilibrium Centre on a generally recognised model
(figure 1) whose thermodynamic parameters control the short- and long-term behaviour
of native and added potassium in the soil towards crops and the environment. This paper
attempts, as far as possible, to use these parameters to interpret, explain and predict such
behaviour, and in doing so, revises and adds to the picture.

2. The soil:, solution cation-exchange equilibrium

Theoretical treatments of the relationship between adsorbed cations (compensating nega-
tive charges on the soil complex and accessible to the soil solution) and cations in solution
were discussed earlier [2. 31. An essential condition of the applicability to soil suspensions
of equations derived from such treatments, is that experimental results are obtained from a
system in equilibrium. To determine the amounts of cations adsorbed on exchange sites in
the soil, non-equilibrium desorption methods (using neutral salt solutions, e.g., M ammo-
mium acetate or the chlorides of NH4, K+, or Ca2±) are commonly used. However, the
criterion for equilibrium requires that the adsorbed cations be measured under the electro-
osmotic conditions prevailing in the chemical equilibrium. This can only be achieved by
the now familiar technique of isotopic exchange between adsorbed and solution cations
which also enables us to measure changes in the total negative charge of the soil with
changes in composition of the adsorbed cations. In K:Ca exchange in soils containing
hydrous micas and interstratified mica minerals in their clay and silt fractions, increasing
proportions of adsorbed K decrease the number of negatively charged sites accessible to
solution (cation exchange capacity, CEC; figure 2) until the equivalent K fraction, NK Iin

the CEC is between 0. 15 and 0.30 in various soils 141. The number of charged sites remain
constant at larger N, values. Experiments with labelled soil suggest that Ca and K ions
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Figure 2. Fractional K saturation. NK. and exchangeable K and Ca and the cation exchange capacity.

become inaccessible to solution in varying proportions, causing the observed change in
CEC.

The ease of exchange of K from soils, clays and resins is governed by the nature of the
competing counter-ions in the exchanger. Ca ions dominate the exchange complex in soils
of pH > 5.5 (in 0.01 M CaCl2 or M KCI, equivalent to pH 6.5 in water approximately). Al
ions increasingly dominate at soil pH values more acid than 5.5, such that at pH values
4.0 -4.3, less than a third of the accessible exchange sites are occupied by Ca±+ Mg ions,
and at pH values 3.6 - 3.8, this fraction is about a tenth [Si. Also, because soils
containing illite-dominated clays strongly prefer Al to Ca ions (pKc5 _>Mn = 2.3 to 2.4, in
the pH range 2.4 -4.3; reference 6), in soils saturated with mixtures of Ca and Al ions, Al
ions most likely control the exchange characteristics of K ions. Saline and alkaline soils
comprise a third and not uncommon group in which Na ions dominate the soil exchange
complex.

3. Calcium

K-Ca exchange isotherms in various soils have been most extensively studied by using
quantity: intensity relationships between adsorbed K and a derived function of the K
concentration in the equilibrium solution (for example, [ 7]). Such work is a semi-empirical
extension of classical concepts used, again extensively, to interpret the exchange proper-
ties of montmorillonite for many ion pairs, especially K :Ca (for example [8, 91). We have,
in recent years, attempted to extend these concepts to soils from some English series,
covering appreciable areas of arable land, so that a unified picture can be developed of the
K:Ca exchange properties of the soil complex in relation to its mineralogical composition,
its ability to release K to crops and to predict its potential to release so-called 'non-
exchangeable' K 4, 10, 11, 12]. We consider that results of practical significance,
summarised below, are obtained from this work.
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3.1 Exchange constants

K:Ca exchange isotherms express the relation between the ion fraction of K+ in
solution and on the soil exchange complex, and can be transformed to selectivity
coefficients (K., Reference 14], equation I). Qualitatively, the heterogeneity of exchange
sites on the soil complex related to all its characteristics governing the exchange of K and
Ca ions (e.g., mineralogical composition of the exchange complex, interlayer and external
surface sites, chelating groups in organic matter, hydration of ions, etc.), is directly
reflected by the change in K, as K ions increasingly displace Ca ions (figure 3). However,
the most important parameters derived by applying classical concepts to this change are
the thermodynamic equilibriumconstant and the resulting standard free energy of
exchange (equations (4) and (5), Reference 14!). These enable us to compare quantitative-
ly the intensive properties of their exchange complexes in K-Ca exchange (table 1), i.e.
the forces acting between exchangeable cations and the clay surfaces (dependent on cation

Table 1. Standard free energies for the exchange of K-Na, K-Rh and K-Ca on English soils

10 values for the reaction

CaE- KE RhE-,- KE NaE- KE

Bovey Basin -1245 +377 - 888
Cegin -1050 +435 - 966
Denchworth -1770
Dunkeswiek -1315 +667 -1083
Harwell -3420 +565
Long Load -2120 +474
Newchurch -1900 +515
Sherborne -2280
Tcdburn -1370 +447 - 927
Windsor -1550 +555 -1015
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valency and surface charge density) and changes in the microstructure of the clay as the
composition of exchangeable cations changes from Ca- to K-saturation. The standard free
energy of exchange is independent of extensive soil properties, (e.g., clay content, cation
exchange capacity, etc.). Table I shows that free energy values range from -1050 to
-3410 calsJmole expressing a more than three-fold difference in the preference of the
soils examined for K ions.
K. values in the various soils changed considerably with increasing K saturation,
invariably demonstrating the heterogeneity of exchange sites (i.e., the mineralogical
complexity of the exchange matrix). Similar measurements on particle size fractions of the
Harwell soil, obtained to separate and concentrate its principal cation exchanging
minerals, showed that Kc for the < 0.3p montmorillonite-rich fraction did not change with
K saturation (N,) (figure 4) but the KC:(NL) relationships for the iflite-and zeolite-rich
fractions were complex, and undoubtedly controlled the K:Ca exchange behaviour of the
soil.
The standard free energy can also be calculated from the algebraic sum of the electrical
work required to move K and Ca ions in opposite directions from the distance of closest
approach to the surface of the exchange complex to an infinite distance away from the
surface. This requires a precise knowledge of the structural disposition of the cations at
the surface and the dielectric constant of adsorbed water and cannot be easily assessed, if
at all, in a soil exchange complex. Also, the calculated free energy value is inconclusive
about the specific binding of an ion relative to another ion, because the free energy is the
algebraic sum of the enthalpy and entropy terms on the exchange surface and in solution
during exchange.
Ion binding strength is normally defined by the enthalpy term alone. The negative enthalpy
change for the formation of K-soil from Ca-soil includes the enthalpies of the hydration of
ions, their dilution and mixing in moving to and fro from soil to solution, and of exchange.
The entropy of a system increases as the number of ways in which a system can arrange
itself increases. The standard entropy change is the algebraic sum of the entropy changes
in the soil and the solution. The probable arrangements of Ca ions in Ca soil are fewer
because each ion occupies two adjacent exchange sites on the soil surface simultaneously
but K ions position themselves randomly on individual sites. Also in 2:1 layer minerals in
K-soil, the interlayer space is smaller, so K ions occupy fewer positions perpendicular
to the surface. Thus entropy changes on K-Ca exchange in the solid phase are small and
positive for the formation of K soil. In solution, K ions increase entropy by breaking down
the structural order of water molecules; by contrast, Ca ions decrease entropy introducing
greater order. In dilute solutions the entropy term in K-Ca exchange would be large,
causing the observed K-Ca isotherm to show an apparent preference for Ca ions although
the standard free energy for K-Ca exchange clearly indicates a strong preference for K
ions by the soil.

3.2 The state of adsorbed potassium

(i)Activity coefficients. Exchangeable K can be determined by non-equilibrium desorption
or by equilibrium isotopic exchange. Both methods are subject to rate-determining steps
whose relative speeds require and determine different means of measuring the various
forms of exchangeable K. Figure I expresses the stages of equilibrium between these
different forms. The most easily measured equilibrium is that between 'rapidly exchange-
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Table 2. Approximate mineralogical composition of the clay fractions of English soils and the fractional satu-
ration of adsorbed K. NK. at which transitions in its activity coefficient. f7 and the excess enthalpy function,
, H, occur

Mineralogy of N-values for
<

2
# clay fraction' fK-transitions AHt-transitions

Bovey Basin 0.35 -
Cegin 0.21.0.53 -
Denchworth 20%v 0.50 0.3
Dunkeswick - 0.21 -
Harwell 65 % mam. (cli) 0.20. 0.60 0.30.6
Long Load 40% chl-v 0.50 0.1. 0.3.0.8
Newchurch 35% mm 0.30 0.1.0.6
Sherborne 35% mm-v 0.50 0.1.0.7
Tedburn - 0.11,0.53 -
Windsor - 0.21. 0.60 -

mm - montmorillonite. v =vermiculite, chl-v =chloritised vermiculite, cli =clinoptilolite
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able' K and K in solution. The properties of 'rapidly exchangeable' K from 0-100% K
saturation (N,=0 to 1) represent the nature of K-specific and non-specific sites readily
accessible to ions in solution. Environmental conditions, e.g., the ionic composition and
strength of the bathing solution [111, wet-and-dry cycles [131, freeze-and-thaw cycles, etc.,
influence the speeds at which this readily exchangeable K interacts with K on less
accessible sites.
The limiting exchange properties of the more accessible K at small K saturation values
(NK--0) in the soil complex are similar to those of less accessible K. It is important,
therefore, to express these properties quantitatively, referred to a standard state that can
be regarded as common to very different soil and clay exchange complexes. The standard
state assumed for adsorbed K in this classical concept is the fully K saturated form of the
soil, and it is explicitly assumed that the free energy status of all exchangers in this form
are identical. In agricultural parlance, this implies that the K in all fully K-saturated soils
is equally 'available' to plants. This definition allows us to compare rigorously the K status
of all soils at various fractional K saturations of the exchange complex.
The activity coefficients, fK, of adsorbed K in this classical concept, relative to such a
standard state, express precisely the detailed behaviour of the soil exchange complex of
part or all of the exchange isotherm. The factor that corrects the surface concentration of
K ions for specific attractive interactions with the soil surface, fK, changes with K
saturation, NK, giving maxima and inflexions at different values of N, (figure 5,
table 2). These points of marked change reflect broadly the changeover with increasing
NK from groups of sites with decreasing K preference. The differences between groups of
exchange sites in soils depend on three factors: (i) the characteristics of the interlayer
space, isomorphous substitution and surface charge density in soil minerals; (ii) the
relative degree of chelation of competing cations in soil organic matter; and (iii) on the
relative concentrations of competing cations in free solution and adsorbed water.
During exhaustive removal of K from soil in pots by ryegrass [13] and by Ca-saturated
exchange resin [111, the K saturation of the soil changes from NK =0.2- 0. A NK- value
of 0 has never been demonstrated experimentally, but the large amounts of K removed by
the crops (or resin), and the very small K concentrations in the soil solution during
cropping, indicate clearly that some soils must maintain a NK value -0 for long periods
while much K is removed from sites previously not accessible to M ammonium salt
solutions. The activity coefficients of adsorbed K at vanishingly small K saturations, (fK),,

Table 3. Release of K from English soils to M ammonium acetate and to ryegrass in pots compared with some
soil characteristics

Series Exchangeable K uptake by Uptake of Non- %clay
K ryegrass exchangeable K (fK). <2p1 <0.2p1

(ppm soil)

Bovey Basin 102 92 0 0.73 171 3.6
Cegin 86 70 0 0.71 12.6 1.6
Denchworth 400 720 320 0.89 42.6 21.9
Dunkeswick 100 800 700 1.43 25.7 10.5
Harwell 2346 2350 4 0.16 37.3 23.8
Long Load 300 80 0 0.82 27.6 11.9
Newchurch 610 1010 400 0.96 41.4 19.0
Sherborne 240 190 0 0.45 29.9 17.3
Tedburn 280 320 40 1.07 24.5 6.0
Windsor 300 160 0 0.71 22.5 10.5
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Figure 6. Fractional K saturation, NK, and excess free energy and enthalpy functions lot five English soils.

derived from applying these classical concepts, show that soils with an (fK)0 valuelessthan
about 0.85 do not release K that is not initially exchangeable to M NH-4 Salts (table 3). Of
the ten soils, four with (Q.)O> 0.85, release 40-700 ppm K of 'non-exchangeable' K!
These results do not seem obviously related to the 'exchangeable' K value, clay and fine
clay content of the soils or the nature of the mica minerals in the clay fraction (table 1).
Work now in progress seeks to examine more soil series in this way and to elucidate the
way in which fertilizer residues could modify these characteristics of soil K.

(ii) Excess Thermodynamic Functions. In contrast with the activity coefficient of a single
adsorbed ion species (referred to its standard state), these functions [12] account for the
properties of the soil complex in terms of the activity coefficients of both adsorbed ions
(figure 6).
The change in the free energy function with K saturation expresses more precisely the soil
property defined by the reciprocal of the K buffering capacity of the soil [3, 71. the amount
of K per unit weight of soil required to change the K potential of the soil by one unit.
Soils in which this function changes least as NK~ -0, release most K from sites initially
not exchangeable to M anmmonium ions (figure 6).
The enthalpy function relationship can be derived from the temperature coefficients of fK

and ff, or by calorimetry of the heats of mixing of varying proportions of homoionic soil.
This defines the heterogeneity of exchange sites in a soil for K Ca exchange (figure 6) and
comparison with the complete exchange isotherm predicts that, in most soils, the greater
part of the cation exchange capacity can be K-saturated only with solutions whose K
concentration greatly exceeds their Ca concentration.
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The entropy function, related to various N. values, confirms that K adsorption at NK

values corresponding with maxima in the enthalpy relationship leads to an increased order
in the arrangements of K and Ca ions and water molecules at exchange sites.

4. Aluminium

Aluminium is the secondmost abundant exchangeable cation in many soils and dominates
most strongly-leached tropical soils. Its ionic concentration in the soil solution and on the
soil exchange complex is negligible in soils of pH > 5.5 (measured in 0.01 M CaCl2 or M
KCI, when diffuse electrical double layers are confined to the vicinity of charged sites, and
pH measurements are reliable and meaningful). This pH is equivalent to about 6.5 in
water. Increasing equivalent ion fractions of soluble Al are observed in more acid soils,
and on their exchange sites by displacement with M NH 4C or KCI. (M ammonium
acetate also extracts part or all of Al ions chelated by soil organic matter 114].) An
approximate guide to exchangeable Al is taken from our measurements on several soils:

Soil pH in M KCI Approximate N , in sxtl

5.5 4-0.1
5.0 0.3
4.5 0.5
4.0 0.7
3.5 0.9
3.0 >0.9

Because A13+ is more strongly sorbed than Ca [6] and hydrogen [15] ions, the exchange of
K ions in acid soils must be considered in competition with At ions. Also, the existence of
monomeric and polymeric forms of hydroxy-aluminium ions is well established [16-20],
the positively charged polymeric forms increase as the soil pH changes from 4 to 6 in
0.01 M CaC2. The progression from (Al3+) (AI(OH) 2+)_ (large polymeric cations of
varying size) also causes in increasing preferential sorption of Al (e.g., (211), and
eventually the formation of an 'aluminium' chlorite at pH values > 6.

~Pahm garden Soil

0.2 0.4 0.6 0.8
Fractional K sa turatin, (NK)

Figure 7. Fractional K saturation, NK, and the activity coefficients of adsorbed K and Al ions, fK and f,. in a
ceylon soil.
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This progression of the ionic forms of Al prevents 'fixation' of NH4(18) and K + 1221 and
inhibits interlayer expansion and macro-swelling of expanding 2:1 layer minerals 1231. It
is relevant, therefore, to consider K exchange in acid soil clays in relation not only to
protons being incorporated into the lattice and the concomitant loss of net layer charge,
but primarily to the resultant release of small amounts of AP + ions displacing K ions from
exchange sites. Work reported in the literature hitherto on K release from acidified micas
has ignored the role of exchangeable Al and does not contradict the hypothesis that ionic
Al is much involved.
We investigated K:AI exchange isotherms on montmorillonite, vermiculite, illite and
several soils [15, 24-261, but elsewhere, only work on montmorillonite was reported [271.
Coulter [241 showed that in Al -*K exchange, montmorillonite slightly preferred Al but
vermiculite, illite and two mica-dominant soils selectively adsorbed K (table 4). However,
he underestimated this K selectivity by ignoring the initial 5-10% K saturation of the
CEC, regarding it as 'difficultly exchangeable' K. This K saturation range includes
potassium used by crops, and contributes much to the K selectivity of the soil as measured
by the standard free energy value AG,. Singh and Talibudeen 1261 obtained AG, values
from the full isotherm varying between -Ill1 and -2541 cals/equivt (table 5), indicating
increasing K selectivity. A lower level of K selectivity or a preference for A was invariably
associated with increasing proportions of chloritic: vermiculitic clay minerals, and higher
levels of K selectivity with montmorillonite: illite minerals. An allegedly 'mica-free' soil
(CEC 11.0 me/100 g, Soil 6) 'preferred' K most, contradicting the mineralogical analysis
of the clay fraction (-2541 cals/equivt). Initially non-exchangeable K was released on
exhaustive cropping only by soils containing montmorillonite: illite minerals. Unlike the
equilibrium measurements of adsorbed ions by isotopic exchange in K:Ca systems,
adsorbed Al was measured by a non-equilibrium desorption method 1141.

Table 4. Al - Kexchange in some English and Ceylon soils and clay minerals

Soil Description Standard Fractional Organic < 2
i Clay Mineralogy* Original (fKt, (fe)

No. free energy K saturation carbon clay K-M C.V mm soil pH
.4G N7 -1 (001 A
calleqvl CaCI,)

I. Exhaustion Land -3763 0-1.0 0.8 19 (35) 1- 40 -) 3.9 - -
Rothamsted

2. Park Grass - 470 0.1-1.0 2.3 21 75 5 20 4.7 - -
Rothamsted

3. Deerpark - 470 0.1-1.0 2.9 18 75 5 20 4.8 - -
Wexford

4. Vermiculite - 173 0.1-1.0 - - 20 50 20 - - -
(Montana)

5. lute - 173 0.05-1.0 - - 75 5 20 - - -
(Filhian)

6. Monmorillonite + 192 0-1.0 - - 10 10 80 - - -
(Wyoming)

7. Eden original -2895 3.7 0.10 4.0
TRI. Ceylon 0-1.0 42 Kaolin-rich 3.6

oxidised -3044 0.5 0.20 3.0
8. Ilunuwela original -3120 2.3 0.10 1.9

TRI. Ceylon 0-1.0 30 Kaolin-rich 3.8
oxidised -3364 0.3 0.20 1.0

9. Palmgarden
original -3478 2.8 0.46 1.8

TRI. Ceylon 0-1.0 23 Kaolin-rich 3.7
oxidised -3763 0.3 0.46 0.9

Values for Soil I are estimaled: for soils 2-6. see reference (6)
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Table 5. AI- K exchange in and K-uptake by Pueraria from some Malayan soils

Soil Soil Series Standard Exch. Uptake of <2P Clay Mineralogy* (fK)0 (fr)0 '
No. free energy K Non-exch. K clay K C-V MM-I

AG. (caljeqvl) (ppm) (ppm) (')

I. Batu Anam - 999 70 57 85 25 0 60 0.48 0.75
2. Chenoo + 900 24 0 18 so 15 0 0.28 0.35
3. Kuantan - 429 39 0 79 75 0 0 - -

4. Prang - Iii 39 12 34 75 8 0 0.40 0.85

5. Rengam + 146 55 19 49 80 <5 0 0.15 0.30
6. Segamat -2541 63 0 82 75 0 0 - -

7. Selangor -1293 157 140 45 60 0 40 0.23 1.15
8. Serdang - 713 42 140 36 60 8 45 0.15 0.80
9. Ulu Tiram -1653 24 0 20 80 <5 0 0.62 1.41

K = kaolinite; C-V =chlorite+vermiculite; MM-I = montmorillonite+illite

Comparing A G o values obtained from the full isotherms in tables 4 and 5, the strongly
leached Malayan soils prefer K much less than those from Ceylon (containing more

organic carbon) or from Rothamsted or Wexford, although no general conclusions can be
drawn from measurements on a few soils. Removing soil organic matter increased K
selectivity (Table 4 and reference t25]). Measuring the rate at which K+Al chloride

solutions equilibrated with soil showed that 20-24 hours were necessary for true equilib-
rium [14, 251.
These results suggest that the degree of K selectivity of medium to heavy textured
'temperate' acid soils is adequate to maintain their long-term K status. Strongly leached

tropical soils, of heavy texture but poor in organic carbon, generally have a much poorer

K selectivity. Indeed, when devoid of montmorillonitic or illitic minerals, they preferential-
ly adsorb Al ions. Increasing the organic matter content of soils improves their ability to

adsorb and retain K ions by increasing the CEC ofthe soil and the activity of adsorbed K

ions [25] (figure 7).

5. Magnesium

Direct measurements of Mg:K exchange have not been reported, but Ca:Mg exchange

experiments described on soils 1281 and clays 1291 enable a qualitative prediction of the

characteristics of K exchange in soils as their mineralogical composition and Mg

selectivity changes. Increasing vermiculite and Mg content implies greater Mg selectivity

[291 and predicts an increase in the activity of adsorbed K.

6. Sodium

The omission of K-Na exchange experiments on soils would, at first sight, seem strange
because saline and alkaline soils are not uncommon in tropical and sub-tropical regions.
Our work on Na-K exchange in soils [41 shows, however, that the activity coefficient of
adsorbed K increases smoothly from about 0.4 to the standard state value of 1.0 as K
saturation, Nk, increases from 0 to 1. The AG, values range from -888 to -1083
cal/mole indicating that soils.prefer K ions (table 1), but the activity coefficients show

that this K-selectivity is uniformly spread over all exchange sites (figure 8). In contrast,

these sites show extreme heterogeneity in K-Ca exchange. These results imply that K
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Figure 8. Fractional K saturation, N,, and the activity coefficients of adsorbed K and Na ions, f, and f,.. in a
Bovey Basin series soil.

release from saline soils containing significant amounts of mica minerals should not be
rate limiting.

7. Rubidium

Because the 42K isotope decays rapidly (hydrated ion radius ca. 2 X, anhydrous ion
1.33 A, half-life 12.4 hours), rubidium-86 (ca. 2 A, 1.46 A, 18.6 days) has been used as a
tracer in long-term exchange for K, but evidence in the literature suggests that often a6 Rb
does not 'trace' soil K accurately (e.g. 130, 311). We measured Rb - K exchange
isotherms [41 on 8 soils and calculated AG 6 values ranging from +377 to +667 cal/mole
(table 1) indicating a small but significant preference for Rb. The activity coefficients of
adsorbed K and Rb, fK and fRb, did not change appreciably from the standard state value
of 1.0, implying that both ions were equally free to move on soil surfaces. This apparent
anomaly was resolved by the discovery that various concentrations of Rb ions added to
untreated soils exchanged with Ca ions very rapidly first (in < 0.5 h) and then with K ions,
enabling us to calculate small amounts of specifically adsorbed Rb [321. If the Rb:K
exchange isotherm is corrected for this 'specific' Rb, "6Rb at known carrier levels can be
used as a tracer for soil K. Electron microprobe analysis on weathered micas showed that
Rb ions concentrate 'at particle and step edges, at cracks, and in the case of partially K-
depleted biotite, at boundaries of vermiculite and mica zones' 1331. Recently, our work on
soils from a long-term field experiment showed that building up K reserves in a soil
increased its specificity for Rb, suggesting that such 'edges, cracks and phase boundaries'
were more pronounced, or that because K treatment decreases the CEC, specific Rb sites
contribute more to Ca-Rb exchange [34). More organic matter, however, decreases the
sod's affinity for Rb.

8. Organic cations

Interest in the use of organic cations stems from the possibility that using cations of
different sizes and shapes may enable the determination of different categories of soil K
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and the reserves of non-exchangeable K (e.g., 135, 361). The main difficulties in such work
are the purity and stability of the cations, their various degrees of buffering and solubility,
and the specific adsorption they show for different minerals. However, these experiments
show that the 'displacing powers' of such cations is invariably less than that of inorganic
cations such as NH, Rb+ and Cs+, so their use in 'fractionating' soil K does not look very
promising.

9. The nature of 'non-exchangeable' K in soil

The characteristics of K ions adsorbed on easily accessible negatively charged sites (CEC)
were discussed in the previous section. Ample evidence suggests, and sometimes proves,
that this potassium is continuously in contact with K ions on less accessible sites, at least
in the smaller particle size fractions of the soil (figure 1). The speed with which such
equilibria are established depend on (1) environmental factors, such as expansion and
contraction caused by 'wet-and-dry' and 'freeze-and thaw' cycles, (2) characteristics of the
mineral lattices, e.g., surface charge density, location of negative charges, and the extent
of the surface, (3) the nature of the counter-cations in the soil-water complex, (4) the
thickness of water films on adsorbing surfaces, i.e. the combination of the average diameter
of micropores and the water content of the soil and, probably most important of all, (5) the
concentration of K ions relative to other cations in the equilibrating solution.

9.1 The concentration of potassium in solution

Several agencies have been used to keep the solution K concentration in contact with the
soil at a minimum. Ryegrass was shown to remove significant amounts of'non-exchange-
able' K from soil in pots 137] and [131 that this K was released at a K concentration of
10-4 M (4 ppm K) in 10-2 M CaCI2 from nearly 30 English soils taken from contrasting
series. Similar concentrations were measured in subsequent work at Rothamsted [381 on
soils from Stackyard and Sawyers..
The rate of release of K to crops is governed partly by crop characteristics, including its
senescence during which the partial return of K taken up by the crop to the soil through
roots prevents decrease in the soil solution concentration, thus slowing and possibly even
preventing the further release of non-exchangeable K. Thus, the crop cannot safely be
used to measure the rates of release of'non-exchangeable' K from various sources in soil.
Sodium tetraphenyl boron (NaTPB) was used, more often than other agents, to maintain
very low and constant concentrations of K ions in solutions bathing soil clays 1391 and
micas [40,411 and to measure the rates of release of K. Such experiments invariably show
that, given time, K in all micas can be replaced and, qualitatively, the rates of release are in
the order: biotites > vermiculites > ilites > muscovites. The exchange of K from soil
clays [391, up to maximum amounts varying between 20-47% of their total K contents
was shown to be semilogarithmically related to time, the remaining truly non-exchange-
able K being attributed to feldspars. Extraction with NaTPB involves in situ precipitation
of the K salt and its subsequent removal as intermediate steps. Thus, the rates of release
measured can, at best, be regarded as qualitative expressions of the relative characteristics
of various minerals.
Solutions of 0.0033 M CaCh2 and 0.25 M NaCI at ambient and elevated temperatures
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Exchange of Zn, Mn, Cu and Fe in Relation
to .Saturation of the Soil Complex

Prof. Dr. A. Cottenie and lR. L. Kiekens. Faculty of Agricultural Sciences State University. Gent/Belgium

Summary: see at the end of this paper

1. Introduction

Due to the relative low content of trace elements in soils in comparison with the major
elements, an important competition from the latter may be expected with regard to the
equilibrium reactions in which they take part. Trace elements may be present as free ions

in the soil solution, as soluble organo-mineral complexes, in adsorbed form associated
with soil surfaces and precipitated or bound in the solid phase. The distinction between
surface adsorption and precipitation reactions is however not always clearly distinct
(Hodgson, 1963).
The distribution of an element between these forms is the result of several competitive
reactions in which major as well as trace elements are involved and the transfer of one
form to another depends upon the equilibrium constants governing the different reactions
between them. Changes of the equilibrium states will occur in function of the following
factors:
- input of elements e.g. by fertilizer application,
- output by leaching or uptake by plants,
- changing water-content (dilution or concentration),
- pH changes.
In fact the pH is one of the dominant parameters influencing the distribution of an element
between the above mentioned fractions.
From the analytical point of view the estimation of free ions is quite difficult, because the
soil solution also contains the soluble organo-mineral complexes.
In this paper an attempt is described to determine separately these trace element fractions
and to observe the equilibrium displacements taking place in function of pH and major
element variations.

2. Analytical methods

The following analytical procedure for determining the free, complexed and adsorbed ions
was used:
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a. the soluble ions are determined in a 1/5 soil-water extract. In order to separate the
free and complexed forms, 50 ml of this extract are treated with 2 g of cation-exchange
resin Dowex 50 W (Na-form) and filtered after I hour of equilibration. In this way the free
ions are removed and further analysis of the filtrate provides the quantities of elements
present as organo-mineral complexes.
b. the exchangeable ions were estimated after leaching the soil with I n NH4OAc at
pH=7 (Schollenberger and Simon [1945]) at a soil/solution ratio of 1/25. In these
percolates the elements Ca, Mg, K, Na, Mn and Zn were determined respectively by flame
photometry and atomic absorption.
Since neutral displacement-solutions are not appropriated for the determination of Cu and
Fe, due to the lower solubility of their hydroxides (Jackson, 1958), these elements were
exchanged with I n NH4OAc at pH = 3.
The cation exchange capacity was determined using the NH4 + saturated soil from b. After
eliminating the excess NH4 + with ethanol 95 %, the total quantity of adsorbed NH4 * was
displaced with I n KCI and determined by distillation (Pelloux, 1963). The calcareous
soils (9 and 10) however, were saturated with Ca + + by leaching with I n CaCl2 after
which Ca + was displaced with I n KNO3 and determined by flame photometry. In order
to correct for CaCO3, dissolving during this operation, CO3 and HCO3- are determined
in the percolate by titration with H2SO4 N/50 (Pelloux, 1963). Former research has
shown that:
1. even in acid medium the cation exchanger Dowex 50 W fixes completely all free ions in

solution.
2. the determination of CaCO3 as described, is in satisfactory agreement with its direct

estimation in the soil.

3. Qubntties of exchangeable and soluble elements

Tables I and 2 show the results of the major and trace element analysis in 10 soil samples.
The C.E.C. of the soils is significantly correlated with their content of exchangeable Ca,
the correlation coefficient between C.E.C. and exchangeable Ca being 0.93***. In case of
Mg and K the correlation coefficients are low (respectively 0.59* and 0.525").
Concerning the trace elements no correlation was observed between their adsorbed forms

Table 1. General soil characterization and major element contents

Total
Sample C.E.C. in pH pit % C Exchangeable bases in exchange- Satura- Texture

meq/l00g H2O KCI (Walkley meqfl00g ofsoil able bases lion
ofsoil and (milli-eq. rate

Black) Ca Mg K Na per 100g) in %>

I. Herentals 7.50 4.85 3.95 2.35 0.70 0.07 0.05 0.09 0.91 12.13 sand
2. Peruwclz 8.30 6.25 5.50 1.30 4.75 0.34 0.16 0.05 5.30 63.85 light sandy loam
3. Wan-Lede 9.40 5.65 4.75 1.54 6.20 0.55 0.60 0.10 7.45 79.25 heavy sandyloam
4. Glabbeek 10.25 6.45 5.25 1.38 2.40 0.70 0.60 0.06 3.76 36.70 light sandy loam
5. Ath 11.25 6.50 5.75 1.42 7.25 0.88 0.48 0.08 8.69 77.25 light loam
6. Merendree 11.55 6.30 5.05 2.23 5.90 1.10 0.20 0.07 7.27 62.90 sandy loam
7. Waarschoot 11.87 5.60 4.60 2.52 4.00 0.35 0.10 0.07 4.52 38.10 loamy sand
8. Proven 15.75 7.75 6.90 0.65 14.40 0.66 0.19 0.08 15.33 97.30 sandy loam -

heavy sandy loam
9. Kieldrecht 19.50 7.85 7.20 2.23 14.10 1.37 0.51 0.13 16.11 82.50 heavy sandy loam

10. Pervijze 32.50 7.10 6.65 1.79 11.50 1.03 0.70 0.19 23.42 72.00 heavy clay
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Table 2. Soluble (S) and adsorbed (A) quantities of Zn, Mn, Cu and Fe

In milli-eq. x 10-' per 100 g of soil

Samples Zn Mn Cu Fe

S S. A Se Sc A S- Se  A SF S A

I. Herentals 0.46 tr. 6.5 tr. tr. tr. 1.01 tr. 4.7 3.60 tr. 80.6
2. Peruwclz It. 0.31 11.9 3.57 0.98 59.2 1.10 tr. 7.3 3.10 17.20 141.5
3. Wan-Lede tr. 0.14 10.7 8.20 tr. 275.7 tr. 0.38 16.5 2.10 4.20 94.0
4. Glabbeck 1.38 tr. 9.6 1.27 tr. 47.4 0.79 tr. 4.7 8.25 27.75 107.5
5. Ath 0.76 tr. 6.5 6.00 tr. 197.6 tr. 0.79 6.3 0.50 6.70 103.0
6. Merendree 0.76 tr. 2.3 1.82 Ir, 50.1 1.57 tr. 9.4 18.30 20.20 241.8
7. Waarschoot 0.67 r. 9.2 0.90 tr. 63.7 3.15 tt. 5.2 1.60 tr. 62.7
8. Proven Or. tr. 4.6 tr. tr. 17.3 tr. tr. 5.9 2.50 2.90 50.2
9. Kieldrecht tr. 0.31 6.9 Ir. tr. 29.1 tr. 1.57 14.2 Ir. 7.60 394.0

10, Pervijze tr. tr. 2.3 tr. tr. 8.2 tr. tr. 2.4 tr. 8.10 III.0
S,: free ions in solution S : soluble complexes A: adsorbed ions tr.: trace

and the C.E.C., but the exchangeable quantities were much larger than their water soluble
fraction, which was even not detectable in some cases. The amounts of adsorbed Fe
ranged between 50.1 and 394.0 micro-equiv. per 100 g of soil.
Exchangeable Mn ranged between traces and 275.6 micro-equiv. per 100 g and in three
soils adsorbed Mn was higher than exchangeable Fe. Adsorbed Zn and Cu were of the
same order, ranging respectively between 2.3 to 11.9 and 2.4 to 16.5 micro-equiv. per
100 g of soil.
Soluble complexes of Zn, Mn and Cu were only found in a few samples, while most soils
contained a relatively large amount of Fe in soluble complexed form.

4. Mobility of trace-elements in function ofpH

The adsorbed fraction and the mobility of trace elements in soils being strongly influenced
by the pH, an experiment was conducted in order to observe the variations in both soluble
and adsorbed quantities of Fe, Mn, Zn and Cu under the influence of varying pH-values.
Therefore each of these elements was added in increasing quantities to a soil-water
suspension at controlled pH.
After equilibration during 30 minutes both the equilibrium solution and the solid phase
were analysed in the same way as described before. After filtration the soil was washed
with ethanol in order to eliminate the remaining soluble ions.
The soil used for this experiment had a C.E.C. of 11.5, a C-content of 2,23% and a pH-
H20 of 6.30.
The soil/solution ratio was 1/5 and in order to facilitate the observations, the quantities
of elements added were varied between 0 and 50 ppm in the solution, while the pH was
brought with HNO3 to values ranging from the original figure down to 0.5.
Due to the so-called suspension-effect the pH of the filtrates did not precisely correspond
with the controlled pH of the suspension.
Since percolation of the treated samples was made with a soil/solution ratio of 1/25, the
results obtained from analysis of the percolates were multiplied by 5 in order to permit a
direct comparison with the corresponding concentrations in the equilibrium solutions
(Tables 3-6). Figure I representing the solubilization of soil Mn, Zn, Cu and Fe, shows
that the solubility of these elements increases rapidly with decreasing pH values.
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Figure 1. Solubilisation of soil Mn, Zn. Cu and Fe Figure 2. Manganese equilibrium displacement
in function of decreasing pH. in function of pll(20 ppm Mn added).

curve 1: added Mn remaining in solution
curve 2: added Mn retained by the soil
curve 3: retained Mn as determined by percolation
at pH 7
curve 4: retained Mn as determined by percolation
at pH 3

4.1. Manganese

The results of the experiment with Mn are summarized in table 3.
In this case more than 90% of the added quantities were removed from the equilibrium
solution at pH N 5 and up to 50% at pH ± 3.5, while practically the total quantities
remained soluble at pH values lower than 2.
Figure 2 shows the Mn-distribution (adsorbed and soluble Mn) in the case when 20 ppm
Mn was added to the soil-solution system. Curve I represents the quantities of added Mn
remaining in solution, while the complementary quantities retained by the soil are
represented in curve 2 (theoretical curve).
In order to determine the quantities of adsorbed Mn, percolations were made with I n-
NHAAc of pH 7 and 3 (curves 3 and 4).
Curve 3 representing the adsorbed Mn as determined by percolation at pH=7 corre-
sponds quite truly with the theoretical curve 2, as calculated from the values in table 3. On
the other hand percolation at pH 3 provides values which are too high (curve 4).
While the desorption of Mn is quite complete below pH 2, its adsorption strongly increases
at higher pH, as might be expected. Since the curves I and 3 (figure 1) showing the
evolution of soluble and adsorbed Mn are remarkably complementary, it seems that
phenomena of precipitation and dissolution did not interfere to an observable extent and
that the adsorption of Mn proceeds in a reversible way.
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Table 3. Manganese mobility in function of pH

pH ppm Mn pH of the ppm Mn in Added Mn Mn ppm Mn in the Mn retained in ex-
added filtrate the remaining retained percolates chang. form (ppm)

equilibrium in solution by the soil
solution (inppm) (in ppm) pH =3 pH =7 pH =3 pH =7

6.3 0 5.50 0.04 - - 1.47 0.53
(original) 1 4.95 0.075 0.035 0.965 2.00

2.5 5.00 0.075 0.035 2.465 2.20
5 5.25 0.20 0.16 4.84 2.65

10 5.15 0.47 0.43 9.57 2.84
20 5.65 1.52 1.48 18.52 5.10 4.07 18.15 17.70
50 4.90 6.60 6.56 43.44 14.00

5 0 4.20 0.40 - - 1.50 0.48 - -
20 4.20 3.20 2.80 17.20 5.10 4.00 18.11 17.60

4 0 3.90 1.36 - - 1.30 0.92 - -
20 3.90 7.44 6.08 13.92 5.35 3.26 20.25 11.70

3 0 3.45 3.96 - - 1.30 .00 - -
20 3.45 15.10 11.24 8.67 4.08 2.42 13.90 7.10

2 0 2.35 12.20 - - 0.83 0.60 - -
20 2.35 39.50 17.30 2.70 2.96 0.96 10.40 1.80

] 0 1.20 22.00 - - I.1] 0.15 - -
20 1.20 41.00 19.00 1.00 1.81 0.38 3.45 1.15

0.5 0 0.80 24.50 - - 1.57 0.15 - -
20 0.80 44.50 20.00 0 2.12 0.26 2.75 0.55

Table 4. Zinc mobility in function of pH

pH ppm Zn pH of the ppm Zn in Added Zn Added Zn ppm Zn in the Zn retained in ex-
added filtrate the remaining retained percolates chang. form (ppm)

equilibrium in solution by the soil
solution (in ppm) (in ppm) pH =3 pH =7 pH =3 pH -'7

6.3 0 5.50 0.02 - - 0.34 0 -
(original) I 0.02 - 1.00 0.65 1.55

2.5 0.02 - 2.50 1.03 3.45
5 0.46 0.44 4.56 1.36 5.10

10 0.62 0.60 9.40 2.56 11.10
20 5.50 0.97 0.95 19.05 4.70 2.36 21.80 11.80
50 1.32 1.30 18.70 10.00 48.30

5 0 4.20 0.06 - - 0.35 0.05 - -
20 4.20 1.78 1.72 18.18 4.55 1.14 22.20 11.70

4 0 3.90 0.27 - - 0.23 0.06 - -
20 3.90 8.80 8.53 11.47 4.10 2.12 19.38 10.30

3 0 3.45 0.87 - - 0.23 0.05 - -
20 16.10 15.23 4.77 2.02 1.18 8.95 5.68

2 0 2.35 1.84 - - 0.13 0.08 - -
20 23.30 20.46 - 1.02 0.25 4.47 0.87

1 0 1.15 2.80 - - 0.10 0.02 - -
20 24.40 21.60 - 0.25 0.10 0.75 0.43

0.5 0 0.80 3.50 - - 0.16 0.03 - -
20 27.40 23.90 - 0.18 0.05 0.10 0.07
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Table 5. Copper mobility in function of pH

pH ppm Cu pH of the ppm Cu in Added Cu Added Cu ppm Cu in Cu retained in ex-
added filtrate the remaining retained percolates chang. form (ppm)

equilibrium in solution by the soil
solution (in ppm) (in ppm) pH = 3 pH =7 pH =3 pH =7

6.3 0 5.50 0 - - 0ll 0 - -

(original) 1 0.16 0.16 0.84 0.23 0.60
2.5 0.16 0.16 2.34 0.60 2.49
5 0.36 0.36 4.64 0.88 3.85

10 0.20 0.20 9.80 1.95 9.20
20 5.70 0.25 0.25 19.75 4.22 0.84 20.55 - 4.20
50 0.32 0.32 49.68 6.90 33.90

5 0 4.20 0.01 - - 0.15 0 - -

20 4.10 0.50 0.49 19.51 3.92 1.10 18.85 5.50

4 0 3.90 0.04 - - 0.19 0 - -

20 3.90 0.55 0.52 19.48 3.92 1.23 18.55 6.15

3 0 3.45 0.04 - - 0.15 0 - -

20 3.35 3.70 3.67 16.34 4.10 0.90 17.75 4.50

2 0 2.35 0.34 - - 0.19 0 - -

20 2.30 15.90 15.46 4.54 2.40 0.62 11.05 3.10

1 0 1.15 1.05 - 0.11 0 - -

20 0.90 21.40 20.15 - 0.94 0.05 4.15 0.25

0.5 0 0.80 1.40 - - 0.08 0.09 - -

20 0.70 21.80 20.40 - 0.64 0.05 2.82 -

Table 6. Iron mobility in function of pH

pH ppm Fe added pH of the ppm in solution after ppm Fe in percolates with
filtrate equilibration NHAc of pH 3

6.3 0 5.70 0.55 4.53
(original) 1 5.80 0.20 5.12

2 5.85 0.27 5.12
5 5.80 0.20 5.30

10 5.40 0.10 5.12
20 5.10 0.20 5.81
50 4.70 1.15 7.50

5 0 4.30 0.25 4.57
5 4.90 0.48 4.25

10 4.00 1.70 6.34
50 4.35 1.35 5.85

4 0 3.80 1.02 4.50
5 4.00 0.85 5.05

10 3.90 1.30 3.80
50 3.50 1.55 5.75

3 0 3.20 1.32 5.35
5 3.60 3.65 6.10

10 3.55 2.35 5.62
50 3.00 5.25 9.30

2 0 2.55 3.04 6.80
5 2.70 8.60 9.60

10 2.90 6.75 8.00
50 2.20 7.55 8.60

1 0 1.10 42.50 13.00
5 1.35 35.20 15.20

10 1.60 26.25 26.25
50 1.40 73.50 25.75

0.5 0 0.70 216.0 31.50
5 0.60 275.5 36.00

10 0.90 217.5 40.50
50 0.90 212.5 46.25
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Figure 3. Zinc equilibrium displacement in function of pH (20 ppm Zn added)
curve 1: added Zn remaining in solution
curve 2: added Zn retained by the soil
curve 3: retained Zn as determined by percolation at pH 7
curve 4: retained Zn as determined by percolation at pH 3

4.2 Zinc

The equilibrium of soil with Zn-containing solutions at different pH showed that Zn
fixation took place in the range between the original soil pH and pH 3.
At lower values the total added quantities remained in solution and a slight dissolution of
soil zinc was observed. Table 4 contains some illustrative results and shows also the
quantities of this element as determined by percolation of the treated samples with
I n NH4OAc at pH 3 and 7. Since it appears that the former percolation method provides
values which are higher than those retained by the soil, it can be concluded that the acid
displacement solution is not appropriated for the determination of exchangeable zinc. The
desorption of this element was practically complete at pH 2.5.
As shown in figure 3 the Zn quantities desorbed at pH=7 (curve 3) were much smaller
than the amounts retained by the soil in slightly acid conditions (curve 2). The difference is
to be considered as fixed Zn, in accordance with Elgabaly 119501.
The experiment shows that Zn adsorption was reversible at pH<4 but not at higher
pH values.
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Figure 4. Copper equilibrium displacement in function Figure S. Iron equilibrium displacement in func-
of pH (20 ppm Cu added). tion of pH
curve 1: added Cu remaining in solution curve 1: ppm Fe in equilibrium solution
curve 2: added Cu retained by the soil curve 2: ppm Fe in percolates
curve 3: retained Cu as determined by percolation at pH 7 curve 3: ppm Fe in equilibrium solution (5 ppm Fe
curve 4: retained Cu as determined by percolation at pH 3 added)

curve 4: ppm Fe in percolates (5 ppm Fe added)

4.3 Copper

In contact with Cu containing solutions, the soil continued to fix this element as long as the
pH of the equilibrium solution remained higher than 1, at which pH desorption was
practically complete. This is confirmed by analysis of the equilibrium solutions as shown
in table 5. After separating and washing with alcohol, the remaining soil was once again
percolated with I n NH4OAc at pH = 3 and 7.
As illustrated in figure 4 the latter method provided only a relative small part of the
retained Cu with a maximum at pH values near 4 (curve 3). The decrease observed at
higher pH could be attributed to Cu precipiation.
On the other hand nearly the total Cu-quantities retained by the soil during the first phase
of the experiment, were removed by percolation at pH = 3 (figure 4, curve 4). The same
adsorption and exchange pattern was found for each level of Cu addition between I and
50 ppm, as is shown in figure 4 in the case of 20 ppm addition in the equilibrium solution.

4.4 Iron

Table 6 shows a summary of the experiments with Fe. As is also illustrated in figure 5,
the Fe-content of the equilibrium solution increases very strongly with decreasing pH: at
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pH-values lower than 2 the added quantities of Fe were fully recovered in the solution and
even largely increased by native soil iron. At higher pH a large part of this element is
removed from solutions containing more than 2 ppm.
On the other hand the quantities determined as exchangeable Fe by leaching with I n-
NH4OAc pH=3, were quite constant in the soil pH-range of 6 to 3 and increased
considerably at lower pH. In slightly acid medium precipitation of this element seems to be
strongly competitive towards its adsorption.
In this respect Fe behaved completely opposite with the other elements under study. This
indicates that the method for determining adsorbed Fe is not valid, at least in strongly acid

conditions, while dissolution phenomena predominate in such situations.

These experiments show that only in the case of manganese the amounts retained by the
soil were quantitatively exchangeable as determined by leaching with 1 n-NH4Ac of pH 7,
zinc being partly fixed at pH > 4 in a non exchangeable way. Copper could be

quantitatively exchanged by 1 n NH4Ac of pH 3. In the case of iron, adsorption was
strongly masked by precipitation phenomena, while important native quantities of this

element were mobilized at low pH.

5. Trace-element exchange as influenced by major element additions

Another experiment was carried out in order to observe the exchange of Zn, Mn, Cu and
Fe as influenced by major element additions.
Therefore, three soils with different texture, were treated with Ca, Mg and K, the amounts
of which being calculated in order to saturate almost completely their adsorption complex.
Therefore the following quantities of these elements were added as neutral nitrates in a

soil-water suspension:

Sample C.E.C. original milli-eq. of each Ca, Mg, K
(milli-eq. per 100 g) saturation rate added per 100 g of soil

7. (Waarschoot) 11.87 38.10% 7.35
5. (Ath) 11.25 77.25/ 5
8. (Proven) 15.75 97.30% 5

After equilibration during 30 minutes the suspensions were filtered in view of the deter-
mination of soluble major and trace elements. Furthermore all treated soils were washed
with alcohol and percolated with:
- In NH4OAc at pH=7 for the determination of exchangeable Ca, Mg, K, Na, Zn and

Mn
- in NH4OAc at pH = 3 for the determination of exchangeable Cu and Fe.
The results of these determinations are given in table 7. Comparing the situation reached
by the applied treatments, the soluble forms of all the major elements increased quite
considerably.
Each individual element added caused an increase of its adsorbed form and a small
desorption of the other elemdnts. The equilibrium changes in comparison with the original
situation are given in table 8. The Mg treatments caused the largest displacement followed

by K and Ca, for which the alteration remained quite low.
The resulting variations with respect to the trace element distribution over soluble and
adsorbed forms were practically inexistant for Cu. In the case of Fe no definite trend could
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Table 7. Soluble (S) and adsorbed (A) elements in soils enriched with Ca, Mg and K
N)

Soil Trea- In nmeq per 100 g soil Total In mg per kg soil (ppm)
ted exchangeable
with Ca Mg K Na bases Zn Mn Cu Fe

(in milli-eq.
S A S A S A S A per 100 g) S A S A S A S A

7. Waarschoot Ca" 7.50 4.47 0.20 0.12 0.05 0.10 0.06 0.04 4.73 1.50 3.00 7.60 15.30 1.00 1.65 1.00 26.50
Mg*+  2.95 3.17 5.43 1.40 0.05 0.10 0.06 0.04 4.70 2.10 2.75 8.40 16.15 1.00 1.65 1.00 18.95
K' 1.12 3.00 0.13 0.23 6.20 1.09 0.06 0.04 4.35 0.50 3.25 3.20 17.00 1.00 1.65 2.00 15.15
orig. 0.20 4.00 0.03 0.35 0.02 0.10 0.04 0.07 4.52 0.22 3.00 0.25 17.50 1.00 1.65 0.45 17.50

5. Ath Ca" 5.17 7.65 0.26 0.64 0.15 0.46 0.05 0.05 8.80 0.28 1.56 6.80 31.40 0.25 3.32 0.75 25.00
Mg + + 1.90 6.05 2.34 2.93 0.15 0.36 0.06 0.05 9.39 0.28 1.25 5.20 38.40 0.25 1.67 tr. 27.50
K

+  
1.52 6.05 0.19 0.69 3.60 1.70 0.05 0.04 8.48 0.22 1.25 3.20 38.40 0.25 3.32 tr. 30.00

orig. 0.24 7.25 0.05 0.81 0.14 0.48 0.05 0.08 8.68 0.25 2.12 1.65 54.25 0.25 3.32 2.00 28.75
8. Proven Ca +  

3.64 14.62 0.18 0.63 0.08 0.26 0.08 0.05 15.56 0.07 0.63 0.80 5.70 tr. 1.87 1.50 27.50
Mg + + 2.65 12.25 2.14 2.77 0.10 0.29 0.08 0.05 15.56 0.14 0.94 0.80 2.85 tr. 1.87 tr. 20.00
K

+  2.07 14.10 0.12 0.62 3.20 1.73 0.08 0.05 15.50 0.14 0.94 0.40 4.27 tr. 1.87 0.75 25.00
orig. 0.45 14.40 0.03 0.66 0.03 0.19 0.07 0.08 15.03 tr. 1.50 r. 4.75 tr. 1.87 1.50 14.00

tr.: traces below detection limit

Table 8. Equilibrium displacements caused by Ca, Mg and K additions

Soil nr. Treated In meq per 100 g soil In mg per kg soil (ppm)
with

Ca Mg K Na Zn Mn Cu Fe

S A S A S A S A S A S A S A S A

7. Waarschoot Ca* +  
+ 7.30 +0.47 +0.17 -0.23 +0.03 - +0.02 -0.03 +1.28 - +7.35 - 2.20 - - +0.55 + 9.00

Mg + +  
+1.75 -0.83 +5.31 +1.05 +0.03 - +0.03 -. 04 +1.88 -0.25 +8.15 - 1.35 - - +0.55 + 1.45

K+  
+0.92 -1.00 +0.10 -0.12 +6.18 +0.99 +0.02 -0.04 +0.28 +0.25 +2.95 -0.50 - - +1.55 -2.35

5. Ath Ca + +  +4.93 +0.40 +021 -0.17 +0.01 -0.02 - -0.03 +0,03 -0.56 +5.15 -22.85 - - -1.25 - 3.75
Mg+ +  

+1.66 -1.20 +2.29 +2.12 +0.01 -0.12 +0.01 -0.03 +0.03 -0.87 +3.55 -15.85 - -1.67 -2.00 - 1.25
K

4  
+1.28 -1.20 +0.14 -0.12 +3.46 +1.22 - -4.04 -0.03 -0.87 +1.55 -15.85 - - -2.00 + 1.25

8. Proven Ca + +  
+5.19 +0.22 +0.15 -0.03 +0.05 +0.07 +0.02 -0.03 +0.07 -0.87 +0.80 + 0.95 - - - +13.50

Mg + +  +2.20 -2.15 +2.11 +2.11 +0.07 +0.10 +0.02 -4.03 +0.14 -0.56 +0.80 - 1.90 - - -1.50 + 6.00
K

+
+1.72 -0.30 +0.09 -0.04 +3.18 +1.54 +0.02 -0.03 +0.14 -0.56 +0.40 -0.48 - - -0.75 +11.00



be distinguished and the observed changes were small in comparison with the total

amounts present (Table 2). Both Zn and Mn were generally desorbed by the addition of

major cations and an increase of their soluble forms took place. The involved quantities

were generally small, except in the case of Mn in soil no 5, originally qualified as being rich

in this element.
The increase of soluble Zn and Mn did however not systematically correspond with their

desorbed quantities. In neutral and alcaline soil (no 5 and 8) their recovery was incom-

plete, apparently due to precipitation, while in acid soil (no 7) their soluble fraction

increased more than expected in accordance with the observed desorption.

6. Summary and Conclusions

An analytical method was studied in order to distinguish between adsorbed and soluble

free ions as well as complexed elements in the soil.
These fractions were determined in different soil samples with special reference to the

equilibrium displacements in function of pH changes and major element additions. The

cationic trace elements appeared to be mainly present in exchangeable form.

Adding trace elements to the soil-water equilibrium system resulted in the fixation of Zn,

Mn and Cu by the soil at pH values higher than 4. Desorption of these elements was

practically complete at pH 2 in the case of Mn, 2.5 in the case of Zn and 1.0 in the case of

Cu. Iron behaved in a different way than the former elements, precipitation of this element

being strongly competitive towards adsorption.
Reversibility of the adsorption phenomenon was only observed in the case of Mn and Cu,

zinc was partly fixed in a non exchangeable way at pH > 4 and iron adsorption was

strongly masked by precipitation phenomena.
Major cationic treatments did only displace systematically Zn and Mn, while Cu was not

influenced to a measurable extent and no distinct pattern was observable for Fe.
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Changes in K/Ca Exchange Properties of
Clay in Loess-derived Soils in Soil Formation.

Dr. E.A. Niederbudde. Institute for Sod Science of the Technical University Munich Freising-Weihen
stephan/Federal Republic of Germany

Summary

K/Ca exchange curves (Beckett 131) have been used to determine changes in K/Ca exchange properties of clays
in soil development. The exchange curves must be extended to final activity ratio of 0.4-0.5 (mol/1)/2 for
determination of clay mineral transformations in Holocene loess-soils so that the immediagte Q- I curve becomes
linear.
Under these conditions data on K/Ca exchange curves are better suited to determine minor transformations of
clay minerals in mixtures of 3-layer-clay minerals than X-ray data or other chemical analyses.
From 52 characteristics analysed the values of the K/Ca exchange curves were the most important for the
explanation of transformations of clay minerals in profiles of loess soils. The buffer capacity across ARO
(BCKE) has an extremely high sensitivity followed in the second place by the exchange capacity of specific
adsorption sites with high affinity for K (CECx). BCKE and CECx decrease with increasing duration of soil
formation. Hence, together with the results of the multiple regression analyses, it can be concluded that 18 A-
minerals have changed into 10 A-minerals during the Holocene period.

Chemical, adsorption and X-ray measurements were made on 31 loess soil profiles from
Central Germany and 10 from Lower Bavaria and used to investigate changes in clay
minerals. K fertilization was ruled out by the use of limiting values for exchangeable
potassium (e.g. 0.46 mg K/g clay for At horizon and 0.55 for A, horizon) and the
processes observed can be explained in terms of K-release and K-fixation by minerals of
varying granulation.
K/Ca exchange properties were among those investigated and from changes in these
statements can be made about transformations of clay minerals. Exchange properties
were determined according to the method of Beckett [3].
This method had, up to now, been only used for the determination of the K/Ca exchange
properties of soils with reference to K-fertilization and K-nutrition of plants. In these cases
it can be assumed that the quantities of clay minerals and their composition were equal
before the start of the experiment. The object of these investigations was to correlate data
from K/Ca exchange curves, which, especially at low AR values, have high precision,
with X-ray values which are inaccurate for mixtures of layer-silicates. The parameter
derived from the K/Ca exchange isotherm should be related to certain types of minerals
and if possible they should be coordinated to the clay mineral types by statistical methods.
Thus changes in clay minerals which could not be detected by X-ray analysis could be
studied. In this connection it is important that the exchange isotherm should extend to
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Figure 1. I/Ca exchange curves for two ioess soils

include the linear part independent of the clay mineral composition of the soil. In few
soils it was not possible to reach the linear part, as reported earlier (Ehlers et al. [81,
Addiscott [i). In all the soils studied the curves were extended as far as AR=0.5
(mol/l)/2. The form of curve obtained is shown in figure I for two soils.

The exchange gradient, PBCK after Beckett 13] or, briefly, BCK, lies between 0.1 and
0.33 (molI) and is thus in a higher range. than reported until now for other soils
(Beckett and Nafady [41,15], [61, [71, Acquaye et al. [2], Zandstra & Mackenzie [I/] etc.).
The slope is flatter than that found in most other studies. In all soils and sediments
analysed the BCK became linear and between 0.3 and 0.4 (moVl)i the exchange curve
passed over to a straight line parallel to the x-axis. This is a peculiarity related to the
layout of the experiment. In longer periods of exchange (weeks or months) at AR higher
than 0.4 (mol/l) I more K is absorbed but the slope of BCK did not change to such a
degree that the values obtained with a short period of exchange (16 hours) were rendered
invalid.

The following values were ascertained from the exchange isotherms for 43 samples
(A-, B- and C-horizons) for use in multivariate analysis.

ARO: activity ratio at the point where the soil solution neither gains nor
loses K.

BCK (PBCK): potential buffering capacity for K
CECx: exchange capacity of non-planar absorption sites with high affinity for K.
ECK: maximal sorption capacity for K under the conditions of immediate

K/Ca exchange.
BCKE: buffer capacity for K across ARC, E from equilibrium, measured be-

tween 0.3 and 5.10- 3 (mol/l)"2 .
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Figure 2. KJCa exchange curves of 2 clays from a Rt-horizon

Exchange curves of 2 clay fractions from a Bt-horizon are shown in figure 2.

By comparison with figure I it can be seen that the K-Ca exchange properties of soils
depend to a large extent on the clays < 0.2 p. The transition of exchange curves into the
straight line parallel to the x-axis starts at AR values >0.15 (mol/l) V with the coarse
clay. Obviously the transition depends on the level of CECt. The fraction < 0.2 4 has a
CECt of 74, the fraction 2-0,2,p of 31 me/100g clay.
The importance of one or several characteristics for the explanation of a problem as a
whole, as for example clay mineral transformation in the Late Pleistocene or Holocene
period can be estimated by using multiple factor analysis. In doing this, characteristics
were combined in independent groups (factors) and ranged in order of their importance.
The characteristics found in factor I are e.g. the most relevant to the overall relationship.
Data from K/Ca exchange curves were also included among 52 characteristics investigat-
ed in a larger study (Niederbudde [91). Together with other values as e.g. K-fixation
measurements, intensity measurements of X-ray peaks, measurements of areas under the
peaks by planimetry, clay contents and other chemical measurements, they were evaluated
by factor analysis.
When the data for the loess-soil areas in Central Germany and Bavaria were summarized,
the 52 characteristics could be reduced to 19 basic factors, which together explained
99.6% of the total variability of all characteristics. Only the most important, i.e. 1-5, are
mentioned here, since they account for about 90%. The following correlation values are
expressed as r 2 x 100; they explain formal-mathematical correlation coefficients from a
correlation matrix which can be reproduced to factors by calculation rules. They are also
called factor-loadings.
The most important characteristic in factor 1 is BCKE, with a factor-loading of 75. There
are interrelations to K-fixation and values of 18 A-peaks. With this BCKE factor 44% of
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the total variability of all characteristics can be explained. The highest factor-loading of
the 2nd factor is achieved by CECx-values at 86. This factor explains 16% of the total
variability.
In factor 3 CECt appears with a loading of 92. This characteristic has no relation with
data of K/Ca exchange curves. With 12% of the total variability this factor is compara-

tively unimportant compared to BCKE. In factor 4 ARO was determined with a factor

loading of 76. This factor comprises also the values of the exchangeable potassium
(contribution to the total variability is 9%).
In factor 5 PBCK (or BCK) dominates with a factor loading of 85 and ECK with 67. The
contribution of this factor to the total variability of all characteristics amounts to 5% only.
So far, 89% of the total variability of all characteristics has been accounted for.
It is obvious from this description that all data of the K/Ca exchange curves are relatively
more important than other characteristics in describing transformations of clay minerals
in mixtures of layersilicates. The X-ray values are not important in any particular factor;
they are distributed relatively evenly between the factors 1-13 and are much less relevant
than data from the K/Ca exchange curves.
It can be assumed that slight transformations of clay minerals in Holocene soils can be
better determined by changes in the K/Ca exchange properties than by X-ray research.
Table I shows two typical soil profiles demonstrating changes of K/Ca exchange
properties by soil formation in Holocene period.

Table 1. Changes of K/Ca exchange properties of clays (<2 p) in two loss soil profiles

1 2 3 4 5
Ioc. name horizon ARo KI CECx (P)BCK BCKE

Adikofen A, 0.75 0.35 8.4 60.9 .469
B, 0.85 0.68 9.0 65.8 789
C 1.07 1.64 17.8 115.0 1409

Neufahrn A, 1.14 0.50 11.3 30.9 391
B, 0.70 1.67 16.4 50.9 1925
C 0.93 3.07 20.6 49.8 3131

Dimensions: ARo . 103 (mol/I)'~'. column 2 and 3: me/100 g clay, column 4 and 5: me/100 g clay per (mot/I 1 12

KI = labile K

BCKE clearly decreases with time during soil formation and CECx has the same
tendency. PBCK is less clearly related.
Since there is a positive relation between BCKE and 18 A-minerals and a negative
relation between BCKE and 10 A-minerals, as was shown by multiple regression analysis
(Niederbudde [9!), results in Table I can be explained in that with increasing time of soil
formation from 18 A-minerals (=beidellite) illites are formed by the exchange of potas-
sium.
This is in accordance with findings on numerous profiles from loess areas in Central
Germany and Bavaria in which potassium is enriched in the clay of the solum at pH 5-7
compared to sediments. The sources of K are minerals of silt size. The greater the
quantitites and the higher the K-selectivity of the first mentioned minerals the further the
transformation of beidellites to illites during the same (Holocene) period. This can be
concluded from a comparison of soil profiles of both loess-soil areas.
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The Effect of Illite Content in Soils on the
Potassium Supply to Plants*

Sala Feigenbaum, D.Sc., and U. Kajkafi, Ph.D.. Institute of Soils and Water, Agricultural Research Organiza-
tion, Bet Dagan, Israel

Summary

The potassium supplying power of a sandy loam and a clay soil containing different amounts of illite in the clay
fraction and clay minerals was studied for ten years under field conditions. The potassium supply of four soils
was measured in a growth chamber for 6 months, by intensive cropping cycles of 4 or 7 weeks.
The rate of release of potassium from illite is sufficient to maintain relatively small loads exerted on the soil by
several crops. When the plant's demand for potassium is high (e.g. cotton), the rate of K release from non-
exchangeable sites is not sufficient.

Introduction

Montmorillonite is the dominant clay fraction in soils of the semiarid regions (Yaalon
1261). The illite content in such soils ranges between 0 and 50% of the clay fraction (Rezak
and Amer [19]). The illite in such soils is of a dioctahedral lattice arrangement which may
release appreciable amounts of K to the exchange sites, but the rate of release may not be
sufficient to maintain the level of exchangeable potassium required by the plant (Thomas
and Hipp [221). The most commonly used methods to predict potassium demands by
plants are based on soil measurements under equilibrium conditions (Woodruff [23, 241,
Beckett [6], Barrow [3]), and even a recently suggested improved method is based on
equilibrium conditions (Baker [11).
In order to calibrate such soil-testing methods many field studies are needed to correlate
the soil test value with crop response to fertilizers (Feigenbaum and Golub [9], Hagin and
Koyumdlisky 111, Halevy [12]).
The movement of potassium to the plant roots is mainly by diffusion (Barber [2]). The
plant takes up large quantities of potassium; thus a very rapid depletion of the zone
around the root is expected.
The rate of recharge of K in the root zone is the important soil characteristic and the
active root surface area and its transfer properties are the most important plant para-
meters, for determining plant response to potassium fertilization.
The objectives of the experiments reported here were to measure the effect of intensive
cropping on the K release characteristic of several soils and the equilibrium parameters of
soil potassium; and to determine the release rate that may hinder plant growth.

Contribution from The Volcani Center, Agricultural Research Organization, Bet Dagan, Israel. 1972 Series.

No. 2099-E.
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Materials and Methods

Five soils from Israel were selected to provide a range of properties with different
potassium contents. Particle-size distribution and chemical and mineralogical properties
of the soils were characterized.
The particle size analysis was determined by the modified Sudan method [17], CaCO3 by
the gasometric method [14], the pH of a soil paste - with a glass electrode, and total K by
decomposition in decomposition vessels according to the method of Bernas [71. Clay
mineralogy was assessed by: X-ray diffraction, DTA, dithionite citrate extraction and
total analysis (Barshad [4], Jackson [13,141, Gal [101).
Available K determinations: Exchangeable potassium was determined according to the
method of Bower et al. [8]. In addition, the cation exchange capacity was measured, and
the percentage of K in the total exchange capacity was then calculated. The change in free
energy, A F, was calculated according to Woodruff [24]. The concentration of K in a soil
extract with 0.01 M CaCh2 using a 1:7 (w/v) soil: solution ratio was measured according
to the method of Woodruff and McIntosh [251.

Field Experiments

1. Citrus

Samples of soil and leaves were taken annually for nine years, from control plots of a long-
term fertilization experiment in commercial citrus orchards at Zrifin. The soil characteris-
tics are summarized in table 1. The orchard was planted in 1957, and the fertilization
experiment was started in 1961. The yields and soil and leaf analysis are summarized in
table 2.
In the soil, available potassium was determined using the methods mentioned previously. In
the leaves, percent K was determined by Cotton's method of wet combustion (Snell and

Table 1. Some characteristics of the experimental soils

Soil type pH CaCO3 C.E.C. Texture Mechanical Clay Minerals Illite Total K
and location me/10g Composition in me/100g

soil Sand Silt Clay Montmoril. Kaolin. llite soil soil

I. Sandy 7.9 13.2 9.5 Sandy 76.0 15.5 8.5 26 10 51 4.3 5.57
regosol loam to
(Ze'elim) sand

2. Brown Hamra 7.4 - 13.6 Sandy 78.8 6.9 14.3 43 25 25 3.6 4.75
(non-calcic loam
brown) (Zrifin)

3. Grumusolic 7.8 15.5 42.0 Clay loam 11.9 42.0 46.1 53 16 13 6.0 10.90
dark brown to silty
soil (Hazor) loam

4. Calcareous 7.9 42.4 32.9 Silty 14.0 39.0 47.0 32 9 22 10.0 17.30
grumusol loam
(Nir Dawid)

5. Alluvial 7.8 10.0 49.5 Clay 10.4 40.9 48.5 90 - 10 5.1 8.56
grumusol
(Bet Dagan)

132



Table 2. Orange yields* and plant and soil indices of potassium during 10 years of cropping (Zrifin)

Years
Plant data 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 Average

Fruit yield kg/ha 14200 14,000 16,680 29,720 33,080 33,920 23,920 34,400 33,840 33,280 26,700

K in leaves
(% ofdry matter) - 0.94 0.64 0.71 0.56 0.64 0.73 0.63 0.72 0.92 0.72

Soil analysis

-AF cal/mol 3050 3000 - 2960 2980 3160 2900 2890 3090 3100 3014

C.R. mnoljlW
2

X 0-  6.12 6.65 - 7.11 6.88 5.09 7.86 7.99 5.72 5.62 6.56

K exchange
me/loog soil 0.73 0.63 - 0.68 0.70 0.60 0.75 0.78 0.70 0.65 0.69

% K exchange 5.37 4.63 - 5.00 5.15 4.41 5.51 5.73 5.15 4.78 5.08

* Results from the non-fertilized treatment plots in citrus field experimenl in Zrifin.

Snell [21]). The fruit yield was recorded and the total K removed from the soil was

calculated.

2. Field Crops

Soil samples were taken annually for seven years, from control plots of the permanent

plots experiment of the Volcani Center at Bet Dagan 1161. The field experiment contained

the 225 possible combinations of five levels of N, five levels of P and three levels of K, each

on three organic manure levels. The soil characteristics are summarized in table 1.

Irrigated field crops were grown in succession, as summarized in table 3. The potassium

equilibrium parameters were measured and reported here for the Ko plots on the highest

nitrogen and phosphorus treatments (table 3). The total K content in the upper 20-cm

layer of the soil was 8.25 me/100 g in 1963 and dropped to 7.56 me/100 g in 1968.

Growth Chamber Experiments

Continuous cropping of wheat (var. Florence Aurore) was conducted. The plants were

grown in a growth chamber under conditions of constant temperature (20-22 °C) and

light (1200 F/C). Sixteen replicates of each soil were employed; after each harvest one or

two replicates of each soil type were used for soil analysis and for replenishment of the soil

which remained in other pots in the replicates, to the original weight of 400 g per pot. The

soil was air dried and then separated from the roots by straining through a sieve with 2-

mm-diam. openings. In each pot, 75 mg N and 75 mg P2Os, in the form of NH4NO3 and

NH4HZPO4, respectively, were added to 400 g dry soil; each pot was sown with 100 seeds.

No K was added during the entire growth period. The pots were watered daily to bring the

soil moisture content to 'pot capacity'. Growth cycles were terminated with the appear-

ance of marked potassium deficiency in some of the plants. After each of the six growth

cycles (21 days), the yield (as dry matter) and percent K in the plant were determined. The

equilibrium soil K parameters were determined.
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Table 3. Crop rotation, yields and equilibrium parameters of soil potassium during ten years from the no-K
fertilized treatment plots in a permanent plot experiment

Season Crop Average Plant Re- Soil Potassium
yield part sponse K in K exch. 5 K -AF C.R.

measured to K CaC, me/lOg exch. cal/mol Xl0- 1
fertil. ppm mollP

1960161 Winter Wheat 2310 kg/ha grain -
yield

1961 Summer 50 cm plowing
1962 Winter Chickpea 2020 kg/ha grain -

yield
1962/63 Winter Sugar beet 89.6 t/ha root - 6.6 0.94 1.9 3610 2.4

yield
1963 Summer Pearl millet 2210kg/ha green -

yield
1964 Summer Cotton 4680kg/ha total row - 4.3 0.70 1.4 3890 1.5

cotton yield
1965 Summer Sorghum 8040 kg/ha grain - 5.5 0.82 1.5 3750 1.83

yield
1965166 Winter Wheat 1380 kg/ha grain - 5.6 0.84 1.5 - -

yield
1966 Summer 50cm plowing
1966167 Winter Chickpea 2330kg/ha grain - 3.6 0.68 1.3 3650 2.24

yield
1967/68 Winter Sugar beet 71.1 t/ha root - 3800 1.75

yield
1968 Summer Corn 8.35 t/ha dry green -

yield
1969 Summer Cotton 4530kg/ha total raw + 3.8 0.65 1.3 4020 1.21

cotton yield
1969170 Winter Wheat 3040kg/ha grain - 6.0 0.80 1.5 3780 1.81

yield

Similar techniques were used with corn cropping on Nir Dawid soil. Forty days of growth
were allowed during four consecutive cycles.
The amount of K release from non-exchangeable sites for each growing cycle was
calculated from the difference between the amount of K uptake by the plant minus the
amount of exchangeable K. The average rate of K release from I g illite per day was
calculated on the assumption that the K release from non-exchangeable sites is contribu-
ted only from illite and that it occurred during the last 16 days of the wheat experiment
and the last 35 days of the corn experiment.

Results and Discussion

Field Experiments

The amount of illite in the sandy loam soil (table 1) of the citrus orchard is 3.6% of the
soil weight.
No response to potassium fertilization was found in the citrus yield during ten years of
cropping. The K concentration in the leaves of the citrus plant was only 0.6-0.9%
(table 2) and the amount of K removed by citrus fruit is known to be only 2 kg K/ton
(Smith [201). In this experiment the total amount of K removed by the fruit in ten years
was 545 kg K/ha. The total amount of K in the clay fraction of this soil in the root zone
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depth (80 cm) is 14,600 kg K/ha. The load imposed by the citrus crop amounts on the
average to only 0.37%/year of the K in the clay fraction.
An almost constant level of exchangeable K, and very small fluctuations in the AF and in
the concentration ratio (table 2) were found during ten years. This finding, coupled with
the presence of 25% illite in the clay fraction and the relatively low demand for K by
citrus, suggests that the rate of K release from non-exchangeable sites is enough to restore
the equilibrium concentration of K in the soil solution.
The amount of illite in the clay soil of the permanent plot experiment for field crops is
5.1% (table 1). Ten years of continuous cropping without potassium addition, at a
regular field crop rotation 116], resulted in fluctuations of 1.3-1.9% exchangeable
potassium percentage (E.P.P.) in the soil (table 3). Of the 13 crops grown in this field,
only cotton, as the twelfth crop in 1969, responded to an addition of K fertilizer (table 3).
Continuous depletion of K by intensively grown field crops caused a temporary decrease
in 1969. However, within one year the release from the illite fraction restored the
potassium value to that found in 1965.

Growth Chamber Experiments

The detailed soil and plant data for wheat and corn in the growth chamber experiments
are presented in tables 4 and 5. In all cases the plant yield decreased with the sequence of
cropping. The equilibrium parameters that are commonly used to estimate potassium in
the soil also decreased with cropping sequence. In this experiment a heavy load was
imposed on the potassium-supplying power of the soil. The recharge rate of exchangeable
K from inside lattice sources was not high enough to supply plant demand. This finding is
in agreement with that of Thomas and Hipp [221, who stated that in soils containing
mainly dioctahedral mica and montmorillonite, the rate of release is inadequate to
maintain the level of exchangeable potassium under intensive cropping.
The soil properties, as presented in table 1, show that the dominant clay material is
montmorillonite in all the soils studied except Ze'elim. The calculated average rate of
release from non-exchangeable sites to wheat roots in growth chamber conditions ranges
between 0.2 and 0.02 me/100 g/day of the illite fraction in all the soils studied (tables 4,
5). After the second or third cropping a constant rate is observed, in the range of
0.10-0.08 me/100 g/day. A similar constant rate of release from Fithian illite was found
by Quirk and Chute [181 using 0.03 N NaCI at 20 0 C.
From a practical point of view, the problem remains to predict for each crop on each soil
the overall potassium rate of supply of the whole soil mass. The rate of consumption and,
especially, the surface area of the root system, differs between crops and depends on the
supply of other nutrients in the nutrient solution (Bar-Yosef[121). The concentration of
roots found by Barber [21 at the end of corn growth in the field was 10-90 mg 100 g soil.
In the growth chamber experiment (table 5), we found 120 mg/100 g after 40 days in the
first crop. Dry matter production of corn in a growth chamber is 30 times more intensive
(6 mg/g soil/5 weeks) than that in the field (0.2 mg/g soil/5 weeks) (KaJkafi, Bar-Yosef

In order to support dry matter production of 6 mg/g soil/40 days with 6% K concentra-
tion, the soil must supply 0.01 mg K/g/day. When diffusion of potassium from inside
crystal sites control the rate of release of potassium from Fithian illite (Quirk and Chute
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Table 4. The effect of six consecutive growing cycles on soil potassium parameters, plant uptake and rate of
release of non-exchangeable K

Data from wheat experiment (Growth Chamber)

Soil Soil analysis Plant analysis Rate of K
release from

-AF K in K exch. Y K exch. D.M. % K K uptake non-exchangeable
caljmol CaCI, me/bO1g from CEC mg/bOg in dry me/lOOg site me K/1GOg

ppm soil matter soil illite/day

Ze'elim 1 2560 22.0 0.89 9.35 327 4.02 0.339 -
2 3350 4.8 0.30 3.16 247 3.17 0.201 0.22
3 3570 3.2 0.25 2.63 207 2.58 0.137 0.19
4 3670 2.4 0.22 2.32 132 2.12 0.072 0.10
5 3670 2.4 0.17 1.79 107 0.97 0.054 0.08
6 3850 2.4 0.17 1.79 82 1.47 0.031 0.04

after
cropping 3790 2.8 0.17 1.79

Zrifin I 3270 24.2 0.84 6.20 322 2.85 0.235 -
2 3650 3.0 0.29 2.13 192 2.13 0.105 -
3 3700 2.0 0.15 1.17 180 1.68 0.077 0.10
4 3660 1.8 0.13 1.03 145 1.95 0.072 0.09
5 3710 2.0 0.11 0.86 132 1.31 0.044 0.08
6 3840 2.2 0.11 0.86 200 1.37 0.070 0.12

after
cropping 3590 3.0 0.12 0.87

Hazor I 3500 7.6 1.00 2.38 395 5.19 0.524 0.14
2 3910 3.4 0.61 1.45 302 4.15 0.321 0.20
3 4200 2.0 0.48 1.14 235 3.47 0.208 0.15
4 4160 1.8 0.42 1.00 237 3.18 0.205 0.10
5 4310 2.0 0.31 0.74 207 2.73 0.174 0.12
6 4610 1.1 0.26 0.62 240 2.07 0.126 0.13

after
cropping 4780 1.4 0.31 0.74

Nir I 2500 21.4 2.25 6.85 377 6.63 0.639 -
Dawid 2 3080 12.8 1.57 4.77 355 5.88 0.534 -

3 3480 5.2 0.98 2.98 215 4.98 0.274 0.07
4 3790 4.0 0.82 2.47 217 4.54 0.258 0.06
5 3840 4.0 0.66 2.00 197 4.18 0.210 0.10
6 4180 2.4 0.61 1.85 207 3.55 0.189 0.54

after

cropping 4110 2.4 0.51 1.55

Table5. Changes in equilibrium parameters of soi potassium, plant yield, potassium uptake and rate of release

of K from non-exchangeable sites in four consecutive harvests of corn

Growth chamber experiment

Nir Dawid Soil analysis Plant analysis Uptake Rate of K
Soil me/100 g release from

-AF K in K exch. % K D.M. mg 100 g soil ,%K soil non-exeh. site
cal/mol CaCI, me/ exch. from me K/100 g

ppm 100 g CEC plant root in plant in root plant root illite/day

I 2500 22.0 2.25 6.85 475 121 5.90 1.23 0.716 0,038 0.02
2 2920 12.0 1.63 4.95 450 62 4.50 0.58 0.517 0.009 0.03
3 3310 6.5 1.12 3.40 301 45 3.82 0.89 0.293 0.010 0.05
4 3670 5.0 0.99 3.01 337 57 3.93 1.24 0.339 0.018 0.07
after
cropping 4100 4.0 0.88 2.67
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Figure 1. Yield of potassium in wheat as a function of crop sequence.

(181), a rate of 0.055 mg K/g clay/day is obtained. That is, only soils which contain at
least 20% illite of the total soil weight will be able to supply enough for very intensive
cropping like in the growth chamber study [Si. Of the soils studied, none contained this
amount of illite. The soil of Nir Dawid is the richest in illite and, as expected, released the
highest amount of K to the wheat plant (figure 1), but even this soil was able to supply
enough potassium only to the first and second crops in the sequence. The differences in
intensity and in time scale between the field and growth chamber studies demonstrate the
importance of rate consideration in determining the K-supplying power of a soil.
It can be concluded that for prediction of potassium supplying power of a soil, the methods
that measure equilibrium condition can yield only first approximation results based on
many field observations and correlation studies. An improvement in prediction can be
expected if the illite content and rates of release measurements can be added. Even if a
complete description of the soil as a source of K is achieved, the prediction of plant
response to potassium will depend also on the characteristic of the sink for potassium, i.e.,
the characteristics of the root distribution, root radius and total active surface area and
rate of plant growth which determine the rate of potassium uptake.
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2nd Working Session:
Some Remarks on the Discussion
on Ion Exchange System of the Soil

Prof. Dr. U.SCHWERTMANN. Director of the Institute of Soil Science, Faculty of Agronomy, Freising-Weiben-
stephan/Federal Republic of Germany

Rather than discussing more details about how to describe the ion exchange system of the

soil - and also in view of the fact that this symposium ought to have some results

applicable to practical problems of K supply from soils, I would suggest to try the various

possibilities for describing the soil K status offered in these papers for their usability for

practical purposes: i.e. prediction of K availability. This follows the proposals made by

Dr. Walsh and Prof. Schuffelen.
It is my feeling that we are now in a stage where on one hand we are supplied with

numerous thorough treatments of the K-soil-systems and on the other hand in practice we

are still using 'witch brew' (Nye) methods to characterize this system for predicting K

need.
We would possibly all agree that the description of the K situation should consist of three

elements intensity, quantity and rate.
As intensity the reduced K-Ca ratio in soil solution has been used with good success (e.g.

by Feigenbaum), although it has strong opponents (e.g. Menge). One question here is,

should Al in acid soils be included?
The quantity taken from Q/I curves is certainly in many soils not high enough to include

all K available under field conditions over a growing season. Its subdivision into 3

categories as done by Schuffelen may not be very helpful here and also not too realistic. Is

an answer given by Dr. Talibudeen enough for characterizing a soil saying that below a

certain f-value the soil releases K and vice versa which is a 'yes or no answer' rather

than a quantity?
Dr. van Bladel used the thermodynamic treatment of Gaines and Thomas to describe the

exchange system using the whole isotherm. Can this be used for practical purposes?

Dr. Feigenbaum offered the illite content as a suitable quantity which in some soils may be

replaced by the total K in clay. The method proposed by Dr. Ndmeth finally covers as he

thinks a wide range of K sites of varying bonding strengths.
Furthermore, proposals for combining several parameter of the Q/1 curve have also been

made (e.g. Zandstra and Mackenzie).
The rate is probably the most difficult part of the story because it consists of several

subprocesses difficult to measure. A proposal has been made by Dr. Feigenbaum who

used in her paper the overall uptake rate by the plant. This appears to be questioned by Dr.

Talibudeen. Does the method used by Dr. Nemeth also measure the rate?

A final remark may be permitted: It may be suggested that instead of keeping the method

of investigating thousands of soils every year by simple routine methods it might be more

useful to characterize single soils representative of a soil province by a larger number of

pertinent data and thereby gaining informations applicable to a larger soil area (Nieder-
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budde). This would mean high analytical efforts on a few soils instead of low efforts on
many soils resulting in equal time requirements and also would make better use of what
has been worked out by the local Soil Survey. Consideration of geological and soil
formation circumstance has also been proposed by Dr. Darab af this symposium.
It may be useful then to discuss the validity of all these possibilities for overcoming our
rather unsatisfactory ways of determining the K supplying status of a soil presently in use.
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Report on the 2nd Working Session:
Ion Exchange System of the Soil

Dr. T. WALSp, Director of the Agricultural Institute, Ireland: Member of the Scientific Board of the Inter-
national Potash Institute

- Ref. Boyle Lecture. Royal Dublin Society. Vol. 2. Series B. No. 29.

My difficulty in trying to appraise and summarise the main points of this Session is that

this in fact can only be adequately done in the context of the other Sessions.
In attempting this summary, it must be asked to what extent the papers presented meet the

objectives of this Colloquium. I see the latter in the first place as bringing to light new
material relating to the factors which influence the availability of soil potassium to plants;
secondly, seeing how the various pieces of new knowledge might be synthesised into
systems of practical value, in other words, how these new facts complement, supplant or
supplement one another; and thirdly, it might be expected that the results would point the
way to new work to fill the lacunae which now exist in our knowledge of this subject.
Against the background of the above three criteria, this evaluation is approached.

The opening paper on the Cation Exchange System of the Soil by Prof. Dr. A.C. Schuffe-
len was basically a review of the development of information down the years. This is first

class reference material listing as it does attempts to quantify cation exchange phenomena
from Way's original work to the present day. Professor Schuffelen especially made it clear
that the ion exchange system is very complex, with many different soil components
involved and that there are many interactions. The kernel of the problem rests in his
statement that 'the not constant relationship between the composition of the soil solution

(intensity factor) and the absorbed amount (capacity factor) makes it very difficult to
assign an agricultural interpretation on these values'. This conclusion is of basic impor-

tance in considering the contribution of the other papers. In essence, from the practical
aspect, it is suggested that under moist conditions with quick growing crops, the concen-

tration of K in the soil solution should indicate the K status of the soil while under dry

conditions, or in the case of slow growing crops, the amount of exchange in K should be a
better indicator.
The paper of Dr. van Bladel on the Thermodynamics of Cation Exchange in Soils applies

formal thermodynamic reasoning to cation exchange reactions in soils.
In the first part of this paper, dealing with K-Na exchange, the author points out that

thermodynamic measurements depend completely on the (arbitary) choice of standard
states of the reactants and also on the assumption that exchange is completely reversible.
He chooses for his standard state an infinitely dilute solution of an ion in equilibrium with

the exchanger. While this is sound thermodynamically, it eliminates the effect of K-release
from the mineral lattice and thus measurements using this standard state would be remote
from agricultural practice.
The second part of the paper dealing with K-Ca exchange is more interesting to plant

uptake studies. The author attempts to predict the 'surface-activity' of an exchanger but
leaves it up to the reader to decide what value such measurements have in soil research.
While this paper is essentially theoretical in nature, it does present an imaginative

approach to a problem which up to now has been especially elusive.
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In his paper on the Exchange of Potassium in Soils in Relation to Other Cations,
Dr. Talibudeen essentially discusses the complex factors affecting the exchange of
potassium in soil. Among these are (1) the ability of K ions to sit tightly on certain
exchange sites; (2) the heterogencity of exchange sites; (3) the nature of the competing
cations and (4) the nature of the soil, e.g., its mineralogical composition and percentage of
clay sized fractions.
The use of thermodynamic functions to evaluate some of the above factors is discussed.
Their usefulness is in many cases remote, as they tend to integrate a variable quantity over
a range of K-saturations to give a kind of 'average' value which may be intellectually
satisfying but not always useful.
The author finally discussed the use of natural and artificial cropping to determine the
ability of soils to supply K to plants. He concludes that natural crops cannot safely be
used, because during senescence some K is replaced and thus prevents further exchange.
He rightly rules out artificial cropping methods, e.g. H-saturated resins which cause
breakdown of the clay minerals and holds out most hope for gentle extracts such as .0033
M CaC12 or .25 N dodecylammonium chloride which extract K without harming the
mineral lattice.
Essentially this is a penetrating review and assessment, the reasoning being philosophical-
ly sound in so far as it was one of the papers at the meeting which recognised soil as an
entity, hetrogenous in nature, with each part interacting with the other, sometimes in a
positive and often in a negative way.
The paper by Prof. Dr. A. Cottenie and Ir. L. Kiekens on the Exchange of Zn, Mn, Cu and
Fe in Relation to Saturation of the Soil Complex is of special interest to those concerned
with the interactions between major and trace elements. It is a highly important field of
work as in intensive agriculture where high levels of nutrients must be used and may build
up in soils the question arises as to how the availability of trace elements is affected. So far
the knowledge of this subject has been very limited and in this context this contribution is
of considerable value.
Essentially the paper reports on the adsorption, fixation and precipitation reactions
between soil and the trace elements listed, over a range of pHs. The authors have been
specially concerned with definitions and this is right - for instance, adsorption is taken as
insoluble but exchangeable; fixation is insoluble and non exchangeable. I feel that some of
the reactions described in the paper as adsorption or fixation are probably precipitation, a
reaction which could take place in the absence of soil.
The principal results show that the trace elements are adsorbed or fixed at high pHs but
remain soluble at low pHs. This is not especially new and I am particularly aware, for
instance, that there is a considerable background of the chemistry of manganese already
in the literature. A good deal of data refers to pHs below 4 where of course there can be
considerable breakdown in the soil. I feel there would be considerable difficulty in
transferring some of the results presented to actual field conditions; for instance, that
concerning the reversibility of manganese adsorption. This depends on oxidation which
varies very substantially from soil to soil.
Overall, it must be concluded that the objective of the authors is very important, and
certainly the points in relation to energy and binding and the competition between
elements for different sites on the soil fixing complex merit further attention.
The paper presented by Dr. Niederbudde on Changes in K/Ca Exchange Properties of
Clay in Loess-derived Soils in Soil Formation is a distinct departure from the other papers
discussed previously. It gets down to more practical, tangible factors.
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In this paper the Q/l method of Becken for determining K/Cs exchange properties was
applied to soils from central and southern Germany and K/Ca exchange properties were
related to the degree of weathering of the soil clays. This is a new and interesting
application of the Q/1 method which in effect appears to be a sensitive parameter for
determining clay mineral changes.
It is of special interest that the values of the K/Ca exchange curves were the most
important for the explanation of transformation of clay minerals in loess soils and that in
fact X-ray analysis did not tell much more than could be learned from relatively
conventional methods. It is of interest that the change from montmorillonite to mica type
clay during the Halocene period in these soils is the reverse of the more common clay
mineral weathering.
This paper certainly scores under the heading of identifying and synthesising information
into a form where it can meet some practical requirements.
This is also the position with the paper by Drs. Feigenbaum and Kajkafi on The Effect of
Illite Content in Soils on the Potassium Supply to Plants.
This paper is the result of a painstaking and thorough piece of experimental work linking
in effect crop response to clay mineral characteristics.
The three experiments reported especially bring out the following conclusions:
1. 10years work with citrus: There was no response to K and no reduction in soil values

of K over 10 years, with the conclusion that illite 3.6% by weight supplied enough.
Perhaps it could be that this lack of response was due to failure of K to move to the
roots from the clay surface.

2.10 years rotation of field crops: With a soil of 5. 1% of illite only a 12th crop of cotton
was shown to give a response coinciding with a drop of K value. The subsequent
recovery of the crop due probably to release of K from illite is a general experience.

3. From growth chamber experiments under very intensive conditions there is a suggestion
that K supply is related to the illite content.

Overall this paper is useful from a practical aspect under the experimental conditions
concerned.

The main merit of this Session is that it highlighted the lack of really new advances in this
whole field of activity. It was not clear from some of the papers whether the authors were
dealing with binding or bonding and with which of these effects fixation was synonymous.
One point was emphasised especially, i.e. the complexity of the interactions and the
difficulty in drawing conclusions from artificial media or soil separates. Too little was
heard of the mineral-organic matter complex and how it affected the result.
One important point which did not come up in the Session which has a direct relevance to
the discussion was the information presented in a supplementary paper by Kiely and Ryan
who showed that out of a variety of parameters tested, mica edge surface was the only
mineralogical parameter which related to the ability of the soils studied to supply K to
grass under continuous cropping.
On the basis of the material presented during this Session one might logically question the
extent to which we have progressed. Some 30 years ago we knew from our work* that
soils varied widely in capacity to supply potassium to plants and that plants on the other
hand varied widely in capacity to utilise soil potassium in its different forms, i.e., sugar
beet v. grasses. We knew that soils fix potassium and that indeed a fixation measurement
was successfully used as an index of capacity to supply this nutrient. We knew too that
there were different categories of potassium in the soil, such as readily available,
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exchangeable, difficultly available and unavailable - mineral bound. It was known, for
instance, that soils released potassium on weathering and that availability was profoundly
affected by such factors as moisture regime and calcium supply, particularly in relation to
immobilisation of applied potassium. At that time too, we understood the difference
between capacity and intensity. Indeed we had testing methods the interpretation of which
reflected this. Shortly afterwards we distinctly associated K supply conditions with
specific clay minerals.
Consequently, as a result of what we have heard in this Session, one must question the
extent we have advanced in laying a better basis for practical use of K in fertiliser use
recommendations. As a final comment, it might be advanced that perhaps at least some of
the work now in progress becomes too theoretical and academic, being far removed from
what actually happens to the soil as a specific entity in the field. Finally because these
questions have been raised the Session can be regarded as clearly fulfilling its purposes.
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Localised Movement of Potassium Ions in Soil

P.H. Nye, Soil Science Laboratory, Department of Agricultural Science, University of Oxford/United
Kingdom

Summary

The mobility of the potassium ion in soil may be measured by its diffusion coefficient, which ranges from less
than 10-20 cm

2/s for exchange with interlayer K in unexpanded illite to c. l0
- ' cm

2/s for K in a dry soil and
106 cm 2

/s in a moist one. Although exchangeable K in pure montmorillonite and kaolinite is fairly mobile, and
there is considerably more K in the surface exchangeable than solution form in soils, it seems that in soil most of
the diffusion occurs through the soil pore solution.
By combining knowledge of diffusion through the soil and K uptake rates derived from experiments in nutrient
culture we may deduce that diffusion of K through soil to root surfaces is a rate limiting step when plants are
suffering from K deficiency. Experiments with single roots, root planes and whole root systems all provide
evidence that the concentration of K at the root surface is considerably below that of the bulk soil solution when
this approaches 10-4 M.

The topic 'Transport of potassium in soil' could embrace the whole range of studies from
microscale movement of potassium within clay and mineral lattices to weathering of rocks
and the balance of potassium in drainage basins; and include between these extremes such
important matters as the movement of potassium in the rhizosphere around plant roots, its
movement within the profile in response to drainage and evapotranspiration, and its
cycling through crops and vegetation. These large scale aspects of potassium transport are
still mainly descriptive, and I do not know that any new ideas about them have recently
emerged. I think, however, that the explanation of them is likely to come from the
understanding we are now gaining of small scale localised aspects, so that I propose to
concentrate on these.

The mobility of potassium in soils

The mobility of potassium is exceedingly low as a mineral lattice ion, much greater as an
exchangeable ion, and greatest as a free ion in the soil solution. If the mobility of an ion, u,
is defined as the velocity attained under unit force, then this is related to the diffusion
coefficient, D, by the Nernst-Einstein equation

D = ukT

where k is the Boltzman constant, and T is the thermodynamic temperature. We may
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therefore regard the diffusion coefficient of potassium in various states as a measure of its
mobility. D has the dimensions of length 2/time. Its values, in systems of interest, range
from 2 x l0 - ' cm 2/s in aqueous solution to 10

-
21 cm2/s for potassium in an illitic clay.

The physical significance of these values may be more readily appreciated if it is
remembered than an ion will, on average, diffuse a distance 2Dt in time, t. Thus the
potassium ion will move I mm in 250 s in solution, but only I nm in 5 x 108 s (16 years) in
the illite.

The slow release of potassium from minerals

Some illustrative values for the apparent diffusion coefficient of potassium determined
from its rate of release from various micaceous minerals into salt solutions are collected in
table I.

Table 1. Apparent diffusion coefficients for release of potassium from micaceous minerals

System Apparent Diffusion Coefficient Reference
(cm/s) at lab. temps.

Self-diffusion of K in ilite l0-n de Haan, Bolt and Pieters (17)
Illite c. l0o- - Quirk and Chute (23)
Muscovite 50 fm in NaTPB c. 5 No-', Smith et a]. (26)
Biotite in IN SrCI, c. 5 N 10-'' Rausell-Colom et al. (24)
Vermiculite (interstratificd 10-14 A0

)
in NaTPB c. 7 XlO-' Smith et al. (26)

The very low self-diffusion coefficient, l0 -23 cm 2/s, measured for the exchange of potas-
sium in an illite with the isotope K40 is a true diffusion measurement, and reflects the very
slow movement possible when the lattice does not expand in the course of the weathering
process.
Release at an appreciable rate involves expansion of the mineral lattice and hydration of
interlayer ions. The exact nature of the rate controlling step in K release is not clear, but it
seems very unlikely to be diffusion within the already hydrated interlayer positions lying
between the site of release and the external solution, since this is a relatively rapid process.
If a simple diffusion process were controlling the overall rate, the amount released would
vary as t'; in fact, the amount released varies from t" 6 to t' 98 (Wells and Norrish [30).
The rate of release is very sensitive to the concentration of potassium in the solution. For
example, in a solution of .01 N-CaCI2 release from biotite ceased when the potassium
concentration was .43 me/I, and from a phlogopite at .07 me/I. Release from triocta-
hedral micas is more rapid than from the dioctahedral forms. The reason may lie in the
structure of the octahedral layer. In the trioctahedral forms the 0-H bond near the centre
of the hexagonal network of tetrahedrally co-ordinated silicon atoms is directed along the
c-axis. In the dioctahedral forms the direction of the 0-H group is altered; consequently a
cation in the interlayer will be less shielded by the proton from the negative 0 atom, and
will occupy a more stable position (Rausell-Colom, et al. [241).

Surface diffusion of potassium in clay gels

Turning now to hydrated clay, the mobility of potassium in 'salt-free' montmorillonite gels

was found by conductivity measurements to be 0.06 of the mobility in free aqueous
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solution. The corresponding figure for kaolinite gel was 0.08 (Cremers 1111). In another
system diffusion measurements indicated the mobility of potassium ion in a montmorillon-
ite gel to be 0.23 of the free solution value (Gast [161). Potassium is rather less mobile than
sodium and more mobile than rubidium and caesium in pure clay systems. When we recall
that the amount of potassium on exchange surfaces is usually at least 10 times the amount
in the soil pore solution it might be anticipated that surface diffusion would play a major
part in the diffusion of potassium in soil.

Diffusion of potassium in soils

In the overall movement of potassium ions through sod the proportions and mobilities of
potassium in both solid and liquid are involved. However, in so heterogeneous a medium it
is impossible to develop a theoretical equation to express accurately the overall flux in
terms of the mobilities and concentration gradients of the ions in the constituent parts
(Nye 120]). Nevertheless, so long as we are concerned with diffusion in volumes large
enough to take an average over the microscale variations, we may regard the soil as a
quasi-homogeneous body for which we may define a diffusion coefficient D by Fick's First
Law:

Flux = - DdC/dx (1)

C is the concentration of diffusible ions in the system; i.e. all those ions which-are in or
pass through a mobile phase during a period of time which is short compared with the time
over which the diffusion is measured. C will thus include the exchangeable potassium and
the potassium in the soil solution.
To understand the measured values of the diffusion coefficient, and to predict its value, we
may consider the total rate of transfer of ions through unit cross section of soil as being
due to a flux through the pore solution alone together with an excess flux created by the
mobility of the ions on the solid.

Hence Flux = - DtvlfidCtdx + FE (2)

where D1 is the diffusion coefficient of the ion in free solution;
v, is the fraction of the soil volume occupied by solution, and gives the

cross section for diffusion;
f, is an impedance factor
C, is the concentration of ion in the soil solution
F. is the excess flux created by the exchangeable ions.

Combining equations (1) and (2) we obtain

D = Dtvtf, dC1/dC + DE (3)

where DE is an excess term which is zero when the ions on the solid have no surface
mobility, but represents their extra contribution to the diffusion coefficient if they are
mobile.
It will be noted that the diffusion coefficient depends on the slope of the sorption isotherm
dC1 /dC. If this has the typical form shown in figure 1, dC 1/dC increases withC. This
provides a means of assessing the importance of the excess term, DE, at levels of
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Figure 1. K desorption isotherm for Upper greensand Figure 2. D for K in Coral Rag clay related to
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potassium characteristic of soils. -Vaidyanathan et al. 1291 measured the diffusion coeffi-
cients of potassium in a soil prepared at different levels of potassium. The values of D are
plotted against dC,/dC in figure 2. It will be seen that the curve extrapolates to cut the y-
axis near the origin, indicating that the value of DE is small. Similar behaviour has been
found for other cations using both transient and steady state methods of measuring the
diffusion coefficient (Tinker [281). Thus, to our present knowledge, it seems likely that in
soils the contribution of exchangeable potassium by surface diffusion may be neglected,
though this conclusion needs to be tested over a wider range of soils. If confirmed, it is very
convenient, because it means that the diffusion coefficient may be calculated from a
knowledge of the isotherm, the moisture level, and the impedance factor. The relation
between the impedance factor and moisture fraction is roughly linear between the wilting
point where it is nearly zero, to saturation, where is about 0.5 (Porter et al. [221, Rowell et
al. [251). For more accurate assessment it may be determined from the self-diffusion
coefficient of a non-adsorbed ion such as chloride for which equation (3) reduces to
Dl = D f.
The values of potassium diffusion coefficients range from c. 10-6 cm'/s in a moist poorly
buffered soil to c. 10- 7 cm'/s in a well buffered soil. In dry soils the corresponding values
will be one or two orders of magnitude lower.

Movement of potassium near plant roots

With this knowledge of the diffusion of potassium it is possible to develop a theory for its
movement to plant roots, and the associated concentration gradients in the surrounding
soil.
If a soil behaved like a stirred nutrient solution the problem of predicting the uptake of
potassium by a plant would lie entirely in the realm of plant physiology. The essence of the
soil-plant root problem is that the concentration of potassium at the surface of the root
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differs from that in the bulk soil solution because of the need for diffusion through the soil.
As Tinker [271 has written 'there is no question that transport processes must occur in soil
- the critical problem is whether they are important in the nutrition of plants'. The root
surface concentration ratio Car/Cli (where r refers to the concentration at the root
surface, and i to the initial concentration in the soil solution), will depend on the balance
between the demand imposed by the root and the ease of movement through the soil.
These ideas may be expressed quantitatively by solving the conservation equation

ac = 1arD } (4)

In order to do this it is necessary to relate the flux across the root surface to the
concentration at this surface. The equation:

Uptake rate per unit root length = 2narC,

expresses the fact that the rate of uptake is related to the concentration in solution at the
root surface. a is not a constant though it may be nearly so at low concentrations.
Figure 3 shows the way the concentration at the surface of a single root in an infinite
volume of soil should vary with time (Carslaw and Jaeger 110], Bouldin 161). Each curve is
for a different value of ar/D~vtf,, ar is a measure of the root demand; and Divf, is the
measure of the ease of diffusion through the soil.
It will be noted that the concentration falls rapidly at first and then much more slowly. If
ar/Dlvlf1 exceeds ten, the root surface concentration ratio falls to a very low value.
Clearly then, it is necessary to know the range of values of ar/Divlf, likely to be
encountered in the potassium nutrition of plants.
The value of Dvf, for K in a moist soil is about 10- 6 cm'/s and in a dry soil is about
10- 8 cm 2/s. We can derive a knowledge of ar from experiments in solution culture in
which the rate of K uptake by the whole root system of intact plants has been measured
over periods of several days. The data in table 2 has been abstracted from a recent review
by Brewster and Tinker [9] and the values of ar calculated from their figures. The inflow
rate is the rate of uptake per unit length of root. In most instances the radius of the roots is
estimated.
Thus work with stirred solution culture would lead to the conclusion that ar is likely to
exceed 10- 6 cm'/s when the solution concentration at the root surface is below 10 - 4 M.

Tble 2. Values of the root demand coefficient for potassium determined from solution culture experiments

Ref. Species Age at Uptake Root Inflow rate Sol.. cone. Root demand
start period radius mols/cm s mols/l coefficient or
days days cm X 10- 11 X 10-' cmras × 1O

- -

31 Barley -42 35 .025 .026 70
.26 8.

13 .2'

1 Vetch 10 31 .02 4 .25 2.5
1 Capeweed 10 31 .02 15 .95 2.5
2 Maize 20 .04 .03 15 2 1.2

18 Barley 7 7 .025 11 4 .43
18 Barley 7 14 .015 1.5 4 .06
7 Leek 14 53 .03 II 4 .43

19 Pea 0 42 .02 4.3 3 .23
19a Maize 0 32 .02 I1 30 .06

'Calculated by N y and Tinker 1211
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Thus in a moist soil ar/Divtf, will be greater than one, and hence the root surface
concentration ratio will be less than 0.5. We should anticipate that diffusion will severely
limit the rate of uptake of K by plants when the bulk soil solution is less than 10- 4 M.
Beckett [51, in a review, concludes that the activity ratio K/Ca -Mg=.001 (mol/1) is
the level below which crops may respond to potassium fertilizers. Since the concentration
of Ca+ Mg in the soil solution is of the order 10- M, the critical concentration of
potassium appears to be about 10- 4 M. Thus it is possible from these theoretical
considerations to answer the question posed by the quotation from Tinker, and conclude
that if a crop is responding to potassium fertilizers then its rate of potassium uptake is
severely limited by diffusion through the soil.

Experimental evidence that diffusion of potassium is a rate limiting process

When plants are grown in soil the concentration in the soil solution at the root surface has
to be derived indirectly. Drew et al. 12] measured the uptake of potassium through a one
cm length of the root of an intact onion seedling from soils on which they also measured
independently the K concentration of the bulk soil solution and the diffusion chiracteris-
tics of the soil. Since the inflow rate depends on ar and Ci, (eqn. 15]), and C1 is related to
ar and the diffusion characteristics of the soil (figure 3), then it is possible to derive the
root surface concentration ratio from the measurements made. It is now well established
that an element of root surface continues to absorb actively for many days, and in these
experiments there was little decline in the uptake rate over 16 days. Using the same
technique over a very wide range of soil types Bagshaw et aL [3] obtained the results
shown in figures 4, 5 and 6. The uptake v. bulk soil solution concentration is shown in
figure 4. The root surface concentration ratio v. concentration in the bulk solution is
shown in figure 5. The potassium flux is plotted against the solution concentration at the
root surface in figure 6. It may be calculated from figure 6 that the value of ar when the
concentration at the root surface is that required for half the maximum uptake rate (about
10-4 M) is 3.5 x 10-6 cm/s. Diffusion is clearly a limiting process at initial solution
concentrations below about 5 x 10- 4 M (figure 5). The apparently negative values calcul-
ated for the root surface concentration ratio at very low solution concentrations imply a
greater uptake rate than the exchangeable potassium could supply by diffusion, and are
probably caused by release from non-exchangeable potassium - an effect which must be
taken into account in further work along these lines. Since the one cm layer was the only
source of K in these experiments the root demand coefficient may be expected to be
somewhat high.
These indirect determinations of the root surface concentration clearly need to be
supported by more direct measurements. The root plane technique developed by Farr et al
[14] enables this to be done. Briefly, the single roots of intact seedlings are aligned and
placed alongside each other to form a plane, and blocks of soil are pressed against this
plane on either side. After several days of nutrient uptake the blocks are removed, rapidly
frozen, and sectioned parallel to the plane. Dunham [13] has used this technique to study
the effect of moisture level on the uptake-of potassium by onion seedlings, and on the
concentration gradients of K developing near their root surfaces.
Figure 7 shows the concentration gradients at twd'moisture levels after 41/2 days uptake.
The figures show how the zones of depletion spread further at the high moisture level.
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From the potassium desorption isotherm shown in figure l it may be deduced that the K
concentration in the soil solution at the root surface has been reduced to 1-3 x 10- M.
The value of ar that may be derived is .3-1.5 x 10

- 6 cm/s.

The depletion zones that were predicted from independent measurements of the soil
diffusion characteristics are shown. The reasonable agreement between the form of the
curves predicted and those measured gives confidence that the model I have outlined is not
seriously inaccurate, though the experimental technique is at present too difficult to
permit closer agreement.

Potassium uptake by a complete root system

The next step is to integrate the movement of potassium around individual roots over the
whole root system. This has been taken by Brewster and Tinker 181. They determined the
course of uptake of potassium by leek plants with an unrestricted root system over a
period up to 85 days from sowing. During this time they also measured the length and
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Figure 7. K depletion zones near a plane of onion roots after 4'/2 days in a moist and dry soil.

distribution of the roots and the transpiration. The calculated average values of ar, and of
the root surface concentration ratio are shown in table 3.
The bulk soil solution concentration remained unexpectedly steady over the experimental
period at 4.3 x 10-4 M. The values of ar are consistent with those determined from
solution culture experiments at this concentration given in table 1.

Table 3. Potassium inflow, water inflow, fraction of uptake supplied by apparent mass flow, root demand coef-
ficient, and root surface concentration ratio for leek plants.

Days from Water Potassium Apparent mr
sowing inflow inflow Moss Flow C"rqi

cm3/cm s × 10
-" mol/cm s × 10

-13  
- cmi/s × 10- 

9

Inflow

49-62 0.24 14.8 0.07 3.9 0.14
62-70 0.23 11.8 0.08 1.3 0.33
70-85 0.24 10.0 0.10 0.9 0.40

Movement of Potassium by mass flow

In addition to transport by diffusion some potassium may be convected to the root surface
by water movement. By comparing average soil solution concentrations with plant uptake
of potassium and water, Barber et al. [4] showed that this process would not in general
satisfy a plant's potassium requirements.
It will be noted in Table 3 that in Brewster and Tinker's experiment with leeks the
contribution to the total inflow from apparent mass flow did not exceed 10 percent. The
word 'apparent' is used because diffusion and mass flow interact, and it is not strictly
correct to treat the total inflow as the sum of the two processes acting independently.
Thus we see that in carefully controlled experiments with homogeneous soil, we are

154



approaching the stage of being able to predict the uptake of potassium from a soil if we
know the geometry of a plant's root system and its root demand coefficient and the soil's
diffusion characteristics.
It is necessary to emphasize that in the work with soil I have described, the concentration
of anions in the soil solution has been fairly constant; and in determining the relation
between C, and C, the sorption isotherm has been determined with the appropriate anion
concentration. Since the concentration of K in the soil solution depends not only on the
composition of the exchange complex, but also on the anion concentration, the prediction
of uptake by plants in the field is usually more complicated. Slow release of non-
exchangeable potassium has already been mentioned, and we badly need a clearer idea of
the kinetics of this process under field conditions. Leaching of potassium during the
growing period, and mutual competition between the roots present further complications.
Methods are being developed of examining and modelling these processes in detail, e.g.
Frissel et al. [151, Baldwin et al. [al, and there seems reasonable hope of a clearer
understanding within the next few years, with the ultimate prospect of our being able to
predict the uptake of potassium by crops in the field.
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Model Calculations on the Vertical Transport
of Potassium Ions in Soil

* Dr. M.J. Frissel, Association EURATOM-ITAL, Wageningen - The Netherlands

Summary

The formulation of involved mathematical models requiring numerical methods for their solution is largely
facilitated by the use of computer simulation languages. These languages are rather easy to handle and permit
the scientist, while programming himself, to focus his attention to the main problem which is the development of a
suitable model.
A model has been worked out to describe vertical transport of potassium in a soil. It includes submodels for a
four cation exchange mechanism and for the fixation and release of Potassium. The technical possibilities of such
a model are demonstrated at the hand of two examples. Experimental data are not included.

1 Introduction

1.1 Conservation equation

A general theory for the description of the vertical transport of ions in a soil may be
formulated by the conservation equation:

OQ
at div JI + Prodi

in which aQ is the variation of the quantity of species i at a point P during the time interval
at.
The term div Ji is the divergence of the flux J of species i; so it is the flow rate of species i
towards point P minus the flow rate of species i from point P. The production term Prod,
stands for processes such as dissolution, fixation, release and so on.
Analytical solutions of this equation are only possible when making simplifying assump-
tions. Solutions of the general equation require numerical methods. Systems in which an
instantaneous equilibrium between adsorbed and dissolved ions have been assumed are
described systematically by Reiniger [1]. He explains that, unless a simple situation is
selected, an analytical solution is not possible. Systems in which the reaction rates (e.g.
adsorption and desorption rates) have been explicitely taken into consideration are
described by Reiniger [I], by Hiester and Vermeulen [81 and by Vermeulen and Hiester
[9]. The latter authors arrive at special functions to describe these processes.
It is therefore not surprising that general theories which take into account both reaction
rates and instantaneous equilibriums have not been presented.
In this contribution a numerical method for the simultaneous description of two of such
processes is given.
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1.2 Numerical methods

Due to the recent development of the computer software the use of numerical methods has
evoluated rapidly. For biological systems in which equations like the conservation
equation play an important role it is mainly the development of computer simulation
languages which contributed to this evolution. Without the use of simulation languages a
numerical solution requires, besides mathematical skill, more time than the average
biologist has available.
Simulation languages are set up so that the complete numerical solution is carried out
automatically. In the most advanced languages it is even possible to make a choice out of 8
integration methods, e.g. trapezodial, Simpson, Runge-Kutta, etc.
If the conservation equation is taken as a start, it is, in principle, only necessary to replace
this equation by suitable difference equations, and to define the boundary conditions. In
addition, it is of course necessary to define the time period over which the integration has
to be carried out.
A disadvantage is the necessity to have a large computer at ones disposal; with the most
sophisticated languages one is even rather limited in choice. For example, the language
used in this study, CSMP/360 (Continuous System Modelling Program), can only be
used on computers of the type IBM System/360 model 40 G and larger.

1.3 Models

A complicated problem requires many more parameters to describe its situation than a

simple problem. Sometimes this is a disadvantage, it requires such a refined model, that it
cannot be applied to other situations.
Model builders try to meet this difficulty by building up their main model out of smaller
sub-models, each sub-model describing a particular situation. If now a modification is
required, it is only necessary to replace the sub-model which describes the particular

situation to be modified.
The underlying study must be seen as a demonstration of the possibilities of model
calculations on potassium transport in a soil. Experimental data are not considered.
Papers in which the author presents both results of model calculations and of experiments
are published elswhere 11, 2, 31.

2 Model for the vertical transport of ions in a soil

2.1 Overview of the structure of the model

To set up the model the soil is divided into a variable number of layers, usually 20. The
aim is to calculate the ion fluxes between those layers - including the ion flux towards the
top layer - and the integration of those fluxes, to obtain the distribution of the various
species over the profile.
Figure 1 presents a diagram of the processes which are considered. Four cations are taken
into account, namely K, Na, Ca and Mg-ions. In the model the transport itself is only
caused by the flow of the soil solution in which the ions are dissolved. Both diffusion and
dispersion are accounted by choosing an appropriate layer thickness. The ions of the soil
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Figure 1. Diagranm of processes which are considered for the vertical transport of ions in soil.

solution react in two ways with the solid phase. On the right hand side an instantaneous
exchange with 'easily exchangeable' cations of the soil complex is shown. The composition
of this soil complex is variable; its total capacity, the C.E.C. is constant.
The left hand side shows the so-called fixation. Fixation is considered by me as a rather
slow exchange reaction with ions bound on special sites of the soil mineral. The main
characteristic is that it specially applies to K-ions. Further the fixation rate is much higher
than the release rate.

2.2 Detailed description, Assumptions

Figure 2 shows the scheme which is used for the calculations. The processes are the same
as in Figure 1, but they are arranged as four separate sub-models:
- Calculation of the supply of the upper layer.
- Calculation of the fluxes between the layers.
- Calculation of the fixation and release rates.
- Calculation of the distribution of the available ions over the liquid and solid phase.
Each of the sub-models can be modified independently or replaced by another sub-model.
The scheme also shows how the result of the sub-models are combined to calculate
eventually the variation of the total amount of ions per layer and the amount of potassium
fixed per layer.

2.3 Supply to upper layer

I have assumed that the'supply of ions to the upper layer takes place via the liquid phase.
Both the quantity and composition of the solution can be varied at will as a function of
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Introduction to the computer program takes place with tables. As an example the
instruction

FUNCTION FLOWT =(0., 0.) ,(2., 1.) ,(3., 2.) ,(6., 0.) ,(7., 0.) states that at time= 0 the
flux equals 0, at time-2 the flux equals I, at time =3 the flux increases to 2, at time= 6
the flux goes down to 0 and remains 0 till the 7th day. The flux for intermediate times is
found by interpolation (linear, quadratic or other order).

2.4 Calculation of composition of the exchange complex and the soil solution

The subroutine CA TEX [6 was used in th re proam t description of the exchange
equilibrium of the four cations. To describe the relations between four cations three
exchange equations are needed. The two equations which describe the homovalent

exchange are:

Na~o, XN, ' K*Nad and (2)

Mg~t g~a (3)Cao = C., Mg" Ca ), (

in which the subscripts sol and ads refer to the dissolved and adsorbed ions respectively.
(All concentrations in me cm -3 bulk soil). XNge and X C. are'the exchange constants.
For the heterogeneous exchange the equation which first was used by Vanselow was
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choosen, except that all concentrations are again expressed in me cm- 3 bulk soil:

Ca., = Ca.,,
(Na.,)2  ' N. (Na.d~y

in which X N..C. is the exchange constant.
Besides this relation there exist of course also the relation:

Na.d, + K,. + Ca., + Mg.&, = CEC. (5)

As said before the CEC is a variable which only depends on the depth. If K,,, Na,.0 , Ca.,
and Mg,0, are used for the total amounts (solid + liquid phase) and the ratio between Na.,1
and Na.d, is defined by X,=Na.,,/Na., the equations (2), (3) and (4) can, after
rearrangement, be substituted in equation (5).
All but the ratio for sodium X, can then be eliminated leading to:

CECK= Na, + ,, + Ca... + Mg. (6)

E +X, XN.,( X) XN,.,C,(1 +X2)+ XN,,c.XC . M(1 +X) (6)

X, is found from equation (6) by the Newton-Raphson iteration using the IBM-SSP
subroutine RTNI, modified to facilitate the choice of a correct initial value for the iterative
procedure.
Substitution of the value of X, in the preceding equations gives the values for Na.,, K.,
Ca,o, Mg.,, Nad,, Kod., Cad, and Mg.&-

2.5 Validity of the submodel CA TEX

The validity of this submodel (called CATEX, derived from CATion EXchange) depends
on the validity of the assumptions. e.g. it has been assumed that the exchange occurs
immediately, and with high flow rates this will lead to errors.
Bolt [41 explains in his review on 'Cation exchange equations used in soil science', that all
equations have their limitations. Usually this limitation will manifest itself in changes of
the exchange constant with total concentration and with the composition of the exchange
complex.
Furthermore it was assumed that the value of the exchange constant valid for a mixture of
2 species can also be used for more than two species. This is not verified by thermodynam-
ical considerations and has only occasionally been proved in practice. It must be noted
however, that as soon as the dependence of the exchange constants XN.K, X c., m, and
X Nac. on the composition of the soil complex is determined, it should be possible to
modify the iteration procedure and to include this dependence in the model.
Some readers may wonder why the equation of Gapon-Erikson has not been used to
describe the heterogeneous exchange. The validity of this equation is very good, because
up to situations with 40 percent monovalent cations, the exchange constant appears to be
a constant indeed.
The main difficulty is found in the iterative procedure. As soon as due to extrapolation a
situation emerges in which about 50 percent of the cations are present as monovalent
cations, the iteration derails and thus prevents a successful calculation.
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2.6 Calculation of the fixation and release rate

For K-fixation various mechanisms are proposed. I have rather arbitrarily assumed that
the fixation can be described by the following statements and equations:
K-fixation is regarded as an exchange with cations present on a particular part of the soil
complex. This part of the soil complex is not considered as part of the CEC, so a fixation
of K-ions does not decrease the CEC. The ions which are replaced have the same mutual

composition as the ions of the immediately exchangeable part of the soil complex. The
amount which can be fixed is limited in two ways:
- In the first place only a certain fraction, F,, of all K-ions present per layer can be fixed.
- In the second place the amount is limited by an absolute maximum, K max (me cm- 3

bulk soil).
The amount giving the lowest fixation is taken into consideration.
The specific fixation rate 'Fate and specific release rate 'R rate are independent variables.
Usually the specific release rate will be chosen much slower than the specific fixation rate.
Both the actual fixation rate, Frate, and actual release rate, Rrate, are proportional to the
difference between the actual K-fixation and the equilibrium situation. So both rates are
highest far from equilibrium.
In equations: If 'Ktt is the total amount of K in a layer, the amount which will be fixed in
the equilibrium situation, Kq, is found from:

K,q = Frr 'K 0tt - Fr -(KfiXed + Kads + K 0o)

in which Kfildis the actual amount which is fixed (me cm- 3 bulk soil) and Ffr is the fraction
of K-ions per layer which can be fixed.
If, however, K,, > K mat then Kqis set to Kmax .
If K > K xd the fixation rate is found from:

F rat = FVrate (Kq - Kfixed)

If K eq < Krl1 d, the release rate is found from:

Rrate = 'Rrate(Kfixd - Keq)

If Kq=Kfixed, neither release, nor fixation takes place. As both Frdte and Rrate are

expressed as me cm- 3 d- 1, the dimension of'F.te and'Rateis: d-'.

2.7 Validity of the fixation model

As said before the validity of a model depends on the validity of the assumptions. Both the
release and fixation are considered to be first order reactions. This is of course only an
approximation.
Furthermore it has been assumed that the composition of the exchangeable ions for all
exchange sites is identical. This cannot be true, the sites on which K-ions are fixed show a
preference for ions of a particular size. Unfortunately, the composition of the ions which
are replaced by K-ions is unknown. An alternative possibility should be to consider all ions
replaced by the K-ions as Ca-ions.
If the K-fixation is seen as an adsorption on 'normal' exchange sites followed by a collaps
of the clay mineral lattice it is better to modify the program such that the fixation causes a
decrease of the CEC.
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2.8 Calculation of thefluxes between the layers

Transport of ions between layers results from mass flow, ionic diffusion and hydrodynam-
ic dispersion. The combined effect of the latter two is often described by the apparent
diffusion coefficient, DA. The relation is:

D, = eyD + DISP.FLOW (7)

in which 9is the moisture content, y the tortuosity, D the ionic diffusion coefficient in
water, DISP the hydrodynamic dispersion coefficient in cm and FLOW the vertical
velocity of the liquid phase in cm sec- ' , if both D. and D are expressed in cm 2 see - '. The
equations for mass flow and diffusion are of course well known.
Another indirect way to calculate the effects of diffusion and dispersion is the introduction
of the mixing stage, as is done in chromatography plate theories, see e.g. Glueckauf [5].
The latter method is used here, its mathematics is simpler, but it has no flexibility.
The diffusion effects which are obtained equal the effects resulting from a hydrodynamic
dispersion coefficient of 0.25 cm for flow velocities of 0.2 cm d- ' to 2.5 cm for flows of
10 cm d-1 and higher. For velocities lower than 0.2 cm d - the diffusion is underestimated
(eyD is estimated at 0.2 x 10- 5 cm 2 sec-'_0.17 cm 2 d-).
Because in this paper diffusion is not of primary concern a more sophisticated method is
not introduced. Models which describe the diffusion and dispersion in more detail and
which can be introduced in this calculation because they are set up in the same fashion are
published by Frissel et all2], Reiniger et al [61 and by de Wit and van Keulenl 71.

2.8 Integration

If all the transport rates, release rates and fixation rates are known, integration can be
performed giving respectively the amounts of fixed K, total Na, total K (fixed K excluded),
total Ca and total Mg per layer.

In the next section some details of the calculation are explained. For more details the readers are referred to the
computer program which is available on request. Within the program the explanation of the symbols and equa-
tions is given by comments. Those readers who are conversant with FORTRAN and/or CSMP/360 will find the
program more precise than the text.
To perform the integration, first the net rates have to be calculated. The net rate for Na-ions of the top layer
(R Na,) will be written out, the subscript I will be omitted.

R Na -Na'- Na"+ NaF (8)
Na' - in flow of Na
Na" . = out flow of Na
Na F = change in Na cone. due to fixation

Na' = FL, Na IN, (9)

FL, - in flow rate solution supplied to top layer at time t, derived from tables by inter-
polation.

Na IN, = Na cone in solution supplied to top layer at time t, derived from tables by inter-
polation.

Na" = FIl,-Na SOL (10)

Na SOL = Na conc. in soil solution in top layer, calculated by sub-routine CATEX.

Na F = FRATE.NaADSCEC (I1)
FRATE = fixation rate (if negative: release rate) of K-ions, calculated with sub-model FIXA-

TION.
Na ADS - Na adsorbed in top layer.
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If N,% is the initial amount of Na in the top layer and R Na is the net rate which cause the changes in the amount
of Na in this layer, the integration equation is:

Na, = Na. +'jRNa dt (12)

The simulation language, used in this calculation, enables to carry out such integration by the statement

NA T = INTGRL (NAO, R NA, 20) (13)

The symbols have the same meaning as in equation (12).
The integer 20 takes care that the integration will be carried out for all the 20 layers. Comparable statements
have to be written for K, Mg, Ca and fixed K.

3 Result of simulations

The results of 2 simulated situations are presented below. Case I shows the transport of a
K-Ca-fertilizer through the profile under moderate leaching circumstances. K is dissolved
in 12 days, Ca in 20 days. The soil fixes K-ions, but the upper layers of the soil are at the
beginning almost saturated with K-ions so that transport to deeper layers occurs. For case
2 a much higher flow velocity is used. During the first 10 days a 0.03 N K solution is
supplied to the soil, there after the K is leached out by a 0.02 N Ca solution. As said
already in the introduction, the results are not verified by any experiment, they must be
seen as a demonstration of the technical possibilities of describing a rather complicated
vertical chromatographic transport.

Input data case 1.
(A star denotes an initial condition)

" Exchangeable cations: Na, 0.06 me at the soil surface, gradually increasing to 0.10 me
-at a depth of 50 cm, K 0.05 me, Ca 0.25 me, Mg 0.06 me, all per cm 3 bulk soil.

* Fixed K: 0.15 me in the upper 2.5 cm, thereafter gradually decreasing to 0.05 meq
at a depth of 50 cm, all per cm 3 bulk soil.
Fraction of K to be fixed: Fir = 0.95, absolute maximum to be fixed (saturation)
0.15 me cm- 3 bulk soil.
Exchange constants: XNK = 0.2, X, Ms = 0.4, XN, = 0.25
Specific fixation rate: 0.2d - t , specific relase rate: 0.04d - t .

* Conc. soil solution: Na 0.001 N, K 0.001 N, Ca 0.007N, Mg 0.001 N.
Conc. of fertilizer in rain water: K 0.015N at the beginning, decreasing to 0.005 after
3 days, decreasing to 0.001N after 6 days and going to zero after 12 days.
Ca 0.010N at the beginning, going down to 0.005 after 6 days, going to zero after
20 days, no Na and Mg supply.
Moisture content: 0.3 cm 3 cm- 3.
Rain: 0-3 days I cm d- 1, decreasing to 0.5 after 5 days, going up to 2 cm after 6 days,
going down to 0.1 cm at the 12th day, rain stops after 15 days, starts again at day
20 going up to 0.2 cm at day 30 and to 0.3 cm d- I after 100 days.

Figure 3 shows the composition of the soil solution in the upper layer as a function of the
time.
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Although only Ca and K ions are supplied to the soil, as a result of exchange all four ions
are present in the soil solution, Na being the major component. After 35 days all soluble
salts are leached from the upper layer. (This is of course not realistic, but it was assumed
for this case that the rain from the 20th day on contained not any ion; this can be changed
by changing the input conditions).
Figure 4 shows the amount of fixed K in the layers 1, 4, 10, 13 and 20. Layer I has
already reached its saturation value (0.15 me K cm-' bulk soil) at the beginning, layer 4
and 10 reach it in about 15 days. The supply of K is not high enough to saturate the layers
13 and 20.
Figures Sa, 5b and 5c show the total amounts of the various ions as a function of the
depth, respectively after 0, 10 and 100 days. It appears clearly that Na is leached from the
upper layers. The K fixation has reached its saturation value in the beginning only in the
upper layer. At the end the upper 10 layers have been saturated. This has considerable
influence on the amount of non-fixed K; in the lower 10 layers, where fixation is still
possible, there is almost no non-fixed K; in the upper 10 layers there is sufficient non-fixed
K.

Input data case 2.
The conditions are identical with case I except:
* Exchangeable cations: Na 0.08 me cm- bulk soil.

* Fixed K: No fixed K.
Specific fixation and release rate: Both 0.2 d-1 .
Leaching solution: Na 0-100d 0.001 N

:K 0-10 d 0.03N, 10-100d*nopotassum
:Ca 0-10 d 0.001N, 10-100d*0.02N
:MgO-100d 0.002N

Leaching intensity: 2 cm d- .
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Figure 6a shows again the composition of the soil solution in the upper layers. First the
Na ions of the complex are replaced by the K ions; they are followed by the Ca and Mg
ions. The increase in the K-ion concentration is rather slow because the fixation process
removes many K ions from the solution. After 10 days Ca ions are supplied. This does not
lead to an increase of the Na ions in solution, they are already leached out, the Mg ion
concentration increases indeed a little. Figure 6b shows the amount of exchangeable ions
in the upper layer, the processes are somewhat less pronounced.
Figure 7 shows the fixation respectively in the layers 1, 2 and 10. The fixation reaches
saturation for the first layer in 15 days; leaching starts after 30 days. The second layer
does not become saturated, maximum fixation is reached after 35 days; it appears that
there exist both a delay in fixation and in release. Most fixation occurs in the upper layers,
the tenth layer reaches only 30 percent of its saturation value.
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The figures 8a, 8b, 8c and 8d show the ionic composition as a function of the depth after 0,
10, 50 and 100 days. The almost complete removal of Na is the most remarkable facet. At
the end of the calculation practically all K is fixed; compared to Na the leaching rate is
extremely slow. The Mg distribution is hardly influenced, neither by the supply of K, nor
by the supply of Ca.

4 Conclusion

It appears that calculations with simulation models enable one to obtain a good quantita-
tive insight in the dynamics of the processes which result from the assumptions used for
the model. This is exactly what is expected from mathematical methods; the advantage of
the use of simulation languages is however that it is possible for the average soil scientist
to do the programming himself with a minimum effort and so spend his main attention on
the real problem: the development of a suitable model. The model developed in the present
paper treated simultaneously rate dependent reactions (K-fixation) and instantaneous
reactions (ion exchange) in the vertical transport of K-ions through soils.
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The Determination of Desorption and Solubility
Rates of Nutrients in the Soil by Means of
Electroultrafiltration (EUF)
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Ittroduction

Plants grown under natural conditions take up the nutrients from the soil solution, The

higher the nutrient concentration in this solution, the more ions can reach the plant roots

by diffusion ( Vaidcvanathan et al.[ 15.1) and mass flow (Barber[ 1 1; Barber et al. 121; Oliver
and Barber [81) within a given time and the greater is the amount of rnrients that can be
taken up by the plant (Grimme et al. 13),
For adequate plant nutrition it is essential to know whether the nutrient concentration in
the soil solution decreases rapidly during the growing period or not. This depends on the
rate of supply from the stock of nutrients present in the soil.
The concentration of nutrient ions in the soil solution and the rate of supply from the stock
of nutrients, te. the desorption rate of cations and the solubility rate of phosphates,
carbonates etc., can be determined by FUTI .neth 16).

Methods

Figure I shows the [UF equipment. 5 g soil and distilled water are filled into the centre
chamber, The soil suspension is kept apart from the electrodes by a semipermeable
membrane, In the electric field the cations (Na . K . NliW. Ca '. Mg , iron. aluminium
etc.) are attracted by the cathode and the anions (phosphate. sulphate. nitrate, negatiely
charged clay etc.) by the anode. Thus the soluble and sorbed ion, cannot come to
equilibrium so that sorbed ions will be released continuously into the solution. The
desorption rate of cations and the solubility rate of phosphates. carbonates etc is directl.
proportional to the voltage applied and inversely proportional to the binding power of the
ions Through adequate choice ofdesorpion and olubilit times and v oltage it is posible
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to separate several fractions of different binding power in a single run. From the shape of
the respective curves also information on the desorption and solubility kinetics can be
obtained.

Results

1. Na desorption curves of various clay minerals with different Na saturation

Figure 2 shows the desorption curves of Na-saturated standard clay minerals. The
amounts of Na (in meq.IOO g soil) desorbed by EUF are plotted on the y-axis whilst the x-
axis shows the desorption time and the voltage applied. As can be seen in figure 2,
desorption of sodium from the three clay minerals (montmorillonite, iWlite and kaolinite)
was terminated after 25 minutes. Most of the sodium is already set free after 10 minutes
(see the distinct peak after 10 minutes).
Figure 2 furthermore shows that Na desorption from clay minerals saturated both in Na
and Ca is also terminated after 25 minutes. The major fraction of sodium from mont-
morillonite and kaolinite, however, is already desorbed after 5 minutes. In contrast to this,
Na desorption from illite proceeds somewhat slower. The greater part is desorbed after
10 minutes only. It can therefore be concluded that the Na ion is more intensively bound
by illite than by montmorillonite and kaolinite.

1.1 Evaluation of Na desorption curves in soil testing practice

The evaluation of the Na desorption curves in the daily practice of soil testing is rather
simple. The content of exchangeable Na is equivalent to the amount of Na desorbed after
25 minutes. There is a statistically significant correlation between the exchangeable Na
and the Na concentration of the soil solution and that independent of the clay content and
its mineral composition (Mengel und Nimeth 141; Schuffelen 113]).

2. Ca desorption curves of various clay minerals and soils

The desorption of exchangeable Ca from clay minerals free from organic matter is
terminated after 25-30 minutes (figure 3). In contrast to Na, however, most of the Ca is
not yet desorbed after 10 minutes but after 15-20 minutes only. This clearly reveals the
greater binding power of divalent Ca in clay minerals, as compared with monovalent Na,
because of the difference in valence and hence attraction by the sorption sites (or charged
clay surfaces). The Ca desorption from clay rich in organic matter proceeds even slower
because the Ca ion is more selectively bound by organic matter than by clay minerals
(Schachtschabel Pl]).
Figure 4 shows the desorption curves of different soils. The soil of the pot experiment
contains a large amount of soluble Ca in the form of CaCh, since the anions in pot
experiments are not subject to leaching. The Ca curve shows a peak after 10 minutes. The
higher this peak, the greater the amount of Ca in the soil solution. CaCO3, on the other
hand, goes more readily into solution at 400 v. This applies especially to the C, -horizon in
which the Ca curve reaches a peak at 400 v.
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Figure 3. Desorption of Ca from Ca-saturated standard clay Figure 4. Ca desorption curves of different soils.

minerals and from soil clay rich in organic matter.
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The release of exchangeable Ca ions is slowest in the chernozem soil although this soil
contained the highest amount of exchangeable Ca. This demonstrates that the binding
power of Ca in the soil can easily be assessed by EUF. It is also obvious that the content of
exchangeable Ca does not furnish reliable information on the Ca concentration of the soil
solution.

3. Determination of Mg availability by EUF

Similar to Ca, also the binding power of Mg in the soil can be determined by EUF. The
more Mg is released by EUF at 200 v, the higher is the Mg concentration in the soil
solution. There is a good correlation between the amounts of Mg released by EUF after
40 minutes and the amounts of Mg extracted in 0.025 n CaCh, unless the anion
concentration of the soil differs widely. Great differences in the anion concentration of the
soil solution can, for instance, be observed when soils from pot experiments are being
compared with soils from field experiments. In pot experiments the anion concentration in
the soil solution is much higher (5-60 meqJ.l) than under conditions prevailing in the
open field (3-25 meqJ 1) where the anions are subject to leaching (Mengel und Aksoy [5];
Ndmeth et al. [71). In pot experiments the anions remain in the soil solution so that also the
cation content of this solution will be higher. With equal content of exchangeable Mg, the
Mg concentration in the soil solution is therefore the higher, the more anions are present in
the soil solution. As a consequence, the exchangeable Mg cannot in all cases serve as an
indicator for the Mg concentration of the soil solution whereas EUF gives reliable results
in this respect.

4. The form of K desorption cu-rvesas dependent on soil properties

The K ion is selectively bound by some clay minerals (Schwertmann [141). At a given K
status, the K desorption curves are therefore affected primarily by the type and amount of
clay minerals present in the soil. Figure 5 shows the desorption curves of K-saturated
standard clay minerals and also the desorption curves of standard clay minerals saturated
both with Ca and K which have no sites for the selective binding of K. The desorption of K
from these clay minerals is terminated after 25 minutes at 200 v. At lower K saturation, K
desorption takes a similar course.
In contrast to this, a lasting supply of K, after an increase in voltage to 400 v, can be
observed in K-saturated illites in which K is sorbed not only at planar sites but is also
present in the interlayers (figure 6). (Schouwenburg and Schuffelen [121). In this case, the
K ions released do not originate from planar sites but from interlattice sites since the non-
selectively bound K ions have already been desorbed after 25 minutes (see Figure 5).
The rate of K desorption from clay minerals with sites for selective sorption of K depends
essentially on the degree of K saturation. Whether the K ions will be present at planar sites
or in the interlattice is determined by the level of K saturation. This is clearly demon-
strated by figure 7. It shows K desorption curves of a chernozem with different K
saturation of the inorganic CEC. The accompanying x-ray diagrams inform on the
mineral composition of the clay fraction. With predominance of expanded illites, the K
curve shows that in all fractions comparatively small amounts of K are released, because
the desorption rate is low. The curve shows two peaks (similar to the x-ray diagram), one
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after 10 minutes and another after 35 minutes at 400 v. The second peak, after 35 mi-
nutes, is nearly as high as the first one.
With increasing K saturation (diminution of K-fixing clay minerals), the first peak
increases relative to the second one. There is consequently a relation between the shape of
the K desorption curves and the degree of K fixation. The higher the first peak in
comparison with the second one, the higher is the K saturation and the less K will be fixed.
Only the presence of a second peak indicates whether there are sites for selective K
sorption or not. If the K ions are mainly bound at such sites, the first peak, in comparison
with the second one, is relatively low (ratio 1:1). Besides, the absolute amount of
potassium desorbed after 10 minutes is below 3 mg/100 g soil. In such soils the fertilizer
K is subject to fixation. Only in case that the K-selective sites are much more occupied by
K ions, the first peak, i.e. the K concentration of the soil solution, will show a marked rise
after K fertilization. This is the case when the first peak is three times as high as the second
one.
At a given content of exchangeable K, the percentage K saturation is the lower, the higher
the clay content of the soil is. A relation between the clay content of the soil and the shape
of the K desorption curves can therefore also be stated.
Apart from the type of clay and the percentage K saturation, the course of the K
desorption curves also depends on the content of exchangeable aluminium. For a given K
status, K desorption is the faster, the higher the content of exchangeable Al (figure 8).
With increasing Al content there is apparently a competition for the sites which selectively
bind K (Rich and Black [91; Rich 1101). Such soils do not manifest any K fixation, even
when low in K. It must, however, be admitted that fertilizer potassium is being leached
more readily. Liming, on the other hand, gives rise to K fixation.
The rate of K desorption also depends on the anion concentration of the soil solution. At a
given K saturation, K desorption is faster, the higher the anion concentration in the soil
solution (figure 9). (The rate of Ca and Mg desorption likewise depends on the anion
concentration of the soil solution). In the assessment of nutrient availability the different
binding power of K, Mg, Ca etc. in dependence on the anion concentration has to be taken
into account.

4.1 Evaluation of K desorption curves in soil testing practice

The course of the K desorption curves depends on the type and the amount of clay
minerals as well as on their saturation and also on the content of exchaqgeable Al and the
anion concentration of the soil solution. Since K desorption can be measured directly by
means of EUF, the course of the K curves allows to draw conclusions as to these soil
properties. Furthermore, the following relations could be found between the individual
EUF fractions and the different K fractions determined according to conventional
methods:
a) The amounts of K desorbed after 10 minutes by means of EUF inform on the K

concentration of the soil solution (intensity factor).
b) The sum of the amounts of K released during 35 minutes indicates the content of

exchangeable K (quantity factor).
c) The amount of K desorbed between 30 and 35 minutes at 400 v (CD) allows to make

statements on the possible decrease of potassium concentration in the soil solution
during the growing season. The greater the length of this part of the desorption curve,
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the higher is the concentration over the whole growing season. If this section is lacking,
then the soil cannot buffer the decrease in concentration.

d) The ratio of the K amounts released between 5 and 10 minutes and those desorbed
after 30-35 minutes indicates the K fixing power of a soil. The wider the ratio of the

sections AB and CD, the weaker is the K fixing power. If the section AB is three times as
long as the section CD, no more K will be fixed by the soil. Apart from the above

mentioned ratio the total amount of K obtained after 10 minutes by EUF extraction is
important in assessing the K fixation capacity.

5. P solubility curves

The solubility rates of phosphates, carbonates, sulphates etc. can also be determined by
EUF. According to the time and voltage applied, different P fractions are rendered soluble
so that P availability can easily be assessed in this way.
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Root System, Transpiration and Ion Movement
in the Soil

R. Blancher, M. Bose, C. Maertens and J. Puech (with technical assistance of Y. Clauzel, N. Gelfi, M. Hernandez
and R. Lagacherie), National Institute for Research in Agronomy (l. N. R.A.) Toulouse, France

Summary

An experiment conducted under conditions close to those described by Stanford and de Ment 171 on soils
conditioned in different ways in respect of their compaction, humidity and chemical enrichment, illustrates the
interactions operating between root system development and the movements of water and ions in the soil, and
also their repercussions on the nutrition of the plant, The amounts of elements absorbed by the plant depend at
least as much on the physical conditions of the medium as on the size of the nutrient reserves in the soil, whose
availability is subject to the extent of exploration by the roots, and to ion movements, particularly through the
intermediation of the liquid phase.
A highly favourable physical medium does not necessitate the provision of very high reserves, and inversely,
enrichment of the soil can mitigate by its nutritional effect the consequences of the soil's physical defects.

The inorganic nutrition of plants growing in soil depends both upon the exploration of the
medium by the roots, and on the movements of ions towards these roots. The main factors
determining such movements are the constitution of the soil, its richness in nutrients, its
moisture content, and the flow of liquid phase occurring within the soil in consequence of
transpiration by the plants. Although the study of each of these various aspects individual-
ly is being pursued actively by numbers of research workers, the interactions that occur
between the one and the other, and the overall consequences for the nutrition of the plant,
are much less well known. What we wish to present here, therefore, are some results of
experiments in which different degrees of root development were induced, and the
movements of water and of ions were also caused to vary.

Experimental Techniques

These experiments were done by the technique of Stanford and de Ment [ 7J that is to say
by placing young barley plants previously under-nourished N, P and K on columns of soil
25 cm high, each representing either a homogeneous medium, or a micro-profile of soil.
The treatments carried out were as follows.
1. Homogeneous media.
The soil used was a sandy silt containing 6.4% of clay, 2.2% of organic matter, 0.14 parts
per 1000 of available PzOs, 0.11 part per 1000 of exchangeable K20; pH = 6.7, C EC
(cation exchange capacity)=61 meq/kg.
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To induce development of roots in greater or lesser abundance (Maertens 131) the soil was
compacted to different degrees (total pore space of 45% or 38%), and moistened to
different degrees (field capacity, or pF 3.7, maintained right through the period of culture).
Additionally, it was either kept poor in nutrient elements, only 40 mg of N per 4 kg
column of soil being supplied, or else markedly enriched, with 300 mg N, 300 mg P and
500 mg K intimately mixed into similar columns. S, Ca, Mg and trace elements were
present in quantities more than adequate for the needs of the plants, which remained in
culture for 16 days after transplanting. The combinations used, with three replicates for
each, were the following.
No. I Soil moist (field capacity), not compacted (pore space 45%), enriched with N, P and

K (300 mg nitrate-N, 300 mg P, 500 mg K, as Ca(NO3)2, KH2PO4, and KNO3).
No. 2 Moist, not compacted, not enriched (40 mg N only).
No. 3 Soil dry (pF 3.7), not compacted, enriched with N, P and K.
No. 4 Dry, not compared, not enriched.
No. 5 Moist, compacted (pore space 38%), enriched with N, P and K.
No. 6 Moist, compacted, not enriched.
No. 7 Dry, compacted, enriched with N, P and K.
No. 8 Dry, compacted not enriched.
The amounts of water consumed were recorded through the course of the growing period.

..The plants in the drier media having a tendency to wilt, we supplied them with water via
the 'pre-culture' compartment containing sand, whilst avoiding any drainage into the soil
itself. When the plants were harvested the root profiles were determined by cutting the
columns into slices 5 cm thick and extracting the roots from each slice. Amounts of
elements absorbed were determined by difference, that is to say by comparison with
control groups that were harvested at the time of transplanting.

2. Superimposed media

These experimental dispositions (figure 1) in which root penetration was prevented by a
compaction and smoothing of the soil surface, were set up with the intention of inducing
moisture flows of varying intensity towards the root mat, transporting correspondingly
variable amounts of fertilizing elements. The treatments set up in this way are shown
schematically in figure 2. Each comprised three replicates, and they were maintained
under conditions strictly similar to those with homogeneous media, so that results might
be compared.
In the superimposition 'relatively dry sandy silt/moist sandy silt' (nos. 13 and 14) the flow
of moisture towards the roots could operate quite easily, taking up mineral elements in its
course. With 'dry subsoils' (nos. 15 and 16) such a flow could not take place and the plants
were supplied with water by moistening the sand in which the seedlings were started.
Movement of ions then took place only by diffusion from the column of soil towards the
root mat.
In the next series, in which the lower component was of a clayey texture (37.3% clay,
CEC= 206 meq/kg, 0.085 parts per 1000 of available P2Os, 0.065 parts per 1000 of
available exchangeable K20), the flow of the liquid phase was quite small on account of
the low demand for water originating in the sandy loam compartment (in accordance
within the mechanisms shown to operate, notably by Puech [5). Water supply for nos. 19
and 20 was through the 'pre-culture' sand only, and in this series we have, therefore,
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conditions of diffusion identical to those of the preceding case but with a lesser mass flow
of liquid.
Lastly, we may say that as we expected, the roots made practically no penetration into the
upper component, dry and smoothed off, and the differences of moisture content between
the superimposed compartments, as adjusted at the beginning, were effectively maintained
until harvest of the plants even in nos. 13 and 14 for which the moisture content was not
homogeneous (Puech [6]. The comparisons intended were therefore valid.

Results

A. The repercussions of the different constraints on nutrition, in homogeneous
media

Table I, in which the results are presented in decreasing order of quantities of elements
absorbed in the homogeneous media, shows the considerable range of the observed
differences, even between soils having the same stock of nutrients elements. Thus the
uptake of potassium, from an enriched medium, varied between 117 mg and 39 mg, and
from a non-enriched medium it varied between 80 mg and 9 mg. The behaviour of the
three elements N, P and K was quite similar in this respect and this allows of an overall
study being made in the first instance.
This shows up first of all the importance of the exploration of the soil by the roots, even for
the uptake of highly mobile ions such as nitrate (the only form in which nitrogen was
introduced into these media). Compaction, and low moisture content, greatly reduced the
development of the roots (Maertens [3] and in consequence, the nutrient uptake. One notes
also that this was greatly affected by dryness of the soil, particularly for phosphorus. The
variations in the quantity of water taken up, and of P taken up, were closely linked. This
effect is due, no doubt, both to the extent of occupation of the soil by roots and to an action
of moisture itself in allowing movement of P04 ions.
Figure 3 is an attempt at a graphical summary of the effects of the constraints introduced.
Amounts of potassium and nitrogen taken up under the different treatments are plotted as
ordinates and abscissae respectively, and lines parallel to the axes are drawn in as far as

Table I. Results obtained in homogeneous media, ranked in decreasing order of nutrient uptake

Moist soils Dry soils

Not compacted compactd Not compacted compacted

enriched poor enriciched ened enriched poor poor poor

No. I 2 5 3 7 6 4 8

Depth reached by roots cm 25 25 10 12 8 8 12 8
Dry weight of roots g 0.36 0.39 0.41 0.27 0.26 0.23 0.26 0.38
Dry matter of aerial parts g 314 2.16 2.13 1.47 1.45 1.56 1.33 1.17
Water absorbed from soil g 625 493 593 t 0 4 0 395 4 0 # 0
N absorbed mg 121 66 49 41 25 20 ls 7
P absorbed mg 9.2 5.2 6 1.7 0.5 I 4 0 V 0
K absorbed mg 117 80 69 53 39 33 22 9
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experimentally.

their points of intersection, starting from the points representing treatments that are
capable of being compared. The lengths of these straight lines are thus an indication of the

- restriction on absorption caused by a constraint, that is to say absorption of N (horizontal

lines) or of K (vertical lines) by comparison with a medium not subject to that same
constraint. For example, comparison between no. I (moist) and no. 3 (dry) shows that
uptake of N, and also of K, was reduced by about half on account of dryness. Similarly,
comparing I (not compacted) with 5 (compacted) one finds that the compaction brought a
reduction of the order of 40% for K and 50% for N. The same modes of comparison apply

to the effect of richness of the medium: I enriched and 2 poor, 5 and 6, 3 and 4, 7 and 8.
Overall, the effect of the richness of the soil showed itself in every case, and all the more so
where the state of the medium was unfavourable (dry or compacted). It was in the best
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physical conditions, as represented by 'aos. I and 2 with the soil moist and open, that the
differential action of nutrient enrichment was least perceptible, very probably on account
of excellent exploration by the roots. This being much reduced by compaction, it was likely
result that compaction should have its greatest repercussions on plant nutrition in a
nutrient-poor medium (nos. 2 and 6, 4 and 8), although nutrient uptake was markedly
restricted by it even in a moist and rich soil (I and 5).
Finally, soil dryness in every case brought about a very strong reduction in absorption by
restricting the development of roots and at the same time the movement of ions towards
the rhizosphere. The effect was, furthermore, a little marked in a poor medium than in a
rich one. The second part of this expe iment, on the water flow and ion flow occurring in
superimposed layers, helps us to be m me precise about these findings.

B. Influence of water movement or plant nutrition, in superimposed media

Table 2, in which the principal results are brought together, indicates at once the
considerable differences in nutritional status that were obtained, and also shows that all
these values were below those recorded in the homogeneous media well colonised by the
roots (table 1). And so we find once again the importance of the exploration by the roots,
particularly evident in the case of phosphorus for which the quantities absorbed were here
very small, or even zero. The current of liquid phase traversing the upper enriched
compartments did nevertheless exert a marked effect, particularly for potassium and
nitrogen. For the latter element, uptake depend directly on the richness of the media and
the flow-movements of the liquid phase, which were the lesser in the presence of inorganic
enrichment, in spite of a slightly higher production of dry matter; in this instance it was
probably a question of reduction in transpiration due to better inorganic nutrition
(Blanchet et al. [21). The values were further reduced again, as expected, in the clay soil
(Puech [61).
The case of potassium is a little more complex, and table 3 allows precise statements to be
made about the movements of K+ ions involved. We note first that absorption by diffusion,
without movement of water, was closely comparable in nos. 15 and 19 (enriched) on the
one hand, and in nos. 16 and 20 (not enriched) on the other hand. These treatments, then,
can serve as controls respecting the ones which were sites of a mass-flow of liquid, in

Table 2. Amounts of elements taken up from superimposed media

No. Moisture Nutrient Yield Water Elements absorbed, ang Mechanisms
lower enrichment dry absorbed involved
compart- upper matter from the N P K
ment compartment soil

g g

13 4 + 2.02 171 58 2.4 83 Diff. + M.F.
14 + 1.76 283 45 0.6 59 Diff. + M.F.
is - + 1.45 4 0 25 0.2 31 Diff.
16 - - .27 4 0 8 & 0 13 Diff.

17 + + 1.39 59 29 0.3 37 Diff. + M.F.
18 + - 1.29 159 16 & 0 19 Diff. + M.F.
19 - + 1.28 4 0 20 V 0 27 Diff.
20 - - 1.16 4 0 6 4t 0 9 Diff.

* +: high; -: low Diff.: diffusion; M.F.: Mass-flow
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assessing the nutritional effectiveness of the latter, by means of the comparisons indicated
in table 3. In this way it is at once established that the mass-flow had indeed been very
efficacious, and had been responsible for the greater part of the potassium uptake, in
nos. 13 and 14 of sandy-silt texture and small cation exchange capacity. By contrast, its
effect was less in combination with the clayey texture (and higher CEC) of nos. 17 and 18,
confirming in this way the results that we have obtained before (Blancher and Bosc [11).

Discussion and Conclusions

This set of results cannot of course be extrapolated directly to field conditions, but as they
were obtained under conditions in which all lots of plants were identical at the beginning of
the experiment, with root system already partly developed, these results would seem to
offer quite a faithful representation of processes capable of operating in the course of crop
growth. On this understanding we think the main indications that emerge are as follows: -
The alimentation of plants is the resultant of numerous factors, the main ones being the
exploratory function of the roots, moisture transfer, the inorganic reserves in the soils, and
the possibilities of mobilisation of the latter through ion movements. According to the
degree of openness of the soil and of colonisation by roots, the humidity of the different
horizons and the possibilities of transference of moisture, the same mineral reserves will
satisfy the requirements of the plants to very diverse extents and it seems to us illusory to
confer upon these nutrient-reserve levels anything more than an indicative value, which is
relative to the pedoclimatic conditions that the plant will meet with. It is reasonable
therefore to fix attention much more on the overall nutritional context, than on the
determination of precise figures supposedly predictive of reaction or non-reaction to
fertilizer dressings.
As we have emphasised already (Blancher et al. [21) a favourable moisture regime, and
irrigation in particular, greatly assists inorganic nutrient uptake, through mechanisms
that vary with the different ionic species concerned. The higher yields permitted by an
adequate rainfall or by irrigation do not, then, necessarily imply an urgent demand for
higher nutrient reserves in the soils, provided of course that the needs of the plants are well
covered (of nitrogen in particular, of potassium for crops that call for it, and so on).
In situations far from favourable to root development, especially with soils having poor
physical properties and in comparatively dry pedoclimates, adequate fertilization can give
a better assurance that the needs of the crops will be met, and avoid incidents of
malnutrition due for example to temporary flooding, inadequate soil preparation and so
on. A variety of observations in the field offers good confirmation of these views.
Lastly, the nature and the physico-chemical properties of soils exert a very marked

Table 3. Effect of mass-flow on the uptake of potassium

Textures Upper Comparison Difference in uptake Water mg K transported
compartment made (M.F.-diffusion) absorbed per g of water

9

Sandy 2 Sandy enriched No. 13-15 83-31 =52 171 0.30
Silt Silt poor No. 14-16 59-13 -46 283 0.16

Sandy enriched No. 17-19 37-27 =10 59 0.17
Silt clay poor No. 18-20 19- 9 = 10 159 0.06
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influence on the movements of ions and of water, especially of potassium for which a lower
CEC allows greater mobility. As low CEC figures generally go with the light textures that
facilitate water movements, it follows that potassium uptake is much easier in soils of this
character.
In the general situation, the root systems, the flow of the liquid phase induced by
transpiration, and the movements of ions are intimately linked together to assure the
feeding of the plant, and this can be done by a small amount of roots if the rhizosphere is
sufficiently stocked with nutrients (Maertens [4]), or on the contrary by a whole mat of
roots, which will not need such a rich medium.
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The Distribution of Mobile and Potential
Potassium Reserves in Soil

Dr. Katalin Darab, National Institute for Agricultural Quality Testing, Budapest/Hungary

Summary

I. The strength of chemical bonds within the minerals and compounds determines the aviability of nutrients, the
reserves of nutrients, the degree and velocity of release of elements from their natural sources in soils.
2. According to the classification proposed by Gorbunov the soils potassium compounds in soil may distribute as
follow:
a. The reserves of immediate supply: the water soluble potassium compounds and the exchangeable potassium.
b. The short-term reserves of 'mobile' potassium: which includes the potassium containing minerals in the clay
fraction.
c. The potencial reserves of'mobile' potassium: which includes the potassium containing minerals in the coarser
fractions of soils.
3. Taking into account the classification of potassium compounds, mentioned above, the typical soils of the
Hungarian Lowland where investigated for the different form of potassium and for their mineralogical and
micromineralogical composition.
On the basis of the data of macro and micromineralogical and chemical determinations the balances of
potassium have been established in the investigated soils.
4. The typical minerals of the clay fractions in the investigated soils are the hydromicas, the typical minerals of
soils formed on young alluvial deposits.
The total amounts of potassium containing minerals in the soils and in the clay fraction were estimated taking
into account the total K20 contents in soils and in the clay fractions.
5. The quantifies of short-term potassium reserves were in close correlations with the particle size distribution in
each investigated soil.
6. The distribution of potassium reserves is following not only the change in the particle size distribution, but
'they are influenced by the geological and soil forming factors, too. It means, that the distribution of potassium
compounds and different fraction of potassium reserves depends on the mineralogical composition of the clay
fraction and on the degree of weathering and hydratation of the potassium containing minerals.

It is well known that the mineralogical and micro-mineralogical composition influences
the physical, chemical, and physico-chemical properties of soils. The mineralogical
association of parent material and soil, and the degree of the physical and chemical
weathering have an effect on the particle-size distribution as well as on the movement and
balance of chemical elements in soils.
The strength of the chemical bonds within minerals determines the availability and
reserves of nutrients, the degree and velocity of the release of elements from their natural
sources in soils.
Likewise the amount and kind of clay minerals may influence the degree and form of the
adsorption of nutrients given in fertilizers into the soils.
In a former period of the development of soil science when the doses of applied mineral
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fertilizers were low, diluted acid solutions were applied for the determination of the
'mobile' nutrient in soils. These solvents may extract not only the water-soluble com-
pounds and exchangeable ions, but they do extract a certain amount of elements from the
minerals in the clay fraction as well.
In certain countries, among them in Hungary, the 'soluble part' of nutrients as well as their
total amount were determined. The total amounts were evaluated as the reserves or the
'capital' of them. The necessity for the determination of the immediate nutrient supply
increased with the increase in the production of mineral fertilizers, and methods were
developed with the application of neutral and slightly acidic, buffered solutions.
In the present period, when the applied doses are high and important part of the nutrients
given in fertilizers remains in the soils for the enrichment of nutrient reserves, the
importance of the study of natural nutrient reserves and the necessity of the investigation
of the nutrient movement comes forward. The data related to the mineralogical composi-
tion of clay fractions and the results connected with the conditions of secondary mineral
formation have given valuable informations for the investigation of nutrient movement
and balance. We have to mention here the investigations of Barshad [1] Brown [31,
Jackson 161 Gorbunov [41, Gradusov 151.
The data for the mineralogical composition of the coarser fractions, published in the
papers of Marshall [81. Rode and Mjagkova [161, Parfjonova [12], Labenec [71 and
Popov [13] make possible to complete the evaluation of the data connected with the
natural reserves of nutrient compounds.
Several investigations have been done in relation to the mineralogy and micro-mineralogy
of potassium sources in soils. The modern conception of the potassium mineralogy was
established by Bray and Turk [21 in 1939, with the conclusion that the secondary minerals
of the clay fraction serve as a special type of buffer system in the potassium release and
adsorption processes.
In this recent publications Mortland [101 discusses the dynamic character of the potassium
movement in a similar way.
Several methods have been published for the determination of the non-exchangeable
potassium reserves. We have to mention here the publications of Reitemeier et al. 115],
Matson [91, Nimeth [111, Gorbunov [4]. Gorbunov in his latest publications proposes the
following classification of potassium compounds:
The reserves of immedaite supply: water-soluble compounds and the exchangeable part of
potassium containing minerals.
The short-term reserves of 'mobile' potassium which include the minerals containing
potassium in the clay fraction.
The potential reserves of 'mobile' potassium: minerals containing potassium in the coarser
fractions.
Taking into account the distribution of potassium compounds, mentioned above, we
investigated the different potassium fractions in the typical soils of the Hungarian
Lowland. On the basis of the data of macro- and micromineralogical and chemical
determinations we tried to establish the balance of potassium in the investigated soils.
The investigated soils are representing the following types:
- Profile No. 504: Meadow chernozem with a sandy loam mechanical composition
- Profile No. 4: Meadow chernozem with a silty-clay mechanical composition
- Profile No. 6: Alluvial meadow soils with a sandy-loam mechanical composition
- Profile No. 1: Meadow solonetz with a silty-clay mechanical composition
- Profile No. 22: Meadow soil with a silty-clay mechanical composition
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Table I. The amounts of water soluble, exchangeable and NH, lactate soluble potassium in the typical soils
of Hungarian Lowland

Type of Depth of Water soluble Exchangeable NH,-laciate Immediate CEC
soil samples soluble supply

cm KO mg/100g meq 1/100 g

Meadow 0_10 1.9 18.4 14.0 20.3 17.6
chernozem 15-25 6.1 25.0 20.0 31.1 18.0

27-32 6.1 22.6 13.0 28.7 18.7

Meadow 7-17 2.0 38.1 43.6 40.1
soil 35-45 1.2 40.0 34.5 41.2

Solonetzic 5-17 2.8 47.3 50.6 50.1 20.4
meadow soil 30-42 2.8 38.1 38.4 40.9 30.0

Deep meadow 8-16 5.7 33.0 36.6 38.7 36.8
solonetz 26-37 5.7 37.2 32.6 42.9 63.0

Meadow I- 5 0.9 19.3 16.0 20.2 14.3
solonetz 5- 9 1.9 19.3 20.0 21.2 11.9

15-23 2.3 31.6 27.0 33.9 22.8
40-50 1.9 36.8 27.0 38.7 17.4

Meadow L- 5 2.8 73.0 36.0 75.8 16.3
solonetz 9-15 2.4 36.0 23.0 38.4 15.9

26-32 0.9 36.0 22.0 36.4 21.1
38-45 0.9 20.2 15.0 21.1 17.4

The total K20 content in the soil and in the clay fraction was determined. We determined
the mineralogical composition of clay fractions by X-ray and thermal-analytical methods.
In case of meadow soil, seven fractions with different particle-size were separated from the
samples taken from the 'A', 'B' and 'C' horizons and their mineralogical composition was
determined by microscopical, X-ray and thermal-gravimetric methods. We determined
from the above mentioned and other soils (table 1) the following potassium compounds:
- water-soluble potassium content from saturation extracts
- exchangeable potassium content by ammonium acetate method
- 'soluble' potassium content by ammonium lactate method
The amount of water-soluble potassium compounds was 1-5 mg K20/100 g soil. In the
samples of some salt affected soils somewhat higher amounts were measured. The amount
of the exchangeable potassium was 10-73 mg K20/100 g soil. The amounts of the
exchangeable potassium have not given any close correlation with the mechanical
composition and with the CEC values, but they seemed to be influenced by the mineralogi-
cal composition of the clay fraction. The quantities of the NH4-lactate soluble potassium
were close to the values of the exchangeable potassium content and correlated with the
values of the immediate supplies.
According to the mineralogical investigations, the typical minerals of the clay fractions are
the hydromicas as the typical minerals of soils formed on young-alluvial deposits
(tables 2, 3 and 4). Chlorite, feldspars, montmorillonite and the inter-stratified forms of
illite-chlorite and illite-montmorillonite were present in smaller amounts.
The total amounts of potassium containing minerals in the soil and in the clay fraction
were estimated, taking into account the total K20 content in the soils and in the clay
fractions.
The quantities of short-term potassium reserves were in close correlations with the
particle-size distribution in each investigated soil type. Dependance of the short-term
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Table 2. The amounts of potassium containing minerals and compounds

Soil type Depth of Par- The mineralogical Total amount of Total K20
and No sampling ticles composition of the K-containing

<I u % clay fraction minerals

in soil in clay in soil in clay fraction
fraction

g/100 g soil g/100 g g/100 g g/100 g
soil clay soil

Meadow 0-10 3.3 1 >CI=Q= Mo>Fsp 26.9 1.29 3.32 4.59 0.124

chernozem 15-25 4.5 I> CI= Q= Mo> Fsp 28.2 1.40 3.89 5.31 1.143
No.504 27-32 3.9 l>Cl=Q=Mo> Fsp 26.9 1.30 4.06 5.01 0.165

Meadow 5-15 28.2 1> I-CI=CI=Q=Fsp 13.1 4.5 2.00 1.00 0.282
chernozem 27-33 27.9 1>I-Cl >CI = Q= Fsp 15.4 5.0 2.10 1.00 0.279
No.4 44-55 23.4 I> I-CI>CI=Mo=Q- 11.1 4.7 1.70 1.10 0.258

= Fsp
72-79 22.8 1> I-CI=Fsp>CI= 10.9 4.5 1.70 1.10 0.240

=Mo=Q
90-100 21.7 I> I-CI=Fsp>CI= 10.4 5.0 1.80 1.20 0.260

=Mo=Q

Alluvial 5-15 17.2 Q>1> CI = Fsp 13.1 5.7 1.20 2.30 0.396
Meadow soil 20-28 16.1 Q=I> Cl = Fsp 12.3 3.8 1.20 2.20 0.255
No.6 34-45 5.4 Q=I>CI=Fsp 14.4 2.1 1.45 2.30 0.119

60-68 2.7 Q>1>-I-CI Fsp 15.0 0.98 1.30 2.40 0.089
90-100 3.8 Q> I>CI=I-Cl Fsp 14.3 1.26 1.25 2.25 0.085

Meadow soil 7-17 51.03 1>Q>CI- Fsp>Mo 25.9 9.1 2.20 1.40 0.720
No.22 35-45 49.90 I>Q>CI=Fsp> Mo 26.2 18.1 2.00 1.27 0,630

92-108 41.94 1 > Q>Fsp>CI=Mo 16.2 4.9 1.40 1.00 0.419

Maedow 0-9 8.4 1=Q>CI=Fsp=I-CI 21.8 1.24 2.25 0.95 0.080
Solonctz 15-20 29.1 I> Q>Cl-Fsp= Mo= 26.2 5.6 2.25 1.00 0.290

No.1 =I-CI=I-Mo
26-32 32.7 I> Mo> Q >CI= Fsp= 26.1 6.3 2.45 1.01 0.330

=I -CII-Mo
44-55 37.4 1> Mo>Q>CI=Fsp- 24.8 6.2 2.30 1.05 0.394

= I-CI=I-Mo
60-68 5.7 I> Mo=Q>CI= Fsp= 22.3 1.4 2.35 1.20 0.069

=I -Cl = I - Mo

Table 3. Mineralogical composition of the clay fraction in the investigated soils

Soil type Depth of Micas and Chlorite Interstratified Montmoril- Feldspars Quartz

and No. sampling hydromicas hydromicas lonite
chlorite

Meadow 0-10 . + . + + + +
chernozem 15-25 ++ + + + + ++
No.504 27-32 ++ + + ++ + ++

Meadow 5-15 ++ + + + + ++
chernozem 27-33 + + + + + + - + ++
No.4 44-55 +++- + ++ + + ++

72-79 +++ + ++ + ++ ++
90-100 +++ + ++ + ++ ++

= >60%, + + ++ =40-60%. + + =20-40%, ++ -10-20%, + =5-10%.
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Table 4. Mineralogical composition of the clay fraction in the investigated soils

Soil type Depth of Micas and Chlorite interstratified Montmoril- Feldspars Quartz
and No. sampling hydromicas hydromicas lonite

chlorite

Alluvial 5-15 + . + - - + . . . .
meadow soil 20-28 ++ +- + . . .
No.6 34-45 ±++ + - - + +++

60-68 +++ + - - + ++++
90-100 +±+ + - + ++

Meadow soil 7-17 + + + . + - + + +
No.22 35-45 ++ + + - + + ++

58-72 +++ ++ - +++ + ++
92-108 +++ ++ - + + ++

Meadow 0-9 + + + + + + +
solonetz 15-20 ++ + + + + + ++

26-32 +++ + + ++ + ++
44-55 +±+ + + ++ + ++
60-68 +++ + + ++ + ++

++++ >60/, ++++=40-60, +++ 20-40%, ++ 10-20%, + =5-10%.

potassium reserves on the mechanical composition is highly observable in the alluvial
meadow soil. The total amount of potassium in this soil and in the clay fraction did not
change in the whole profile. The amount of clay fraction decreased from the top to the 'C'
horizon of the soil, from 17.2% to 3%, and the short-term potassium reserves were
reduced parallel with the decrease in the amount of clay particles. Comparing the short-
term potassium reserves in different soils it can be stated that the correlation with the
amount of clay particles is not so close and it can be influenced by the mineralogical and
micro-mineralogical composition of the samples. The total amount of the K containing
minerals in the alluvial meadow soil was 12-13%, and their part in the clay fraction
changed with the change in the amount of clay fractions.
In the meadow chernozem soil having a coarse texture the total potassium quantities in the
soil and in the clay fraction were twice as large as in the alluvial meadow soil and the total
amount of potassium containing minerals was 27-28% in the soil. The amount of
potassium containing minerals in the clay fraction was small as well as that of the short-
term potassium reserve, in accordance with the coarse texture.
Comparing the values of the short-term potassium reserves in the alluvial meadow soil and
meadow chernozem soil it can be stated that the amounts of short-term potassium reserves
are higher in the meadow chernozem soil. They reflect the different mineralogical
composition of the two soils.
The other investigated meadow chernozem soil has a heavier texture and the amount of
clay fraction varies between 20% and 28%, showing a slow decrease downward in the soil
profile. The dominant clay minerals were the hydromicas. Besides these, the clay fraction
contained montmorillonite, the inter-stratified form of illite-chlorite and illite-montmoril-
lonite as well as chlorite and feldspars. The amount of minerals containing potassium in
the different soil horizons was between 10% and 16%, and 30-40% of their total amount
was in the clay fraction. Their amount and distribution were the same as those in the upper
layer of the alluvial meadow soil. The total K20 content of the soil samples was
1.7-2.1 %, and that of the colloid fraction was 1.0-1.2%. The low potassium content of
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the clay fraction can be due to the intensive hydration of the hydromicas. The degree of
hydration has to be higher in the meadow chernozem than in the alluvial meadow soil. In
spite of its heavier iexture the short-term potassium reserves were present in smaller
amounts in the meadow chernozem soil than in the alluvial meadow soil.
Among the investigated soils the meadow soil has the heavier texture. The amount of clay
fraction is as high as 40-50%. The amount of the total potassium containing minerals is
25-26%. 35-70% of their total amount is in the clay fraction. The total K20 content of
the soil samples is 2.2-1.5%, that of the clay fraction is 1.4-1.0%.
Seven fractions were separated from these samples, according to their particle-size
distribution, and their total potassium content and mineralogical composition were
determined. In case of the coarser fraction the analyses were done by microscopical
method (table 5). In case of the clay fraction and coarse fractions the analyses were done
by X-ray and thermo-gravimetric methods (tables 6 and 7). According to the data of the
mineralogical investigations it can be stated that the feldspars were distributed uniformly
in the fractions with different particle-size. The quantities of micas and hydromicas
decreased with the increase in the particle-size. The clay fraction contained montmorillo-
nite in each soil horizon.
We did not determine separately the amounts of micas and hydromicas during the X-ray
analyses. The data of chemical analyses indicate the degree of hydration and weathering
of potassium containing minerals. The low potassium content of the clay fraction indicates
that, similarly to the profile No. 4, the degree of hydration of micas is high. We can
compare the amount of micas and hydromicas in the clay fractions and in the fraction
with 1-5 p diameter to the total potassium content of the particles having the same ranges
of sizes. The analytical data show that the highest potassium content was measured in the
particles within the size of 1-5 p and the highest amount of micas and hydromicas was
determined in the clay fraction. It means that the degree of hydration of micas was high in
the clay particles and low in the particles within 1-5 i.
The amount of short-therm potassium reserves in this soil was not large in comparison with
its heavy mechanical composition. The supply of short-therm potassium reserves from the
potential ones was slow.
In the solonetz soil the amount of potassium containing minerals was 22-26%. The total

Table 5. Microscopic examination of (he coarser fractions in the meadow soil

The genetic horizon Quartz Feldspars Muscovite Pyroxene + Other
of soil and particle amphibole minerals'
siz Emm]

A 0.1< +++++ + ++ + +
0.1 -0.05 +++++ + ++ + +
0.05-0.02 ++ + + + + + + +

B 0.1< +++++ + ++ + +
0.1 0.05 .++++ + ++ + +
0,05-+002 .+ ++ + + + +

C 01< +++ ++ ++ + +
0.1 -0.05 +++++ ++ ++ + +
0.05-0.02 +++++ ++ ++ + +

* Mostly garnets and opaque minerals.

+±..++ ->60%, ++++ -40-60%, +++ =20-40%, ++=1020%, + =5-10%.
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Table 6. Mineralogical composition of the different particle size fractions in the meadow soil

Genetic horizon Chlorite Micas + Quartz Feldspars Montmoril- Carbon-
and particle size hydromicas lonite ates
[mm]

A > 0.001 ++ . +++ ++ +
0+001-+4005 + ++ +++++ ++ -
0.005-0.01 + ++ .++ + ++ - +
0.01- 0.05 + + +++++ ++ - +
0.05 -0.1 + + +++++ ++ - +
0.10 -0.2 + + +++++ ++ - +

0.2 + + .++++ ++ - +

B >0.001 ++ ++++ +++ ++ +
0.001-0.005 + ++ +++++ ++ +
0.005-0.01 + + +++++ ++ -
0.01 -0.05 + + +++++ ++ - +
0.05 -0.1 + + +++++ ++ - +
0.10-0.2 + + +++++ ++ - +

0.2 + + +++++ ++ - +

C >0.001 + +++ +++ ++ +
0.001-0.005 + +++ ++++ ++ -
0.005-0.01 + + + ++ + + + + + -
0.01 -0.05 + + + + . . + + - +
0.05 -0.1 + + +++ + ++ - +
0.10-0.2 + + ++ ++ ++ - +

0.2 + + +++ + ++ - +

+++++ = >60%, + ++ + =40-60%, + + +=20-40%, ++ = 10-20%, + =5-10%.

Table 7. Ignition losses in the different particle site fractions of meadow soil

Genetic horizon Weight lo.."
particle sizes

[mm] 20-300 'C 300-700 *C 700-1000 'C Total

A > 0.001 7.00 5.75 0.50 12.25
0.001-0005 6.50 4.25 0.75 11.50
0.005-0.01 3.50 1.50 0.75 5.75
0.01 -0.05 1.50 1.50 0.75 3.75
0.05 -0.1 1.00 1.00 0.75 2.75
0a -0.2 0.70 1.00 0.50 2.20
0.2 -2.0 0.50 1.00 0.50 2.00

B >0.001 8.00 6.00 0.80 14.80
0.001-0.005 6.00 5.50 3.00 12.50
0+005-0.01 2.50 3.00 1.00 6.50
0.01 -0.05 1.25 1.50 0.75 3.50
0.05 -0.1 0.75 1.25 0.50 2.50
0.1 -0.2 0.50 1.50 0.50 2.50
0.2 -2.0 0.50 1.30 0.50 2.30

C >0.001 8.00 5.80 0.50 14.30
0.001-0.005 4.75 5.75 0.75 11+25
0+005-0.01 2.25 4,00 0.75 7.00
o.ot -0.05 1.00 2.75 1.00 4.75
0.05 -0.1 0.50 2.50 0.75 3.75
0.1 -0.2 0.50 2.00 0.5 3.00
0.2 -2.0 1.00 1.50 0.50 3.00

K20 content was 2.25-2.45% in the soil and 0.95-1.20% in the clay fraction. The
amount of the potassium containing minerals and the total amount of K20 gave maximum
values in the 'B' horizon of the soil. The amount of potassium in the clay fraction increased
from the top to the 'C' horizon. The 'A' horizon of the solonetz soil is always strongly
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weathered and leached, which reflects in the small quantity of clay particles as well as in
the potassium content of the clay fraction. In the 'B' horizon the mica minerals have been
strongly hydrated as a result of the slow water movement (table 8).

Table8. Data of the total elemental analysis of the different particle size fractions in the "B" horizon of meadow
soil

Particle sizes SiOz Fe2Oc A120, CaO MgO K 20 Na2 O

mm %

> 0.001 53.99 9.89 14.71 2.45 239 1.27 1.17
0.001-0.005 68.05 8.95 10.86 3.89 1.23 2.48 2.60
0.005-0.01 80.01 4.33 6.63 4.26 0.64 1.21 3.10
0.01 -0.05 81.60 4.81 5.60 2.74 0.78 0.95 1.82
0.05 -0.1 79.08 5.00 6.51 6.03 0.69 0.77 1.84
0.1 -0.2 85.22 4.73 6.62 2.44 0.73 0.44 1.90

The data indicate that the distribution of potassium reserves are following not only the
change in the particle-size distribution even in soils with a domination of hydromicas in
the clay fraction, but they are influenced by the geological and soil forming factors, too. It

means that the distribution of potassium compounds and different fractions of potassium
reserves depends on the mineralogical composition of the clay fraction and on the degree
of weathering and hydration of the potassium containing minerals.
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3rd Working Session:

Some Remarks on the Discussion
on Ion Transport System in the Soil

Dr. L.Cu. VON BRAUNSCHWEIG, Agricultural Department, Kali und Salz AG, Hannover/Federal Republic of
Germany

It was evident from Dr. Nye's paper (presented by Dr. Tinker) that diffusion has an

essential influence on the transport of nutrients in the soil and diffusion is influenced by a

number of factors. Under field conditions, moisture is one such important factor, as M.

Blanchet showed.
Using the split root technique plants were grown with one part of the root system in

nutrient solution lacking K + and the other in soil, so that K+ had to be taken up from the

soil. The water tension in the soil was controlled and maintained at four levels (pF 1.6, 2.0,

2.4 and 2.7).
Independent of the K supply of the soils, K uptake was best at optimal soil moisture of

about pF 2.0, or field capacity. When pF was increased to 2.4 or 2.7 (which is in

accordance with the decrease in water content) K uptake or K availability decreased by

about 50%. However, with improved K supply K uptake rose, and even at pF 2.7 it

increased significantly when exchangeable K content was increased from 31 to 46

mg/100 g soil. This clearly shows that poorer diffusion conditions prevailing at high

water tension can be partially balanced by higher exchangeable K or, more precisely,

higher K concentration in the soil solution. It should be stressed that a water tension of pF

2.7 is often found in the field without leading to water deficiency of the plant although

nutrient availability is appreciably affected.
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Report on the 3rd Working Session:
Ion Transport System in the Soil

Prof. Dr. A.C. SCHUFFELEN, Director of the Laboratory of Soils and Fertilizers. State Agricultural University.
Wageningen/The Netherlands; Member of the Scientific Board of the International Potash Institute

In the last session dealing with Ion Transport Systems in the Soil, 5 papers were presented
which together covered the whole problem.
Professor Tinker, who kindly and capably took the place of Dr. Nye, who was unable to
come due to illness, discussed the transport of ions in the immediate vicinity of the root.
For potassium, this transport is mainly a diffusion process in the liquid phase. It appears
that the contribution of the double layer is of little or no importance. For this reason, a
more or less simple model of the movement of ions to plant roots could be constructed and
laid down in a formula. This model made it possible to account satisfactorily for the
experimental results obtained. The fact that the ionic concentration in the root periphery
can now be estimated, opens the way to further research. It will be possible to obtain a
more reliable idea about the meaning of the ionic concentration in the soil solution.
Furthermore, the model will be useful for an evaluation of hypotheses on the ion uptake
which up till now were always based on the concentration of ion in the solution.
In the paper presented by Dr. Frissel, a computer model for the vertical transport in
soil was introduced. In this transport, mass flow plays a much more important role than
diffusion. For practical purposes it is important to construct a main model from a number
of submodels (flux transport, exchange equilibria, release, fixation, etc.) which can be
manipulated separately or jointly in the main model. In the paper, emphasis was laid on
the lack of equilibrium - and rate constants for situations as prevailing in soils (low salt
concentrations). This lack hampers to elaborate of simulation models. The results of
simulations of two theoretical cases were presented as examples.
Both presentations started with a theoretical approach to the problem which subsequently
was tested experimentally as much as possible. The latter three papers started with a
presentation of experimental data, for which subsequently an explanation was given.
Dr. N~meth dealt with electro ultra filtration as an analytical tool for studying the strength
of binding of the K-ion to minerals and soils. The technique appears to supply much
scientific information. A number of binding types - especially those pertaining to the K-
ion - are in agreement with expectations. The binding of K to illite and the influence of the
Al-ion were discussed in more detail. The results obtained form a valuable contribution to
our knowledge on rate processes, both concerning the supply to the solution and the
desorption of the K-ion. The information available is not yet sufficient to evaluate the
possibilities of the method as a routine method for soil testing.
In his paper, Dr. Blanchet stressed the importance of moisture content, compaction and
root development for ion uptake. The results of a pot experiment clearly showed the
influence of thesefactors. For the uptake of N03 the water flux, and for the uptake of K both
flux and diffusion could be identified as factors of importance. This presentation showed
very clearly that single values are never sufficient to describe soil fertility with respect to a
certain ion. Especially the physical condition of a soil influences the availability of
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nutritive ions. In the future, simulation models as discussed by Dr. Frissel, might supply
useful information on this matter.
In the final presentation, Mrs. Dr. Darab showed once more how a proper combination of
classical methods may characterize a soil. Various extraction methods, in combinations
with X-ray analysis applied to minerals of various particle sizes, and to different soil types,
appeared to supply useful informations on various aspects of soil fertility. Special
attention was paid to the short-time reserve and the potential reserve, or, in other words, to
the rate of release of the potassium ion.
This last presentation formed another variation to the main theme which was introduced
in the first session and could be heard again at several other occasions. This main theme,
namely the release of potassium from soil reserves, was well known qualitatively. The
quantitative aspects have been studied before, but are not yet completely understood. It is
therefore understandable that in this colloquium this release is sometimes looked upon as
an undesirable complication, and at other occasions is introduced as possible object of
study.
This release of potassium deserves our full attention in the light of the fact that our
knowledge on the behaviour of minerally fixed potassium is incomplete in comparison with
our knowledge on other forms of potassium occurring in soils.
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Excursions during the Landshut Colloquium

One of the main reasons for the choice of Landshut as the Colloquium place for
"Potassium in Soil" was - under scientific considerations - the widespread existence of
K-fixing soils in this area. By field and pot experiments related problems were studied
since a number of years esp. by the University of Munich nearby, and therefore theoretical
and practical data were available for display and discussion during the excursions
organized during the Colloquium.
Although these data are not reproduced in this volume, they have been made available to
the participants of the Colloquium and may be obtained from International Potash
Institute, P.O. Box, CH-3000 Berne 14/Switzerland.
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Concluding Report:
Implications and Conclusions of Recent Findings
on the K Nutrition of Plants

Prof. Dr. K. MENGEL, Director of the Agricultural Research Station Bijntchof, Hannover/Federal Republic of
Germany

Plants were supplied for millions of years by soil K released by weathering from various

soil minerals. But in those early times there was no major removal of K from the soil, as

the K of the plants was largely recycled. Even in early agriculture there was little nutrient

withdrawal from the field. The situation changes when moving from extensive to intensive

agriculture, in which, depending on the crop, large amounts of K can be exported from the

soil. Therefore, under modern conditions the question arises whether, the soil K sources

will flow forever or whether the K supply from the K-bearing minerals will some day be

exhausted. The important K-bearing minerals are feldspars, micas and mica-derived clay

minerals. As has become evident from various papers presented at this colloquium these K

sources, are in principle not inexhaustible, although due to the quantity of K-bearing

minerals and their degree of weathering in a given soil, the K release may last for rather a

long time (years, decades), thus supplying K rates high enough to prevent K deficiency

symptoms of the plants.
The weathering process of feldspars differs from that of micas. In feldspar particles

especially the peripheral zones are depleted of K and with advanced weathering a kind of a

Si-Al-oxide coating around the feldspar particle is formed, restraining the further

weathering of the particle and leading to a decrease in the release rates of K. The coating

itself has to some extent K-selective properties which affect the equilibrium conditions

between the adsorbed K and the free K of the soil solution. Weathering of micas involves a

release of interlayer K, resulting in expansion of the interlayers and leading to the

formation of secondary clay minerals of the illite and vermiculite-smectite types. The more

the interlayers of these expanded minerals are depleted of K, the more selective binding

sites are created which affect the level of equilibrium between adsorbed K and free K.

Furthermore, with continuous depletion of K more and more sites for K fixation will be

produced so that the K fixation capacity increases. In this way, the K supply to the plants

is not sufficient, and in extreme cases drastic yield depressions may occur as was

demonstrated by field experiments seen during this colloquium. For this reason K

applications, even on soils containing K-bearing minerals, should be sufficiently high for

preventing major K depletion of the minerals resulting in K fixation.
With respect to crop performance, the K status of a soil cannot be expressed in terms of

the total amount of K that can be released by a soil but rather by the rate of release and the

level of K concentration maintained in the soil solution. Both K release rate and K

concentration of the soil solution must be high enough to support good plant growth.
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Under modern intensive cropping systems high yields per unit area are required as this is a
prerequisite for reasonable profits. High yields demand high nutrient intensities in the soil.
The term 'nutrient intensity' is defined as the amount of nutrients being transported
towards the plant roots per unit time per unit of plant root material, a definition which
differs from the general definition of 'nutrient intensity'. As outlined by various lecturers,
this K intensity depends largely on the K concentration of the soil solution which is
affected by various factors. It is governed mainly by the kind of clay minerals present in
the soil and by the K saturation of the clay minerals. The more K selective binding sites
are covered by K, the higher is the equilibrium concentration of K in the soil solution.
Provided that the transport of K from the various soil regions to the plant root be the main
process of supplying the plant with K, the K concentration of the soil solution represents
the most important parameter of K availability, as this transport takes place in the
aqueous phase of the soil and its rate depends on the K concentration of the solution.
There is no doubt that the K concentrations measured in practice are average values from
which the actual concentrations at different locations in the soil may deviate appreciably,
due to plant uptake and heterogeneous distribution of clay particles. For practical
purposes the equilibrium K concentration in a water saturated soil is measured which
gives a first information about the K intensity of the soil.
The question as to what is to be considered as optimum K intensity or, more precisely, as
optimum K concentration in the soil solution, is difficult to answer. But the higher the
potential growth rate of a crop, the more K per unit time and area is needed. Hence, plants
well supplied with other nutrients and growing under favorable climatic conditions need
higher K intensities than plants with poor growth rates. This relationship is demonstrated
in Figure 1. Plants with a low yield potential reach their maximum growth rate at a lower
K intensity than plants with a higher yield potential. Under extensive cropping conditions
where other factors, such as insufficient water or N supply, limit the growth rate, rather
low K intensities - as maintained by the release of K from soil minerals - may be
sufficient. These conditions change as soon as the agricultural system shifts to more
intensive cropping.

4High growth

rate potential

0 Low growth
O rate potential

K intensity
K concentr. of soil solution)

Figure 1. Growth rate vs. K intensity at a high and at a low growth rate potential.
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The various efforts to define the K status in terms of thermodynamics, a problem
discussed during this colloquium, may lead to the conception that the plant roots have to
expend energy in order to withdraw these strongly adsorbed cations from the clay
minerals, and also the idea that cations may hop from mineral binding sites to binding
sites of the plant root (contact exchange) was mentioned. In my opinion this view is

erroneous. The cell wall, even of a root hair, is a layer about 5000 A thick which separates
the K adsorbed to clay minerals from the plasmamembrane (plasmalemma), where the
active ion uptake occurs. The cation exchange capacity of the root cell wall material -
expressed on a fresh weight basis - is rather low and in most cases largely saturated by

Ca + +. A migration of K through the cell wall by hopping from one binding site to another

is therefore most unlikely. It rather seems reasonable to assume that each ion has to pass
the solution phase before it is actively taken up by the cells of the plant root.
As a consequence, the well-known fact that plants can use K of the 'non-exchangeable K

fraction' cannot be explained by some mysterious force of the plant roots. As was outlined
by one of the lecturers and in the discussion, there is, however, evidence that near the root

surface rather low K concentrations may occur due to high K uptake rates of the plant
roots. If this 'zero concentration' is close to K being selectively adsorbed to clay minerals,
it must affect in some way the release or the exchange of the selectively bound K. It is

assumed that by this process K of the so called 'non-exchangeable fraction' of the soil can
also be exploited. The exploitation is the higher, the wider the extension of the root system.
For this reason particularly grassland, possessing a dense and permanent root system, is
highly efficient in utilizing the 'non-exchangeable K' of a soil.

Conclusive Remarks

Prof. Dr. D. SCHROEDER, Chairman of the Colloquium

Ladies and Gentlemen!
At the end of this fourth working session I should like to make some concluding
observations. In my opinion, the main aim of our colloquium, as outlined in the introduc-
tory addresses has been achieved. We have received much information on the present state
of knowledge concerning fundamental problems of potassium in soil and, I think, new
lines for future research were suggested.
The chairmen of the three working sessions have summarized the results of their individual

sessions and Prof. Mengel has given a r6sum6 of recent findings with regard to the
potassium nutrition of plants. This was complemented by our general discussion. I do not
think it necessary to repeat these results by giving a summary of the summaries, but I
would like to stress three points concerning the topics of the three sessions:
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1. Progress in the field of Potassium in Soil Minerals is primarily due to improvements in
technical facilities. We can now use the great possibilities of the scanning electron
microscope, of the microprobe and of the infrared spectrometer to obtain deeper insight
into the morphology and structure of the potassium containing minerals.

2. In the field of Potassium in the Exchange System it is my opinion that the thermody-
namic approach has helped to overcome the stagnation of the past two decades.

3. In the field of Potassium in the Transport System the simulation of transport processes
by models and their numerical treatment by computer opens up new possibilities.

Progress in basic knowledge is a prerequisite for determining the implications and
consequences of fundamental research for applied purposes and for solving practical
problems. This aspect will be covered at the next main Congress in Budapest in 1974.
Another purpose - not only of this Colloquium, but also of all the other activities of IPI -
is to organize meetings of scientists from different countries, working with various
methods in special fields, and with different aims, but all concerned in some way with
potassium.
I think, this target was reached too. We have heard contributions to our general theme
from quite different points of view: namely mineralogical, chemical, physicochemical,
plant-physiological, pedological and also agricultural. In my opinion, this Colloquium -
and the last in Sweden also - represents a very good example for international and
interdisciplinary cooperation in scientific research, demonstrated with potassium as
example.
In closing, I should like to express my greatest gratitude to IPI and all its members for
organizing this Colloquium, especially the two directors, Mr. Kiinzli and Dr. von Peter;
further I should like to express my thanks to our colleagues in Landshut-Sch6nbrunn and
in Weihenstephan, who helped us in such an excellent manner, and finally my thanks to
the chairmen of the three sessions for their coordination and cooperation, to the main
speakers for their outstanding lectures, to the colleagues, who presented their interesting
papers and to all who contributed to the discussions.
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Discours de clOture

P. CHAUDT. Ancien President de Ia Conf6dration hIvctique, President de I'Institut International de [a Potasse

Les circonstances m'obligent A prendre maintenant cong6 de vous. Vous me permettrez de
consacrer mon bref propos au terme de ce colloque,
- A des remerciements;
- A des remarques de ja Direction technique de l'Institut sur vos travaux;
- A des rfllexions personnelles sur le sens et Ia portte de Ia mission qui nous est d6volue.
Des remerciements, je les dois tout particulirement A M. le Doyen de Ia FacultC
agronomique de l'Universit& de Munich et A M. le Prof. Schrdder, pour Ia prdparation et Ia
prdsidence du Colloque. Nous avons b~n6fici6 de la comp&ence et de ['experience de M.
Schrdder dans les conditions o6 il 6tait le mieux plac6 pour conduire les ddbats et en
ddgager les enseignements nicessaires.
Merci Cgalement i MM. les Professeurs Bach et Schuffelen, qui ant pr pare avec le
concours de MM. Mengel et de Tarragon un programme dont vous avez pu appr6cier la
qualitC dans l'opportunit6.
Merci encore A MM. les Pr6sidents des s6ances, M. le Prof. Bach, M. le Directeur Walsh,
M. le Prof. Schuffelen. Je ne veux pas citer ici nommdment MM. les auteurs des rapports et
des communications qui ant introduit les discussions. Nous sommes reconnaissants A
chacun de Ia part qu'il a prise A Ia r6ussite du Colloque.
Je n'aurais garde d'oublier dans ce message de gratitude nos Directeurs, MM. Kiinzli et
von Peter, qui sont A ]a fois des organisateurs parfaits et des hommes bien conscients des
probl6mes auxquels I'lnstitut doit faire face. MM. von Peter et Kiinzli accomplissent au
surplus leur travail avec une amabilit6 que vient parfaire l'excellente collaboration du
personnel de l'Institut et Ia grAce souriante des secr6taires Mines Rohrbach et Mohn.
Enfin, je renouvelle A M. le Ministre de I'Agriculture de Bavitre, A M. I'Oberbiirgermeister
de Landshut, A M. le Conseiller ministdriel, A MM. les Directeurs des Etablissements qui
nous ont accord6 leur hospitaitd, A MM. les Professeurs Rumpler, Schmidt, Amberger et
Schwertmann, A toutes les personnalitds A qui nous devons une contribution d'accueil, de
travail ou de prdsence, I'assurance d'un souvenir qui sera pour chacun d'eux 'expression
Ia meilleure de nos sentiments de reconnaissance.
Le Directeur technique de l'Institut m'a remis Ai votre intention les deux remarques
suivantes:
1. Seit dem letzten bodenkundlichen Kolloquium von 1954 in Zfirich sind wesentliche

neue Aspekte in der Pflanzenerniihrung gewonnen worden. Sie erlauben es heute der
Landwirtschaft, die Nihrstoffversorgung der Pflanzen viel gezielter vorzunehmen, als
dies frdiher der Fall war.

2. Besonders auffallend war bei diesem Kolloquium, dass die Wissenschaft heute fiber
ausserordentlich vergr6sserte technische Mdglichkeiten verfidgt und viele der vorgetra-
genen Ergebnisse erst erm6glichten, wie Elektronenmikroskopie und Photographic,
Elektronenrechner und mathematische Modelle usw.

Les travaux du Colloque ont donc dmontr6 que vastes et in~puisables sont encore les
champs de Ia recherche o6 doivent porter nos investigations.
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Dans un certain nombre de pays, une tendance se manifeste au resserrement des credits
accord6s aux universit~s ou aux instituts sp6cialis6s en mati6re de science agronomique.
Ces restrictions interviennent au moment o6i les responsables des hautes 6coles 6prouvent
le besoin d'6tendre le cercle de leurs activit~s. Ils y sont entrain6s par l'interd6pendance
des facteurs quijouent leur r6le dans les secteurs d'&tudes. En effet, le simple constat d'un
phenom~ne donn6 ouvre des perspectives sur des aspects nouveaux confirm6s par des
travaux effectu6s en d'autres cas, alors que certains r6sultats pouvaient paraitre d6finitive-
ment acquis. Si les possibilit~s budg&aires ne permettent pas de s'engager sur des chemins
insuffisamment explor6s jusqu'ici, A d'autant plus forte raison les 6changes d'un colloque
sont-ils n&essaires pour assurer la coordination des efforts et leur compl6mentarite sur
des objets o6 des apports reciproques conduisent au but que chacun des interlocuteurs
ressent ]a n6cessit6 d'atteindre.
Une deuxi6me raison vient justifier le dveloppement des travaux de l'Institut. C'est
l'obligation de reprendre p&riodiquement 1'6tude de themes qui ont figur6 d6jA A des
programmes de colloques ou de congr~s pr6c6dents. Le temps qui passe impose imp6rieu-
sement une remise en question sans cesse r6p6t&e de conclusions tir&es A un degr de la
connaissance et de l'exp6rience qui s'avere rapidement insuffisant. Le retour sur des
disciplines abord6es d6ji en une premiere 6tape administre Ia preuve qu'en aucun domaine
de ]a recherche on ne doit admettre que le dossier pourrait 8tre un jour ferm6. Toujours
en mouvement dans la continuit6, toujours avancer* fut ]a consigne d'un homme d'Etat de
mon pays qui contribua fortement au si6cle dernier A forger les institutions grace
auxquelles.nous avons connu ]a stabilit6 d'une vie politique, 6conomique et sociale propice
A l'expansion. On peut rapporter cette consigne aux hommes de science qui savent A quel
point l'avancement de [a recherche les place devant des espaces inexplor6s, oa ce qu'on
sait permet d'entrevoir 1'&tendue de cc qu'on ignore.
Une troisi&me raison d'agir dans le domaine agronomique est celle de la situation dans
laquelle nous serons plac6s d~s lors que nous pousserons sur place I'6tude des probl6mes
qui se posent aux pays tropicaux. Un colloque tel que celui d'Abidjan soulvera sans nul
doute des difficult6s d'organisation, compte tenu du contexte dans lequel nous serons
plac6s, mais ces difficult6s r6sideront aussi dans la mani6re de reprendre les probl6mes en
concentrant l'effort sur les points essentiels d6coulant des exigences m~mes des produc-
tions A promouvoir en premiire urgence. C'est dans une optique quelque peu diffirente de
celle de l'Europe qu'il conviendra d'envisager les travaux et d'op6rer - si vous me
permettez cette expression - une sorte de raccordement entre le niveau de nos habitudes et
celui d'un milieu ou le potentiel humain A disposition est insuffisant - en nombre tout au
moins - pour tirer le parti voulu des r~sultats de nos 6tudes.
En me plaqant dans la perspective de cette 6tape d6ja proche,je me r6jouis de penser que le
chemin que nous parcourons nous appelle A de nouveaux engagements. L'int6rt que vous
portez A votre tfiche est moins stimul6 par ce que vous avez r6alis6 jusqu'ici que par cc qui
vous attend dans une carri6re dont le sens profond est de servir une cause qui est celle du
d6passement de soi-mime.
Je vous souhaite un bon retour dans vos pays respectifs et la satisfaction de retrouver vos
activit6s avec un sentiment accru des n6cessit6s auxquelles elles r6pondent dans une
ambition et une volont de progris.
Le Colloque de Landshut est ternin6. Mesdames et Messieurs, je vous remercie.
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IPI-Periodicals
Priodiques I. I. P.
IKI-Periodika
Perirdicas 1I..P.

Potash Review (in English)

II issues per year.
Main subjects of this Review:
1) Agricultural Chemistry
2) Farm Management, Advice and Information
3) Biology, Humus-Problems
4) Soil Science
5) Soil Testing and Plant Analysis
6) Manuring, Crop Husbandry and Plant Breeding
7) Fodder Crops
8) Fruit, Vegetables and Horticulture
9) Cereal Crops

10) Green-Manuring
II) Root Crops
12) Industrial Crops
13) Leguminous Crops
14) Commercial Fertilizers-General
15) Fertilizer Industry
16) Potash Fertilizers and Manuring
17) Potash Deposits
18) Agriculture-General
19) Human and Animal Nutrition (Diseases)
20) Mixed and Complete Fertilizers
21) Peat and Heath Cultivation
22) Forestry
23) Plant Protection and Plant Diseases
24) Manuring and Quality
25) Trace Elements
26) Statistics
27) Tropical and Sub-Tropical Crops
28) Experimental and Research Work
29) Viticulture
30) Meadows and Pastures

Annual subscription rate: Sw. Frs. 24.-/US 16.50.

International Potash Institute, P.O. Box, CH-3000 Berne 14]Switzerland
Institut International de Ia Potasse, boite postale, CH-3000 Berne 14/Suisse
Internationales Kali-Institut, Postfach, CH-3000 Bern 14/Schweiz
Instituto Internacional de ]a Potasa, Apartado, CH-3000 Berna 14/Suiza
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Kali-Briefe (in deutscher Sprache)

I I Ausgaben pro Jahr.
Fachgebiete dieser Zeitschrift:

I) Agrikulturchemie
2) Betriebslehre, Beratung und Information
3) Biologic, Humusfragen
4) Bodenkunde
5) Bodenuntersuchung und Pflanzenanalyse
6) Dfingung. Pflanzenbau und Pflanzenzucht
7) Feldfutterbau
8) Obst-. Gemise- und Gartenbau
9) Getreidebau
10) Grilndfingung
11) Hackfruchtbau
12) Handelspflanzcnbau
13) Hdilsenfruchtbau
14) Handelsdflnger, allgemein
15) Handelsdlinger-Industrie
16) Kaliddnger und -dtingung
17) Kalivorkommen
18) Landwirtschaft, allgemein
19) Menschliche und ticrische Ernihrung (Krankheiten)
20) Misch- und Volidlinger
21) Moor- und Heidekultur
22) Forstkultur
23) Pflanzenschutz und Pflanzenkrankheiten
24) Diingung und Qualitft
25) Spurenelemente
26) Statistik
27) Tropische und subtropische Kulturen
28) Versuchs- und Forschungswesen
29) Weinbau
30) Wiesen und Weiden

Abonnementspreis pro Jahr: sFr. 24.-/DM 20.-.

Revue de la Potasse (en franais)

11 6ditions par an.
Sujets principaux de cette revue:
1) Chimie agricole
2) Economic rurale
3) Biologic, humus, sant des populations
4) Science du sol
5) Analyses des sols et des vdgdtaux
6) Fumure. culture et s6tection des v~g~taux
7) Cultures fourrag~res
8) Arboriculture. cultures maralchres et horticulture
9) Culture des cr~ales

10) Engrais verts
I) Cultures sarcldes
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12) Cultures industrielles
13) Cultures des ligumes secs
14) Gdfnralitis sur les engrais min6raux
15) Industrie des engrais
16) Engrais et fumure potassiques
17) Gisements potassiques
18) Gnralit s sur I'agriculture
19) Alimentations humaine ct animale (Pathologie)
20) Engrais compos6s et complets
2 I) La mise en valeur des sols mardcageux et des landes
22) Sylviculture
23) Protection des v~gftaux et phytopathologie
24) Fumure et qualit6
25) Oligolments
26) Statistique
27) Cultures tropicales et subtropicales
28) Expimentation et recherche
29) Viticulture
30) Prairieset pdturages

Prix de I'abonnement annuel: Frs.s. 24.-fFrs.franq. 30.-.

Revista de la Potasa (en espafiol)

I I ediciones anuales.
Temas principales de esta revista:

1) Quimica agricola
2) Economia rural
3) Biologia. humus
4) Ciencia del suelo
5) An~lisis de los suelos y de los vegetales
6) Abonado, cultivo y selecci6n de los vegetales
7) Cultivos forrajeros
8) Arboricultura, cultivos de huerta y horticultura
9) Cultivo de los cereales

10) Abonos verdes
11) Cultivos escardados
12) Cultivos industriales
13) Cultivos de los legumbres secos
14) Generalidades sobre los abonos minerales
15) Industria de los abonos
16) Abono y abonados potAsicos
17) Yacimientos potAsicos
18) Generalidades sobre agricultura
19) Alimentaci6n humana y animal (Patologia)
20) Abonos compuestos y completos
21) Valorizaci6n de las turberas y de los brezales
22) Silvicultura
23) Protecci6n de los vegetales y fitopatologia
24) Abonado y calidad
25) Oligoelementos
26) Estadistica
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27) Cultivos tropicales ysubtropicales
28) Experimentaci6n e investigaci6n
29) Viticultura
30) Praderas y pastos

Precio de la subscripci6n anual: Frs. s. 24.-/US6.50.

IFC (International Fertilizer Correspondent) (in English)

6 issues per year.
This bulletin offers exchange of recent experiences made with problems of fertilization and crop
productivity.
Annual subscription rate: Sw. Frs. 8.-/US 2.-.

CIA (Corresponsal Internacional Agricola) (en espafiol)

6 ediciones por aho
Este boletin ofrece intercambio de experiencias recientes sobre problemas de la fertilizaci6n y
de ]a productividad de los cultivos.
Precio de la subscripci6n: Frss. 8.-/US 12.-.
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Autres publications de l'.LI.P.
Weitere IKI-Publikationen
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Proceedings of the 8th Congress of the International Potash Institute: Brussels 1966
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